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A Message from the Honourable Jim Wilson
Ontario Minister of Northern Development and Mines

The Physical Environment of the City of Greater Sudbury represents a continuation of the high-quality publications related
to earth science produced by the Ontario government through the Ministry of Northern Development and Mines. I am
pleased that the Ministry, through the efforts of the Ontario Geological Survey, has had the opportunity to be involved in
the production of this Special Volume.

It is a fact that geology plays a crucial role in our everyday lives. This is especially true in the Sudbury area, where the
foundation and development of the community has been and continues to be based upon the rich mineral ores that occur
beneath the earth’s surface. The region’s inhabitants enjoy the benefits of living, working and playing in this area of mineral
wealth and great natural beauty. It must be acknowledged, however, that human activities have measurable impacts, not all
positive, on the region’s landscape.

There has long been a need for a publication that demonstrates how several components of the natural environment in
the Sudbury region are related. The broad scope of this book fulfils this need by providing an information base for a variety
of topics and allowing the reader to see the interconnection among them. The strength of this Sudbury Special Volume is
its inclusion of topics that range from geology to the environment to urban planning.

Authors of the articles in this volume are leaders in their fields, and bring to their work an impressive depth of knowledge
and experience. Their messages and information are easily conveyed by the clear and well-illustrated articles. In addition,
the surficial and bedrock geology maps are remarkably informative to those living in the Sudbury area or learning about
the area’s geology for the first time.

The Ministry appreciates the efforts of the authors, editors and all others that have contributed to this excellent
publication. I have every confidence that this Special Volume will serve as a valuable reference on the Sudbury area for
decades to come. It has clearly set a standard for any future studies that take an integrated approach to the assessment of
urban environments.

Jim Wilson
Minister of Northern Development and Mines
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Message from the Mayor
of the City of Greater Sudbury

Much of Sudbury’s wealth has come from the geological riches located under its streets, lakes and streams.  Much of its
cultural wealth has come from the peoples attracted by that underground treasure. On that foundation, and on the location
of the railway, a great community has been built.

A major part of Sudbury’s physical uniqueness is its rocky outcrops, which have posed construction challenges and
separated neighbourhoods. Looking north and south along Notre Dame Avenue from the heights of Jogues Street,  one can
see how even our major traffic arteries are bound in by the narrow channels of the surface rock formations.

Nonetheless, the community continues to grow new shoots from its bedrock. Sudbury remains Ontario’s largest mining
centre with an increasing focus on mining technology, but we have also reinvented ourselves as a community many times
over the years, and are now the education, health, retail, government, research, cultural and tourism hub of Northern Ontario.
Over the past quarter-century, we have healed our damaged landscape, planting over 11 million trees and watching the area
transform itself decade by decade from barren to blooming.

As the new City of Greater Sudbury, which came into being January 1, 2001, takes shape, we look forward to a future
which, like our past, is firmly bound up with our mining and therefore our geological heritage.

Congratulations to the editors and contributors to this new book, which completes a task initiated close to a decade ago,
when a broad study of Sudbury’s urban geology got underway. No doubt this volume will prove invaluable to geologists,
business people and planners alike.

Jim Gordon
Mayor
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Preface

In May 1994 a symposium titled “Geology of Canadian Urban Centres” was held during the annual meeting of the
Geological Association of Canada at the University of Waterloo. The eighteen papers presented covered all the major urban
centres in Canada except Sudbury. Many urban centres have publications describing the distribution and geotechnical
properties of the local bedrock and soils. Although the urban geology of the Sudbury area is one of the most varied and
economically important localities in Canada, it lacks a geotechnical publication.

In October of 1994 one of us (DHR) approached P.J. Morrow, then Commissioner of Public Works for The Regional
Municipality of Sudbury, with the idea of producing such a publication. Pat Morrow accepted the proposal with alacrity and
referred the writer to Trow Engineering. There, the concept was enthusiastically accepted by Karl Jansons and we agreed
to act as co-editors. Initially, three topics were considered, viz. bedrock geology, Quaternary deposits and hydrogeology,
with the last under the direction of Peter A. Richards, also of Trow Engineering. It soon became apparent that all three topics
lacked a complete database and that considerable data acquisition would be necessary. To help expedite the work, a steering
committee was established comprising representatives of interested organizations including the Ontario Geological Survey,
Inco Limited, the City of Sudbury, the Regional Municipality of Sudbury, Cambrian College, Golder Associates, Trow
Engineering and Laurentian University.

On April 6, 1995,  a proposal, which included a budget covering three years of investigation, was presented to the Public
Works Committee of the Regional Municipality of Sudbury, chaired by Mr. Frank Mazzucca. The committee unanimously
endorsed the proposal and the project was launched. As time passed, additional topics were added to reach the ten chapters
of the volume.

In 1996 P.F. Karrow and O.L. White, the conveners of the Waterloo Symposium, invited us to submit a paper on the
urban geology of the City of Sudbury for a special volume which they were editing. A paper “Urban Geology of the City
of Sudbury” by D.H. Rousell, K.J. Jansons and P.A. Richards was later published in the Geological Association of Canada
Special Paper 42 Urban Geology of Canadian Cities (1998). The Engineering Geology Division of the Geological Society
of America awarded the Special Paper the E.B. Burwell, Jr. Award for 1999.

On January 1, 2001, the administrative unit known as the City of Greater Sudbury replaced the former Regional
Municipality of Sudbury. The boundaries of the 2 units do not everywhere exactly coincide. At the time of change, most
of the chapters of the volume had been completed.

In 1907 Archibald Geike, former director of the Geological Survey of Scotland, wrote the following in a preface to the
famous memoir titled The Geological Structure of the North-West Highlands of Scotland: “It is obviously hardly possible
for an editor, even when fully conversant with the subject, to secure among the essays of the various gifted contributors that
degree of uniformity of treatment which he might desire.” The chapters of the volume were written by authors from a variety
of backgrounds including academia, provincial and municipal government agencies, engineering firms and private
consultants. Although the editors cannot claim to be “fully conversant” with all the topics, we are satisfied with the quality
of each chapter.

We thank the following who were either members of the Steering Committee or who assisted in other ways: R.A.
Alcock, J.W. Ashcroft, C.L. Baker, R.M. Falcioni, I. Filion, J.G. Gammon, I. McCloy, P.J. Morrow, M.A. Rutka and T.W.
Watkins. Paul Gomirato (PG Advertising and Design Inc.) and Caroline Hawson (Hawson International) were responsible
for page layout and technical editing of the volume.

This project could not have been accomplished without the generous financial support from the following: Cambrian
College, Dyno Nobel Ltd., Inco Limited, Laurentian University, Ontario Geological Survey, Ontario Northern Training
Opportunities Program and the Regional Municipality of Sudbury.

Finally, the editors hope the volume will be useful to urban and industrial developers, to planners and engineers in
government agencies, mining companies and construction firms and to the curious reader who wishes to learn more about
the local environment.

D.H Rousell and K.J. Jansons
The Editors
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Chapter 1
The Physical Environment of the Sudbury Area

and its Influence on Urban Development
O.W. Saarinen1 and W.A. Tanos2

1Department of Geography, Laurentian University, Sudbury
2Department of Planning and Development, City of Greater Sudbury

Abstract

The origins of City of Greater Sudbury date back to 1883 at which time the fledgling village of Sudbury
was established north of Lake Ramsey. Known throughout the century as one of the world’s premiere areas
of mining activity, the region has more recently broadened its economic base and now encompasses a
metropolitan population in excess of 164␣ 000. Since its inception, settlement of the Sudbury area has been
moulded by various physical influences, notably the bedrock geology associated with the famous Sudbury
Basin and a surficial terrain that has been moulded by glacial and postglacial influences. The former came
to feature a large number of temporary mining camps and permanent company towns associated with the
outer rim of the basin structure, whereas the latter gave rise to agricultural settlement in the “Valley” and
in scattered areas further to the south. Meanwhile, Sudbury itself gradually expanded amidst a profusion
of rock outcrops interspersed by pockets of lowlands. Since World War II, the above tradition of “passive”
acquiescence to these geological and topographical controls has been gradually replaced by more “adap-
tive” types of linkages between the natural environment and the human setting. A number of case study
examples are presented in this paper to illustrate this emerging trend.

INTRODUCTION

Situated south of the Sudbury Basin and in the heart of the
Canadian Shield, the City of Greater Sudbury can justly lay
claim to having the most physically varied and economically
important urban geology of any locality in Canada. Known
since the 1880s as the home of one of the world’s most
important mining and smelting districts, the Sudbury area
has grown to spawn a metropolis that by 1996 supported a
population in excess of 164␣ 000. After the formation of the
Regional Municipality of Sudbury in 1973, the population of
the area peaked at more than 167␣ 000 in 1977. A period of
decline then began that saw the population fall in the 1980s
and then rise again in the 1990s (Table 1.1). Current projec-
tions for the new millennium call for only a modest continu-
ation of the growth trend. Since the early 1970s, the employ-
ment structure has radically changed. Inco Ltd. and
Falconbridge Ltd., the two local mining and smelting com-
panies, have responded to competitive pressures by intro-
ducing new technological innovations which brought about
a substantial reduction in the number of their employees.
Between 1972 and 1998, for example, employment by Inco
and Falconbridge at their Sudbury operations fell from
26␣ 000 to less than 8000. The importance of public admin-
istration employment has likewise declined, due to Provin-
cial government downsizing. In contrast, employment in the
main sectors of the service industry (retail and wholesale
trade, finance, insurance and real estate, and community
business and personal services) has increased significantly.

Another trend has been the rise of a number of small
innovative firms, involved with promoting new mining
technologies in all facets of the mining industry, from
underground mining to the restoration of the landscape.

Over the past century, the physical setting has played a
fundamental role in shaping the economic structure of the
area, the distribution of its population and many aspects of
its cultural fabric. While this role has weakened in recent
years, its influence, nonetheless, remains substantial. Due,
in part, to this excessive dependency upon mining through-
out its history, the Sudbury area has been slower than many
other municipal jurisdictions in North America in cultivat-
ing the natural setting for other uses.

Table 1.1. Population of the City of Greater Sudbury (1986–1996).

Municipality Year
1986 1991 1996

Capreol 3765 3809 3817
Nickel Centre 11␣ 470 12␣ 332 13␣ 017
Onaping Falls 5620 5402 5277
Rayside-Balfour 14␣ 230 15␣ 039 16␣ 050
Sudbury 88␣ 715 92␣ 884 92␣ 059
Valley East 19␣ 230 21␣ 939 23␣ 537
Walden 9440 9805 10␣ 292
Regional Municipality 152␣ 470 161␣ 210 164␣ 049

Source: Statistics Canada, Censuses of Canada (1986–1996).
Note: City of Greater Sudbury Pop. 165 242 (Census of Canada 1996)

3
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PHYSICAL SETTING

Sudbury is located in northeastern Ontario at the crossroads
of the Trans-Canada Highway 17, Highway 69 and the
Canadian National and Canadian Pacific railways. It extends
roughly from latitudes 46°11'N to 46°54'N and from
longitudes 80°41'W to 81°36'W. Sudbury lies 390 km north
of Toronto, 515 km west of Ottawa, 290 km east of Sault Ste.
Marie and 290 km south of Timmins (Figure 1.1).

Created in 2001, the City of Greater Sudbury is an
amalgamation of  seven area municipalities: the cities of
Sudbury and Valley East, and the towns of Capreol, Nickel
Centre, Onaping Falls, Rayside-Balfour and Walden, as well
as several previously unorganized townships. The City of

Greater Sudbury is one of the largest  municipalities in
Ontario, encompassing a total area of approximately
3627 km2. Along its southwest–northeast axis, it extends a
distance of 80 km; from northwest–southeast, the compara-
ble straight line distance is 60 km. Sheer geographic distance
has thus been an important factor shaping all facets of the
area’s development path.

Due to its complex historical geology and the impact of
the last ice sheet, the Sudbury area exhibits a rugged and
highly varied landscape. This variability is reflected in eleva-
tions that range from 490 m above sea level in the northwest
to 230 m above sea level in the south. Aerial photographs,
satellite images and topographic maps clearly reveal that the
dominant physical feature is the world-famous Sudbury Ba-
sin, an elliptically shaped geological structure approximately

Figure 1.1. Regional setting of the City of Greater Sudbury.
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27 km long by 21 km wide and aligned along a northeast–
southwest direction. Framed by a pronounced rocky rim that
is rich in minerals, it supports a huge flat area (known as “the
Valley”) in the centre of the structure. The Sudbury Basin and
its central Valley have clearly been the most dominant physi-
cal features influencing the pattern of settlement. Another
modifying landscape factor was that of the last Ice Age. Only
12␣ 000 years ago, the Sudbury area was buried beneath the
Laurentide Ice Sheet, which covered most of Canada with a
1 to 2 km thick sheet of ice. This and several previous
advances of ice levelled much of the Precambrian Shield in
peneplain fashion, stripped overburden from the surface,
gouged out lakes and resulted in many low relief deposits of
sand, silt, clay and organic terrains (Burwasser 1979).

As the Sudbury area is found south of northern On-
tario’s height of land, all of the waterbodies eventually flow
into the Great Lakes drainage system. Two major water-
sheds cross the region: the Wanapitei River watershed,
which drains the eastern portion, and the Vermilion River
watershed, which drains the western part. Larger subsys-
tems of the Vermilion watershed include the Onaping River,
Whitson River and Junction Creek (see P. Richards, Chapter
5, this volume). Unlike the majority of other metropolitan
areas in Canada, the landscape features the presence of
numerous lakes; in fact, the Sudbury area has a total of
330 fresh water lakes within its boundaries that support an
abundance of aquatic life and offer numerous fish species
such as perch, lake trout, brook trout, rainbow trout, yellow
pickerel (walleye), northern pike, smallmouth bass,
largemouth bass and whitefish (Regional Municipality of
Sudbury 1997). Among the most important lakes are Pa-
nache, Ramsey, Kelly, McFarlane, Richard, Long, Vermilion,
Windy, Nepahwin, Whitewater, Whitson, Fairbank and
Wanapitei (see Figure 1.1).

Due to its location in the interior of the continent, the
Sudbury area experiences frequent changes in weather. The
region is alternately buffeted by the following air masses:
very cold–dry continental arctic; cool–dry continental polar;
hot–dry continental tropical and warm–moist maritime tropi-
cal. The flow of these air masses generates prevailing wind
directions from the north and southwest. The buffeting
effect of the air masses has given rise to high annual ranges
in temperature. While the mean annual temperature hovers
around 4°C, the daily range varies from an average of
–12.3°C in January to 19.9°C in July, the warmest month of
the year. The annual precipitation hovers around 86 cm, with
slightly less than 250 cm of snowfall annually. Precipitation
is uniformly distributed throughout the year. In the past few
decades, the Sudbury climate has moderated, taking on more
of the climatic characteristics associated with parts of south-
ern Ontario (Pearson and Pitblado 1995).

The entire region falls within the Great Lakes–St. Law-
rence forest zone. Due to several environmental factors
acting together over a period of almost a century—sulphur
dioxide fumigations, metal deposition, intense logging, wild
fires, water and wind erosion, and enhanced frost action—
only hardy pioneer species such as trembling aspen and
white birch remained in any quantity up to the 1960s. Since

then, the vegetative cover has been dramatically trans-
formed by restoration efforts that have drawn international
attention, even at the level of the United Nations (Gunn
1995). Due to acidic parent materials, the cool humid climate
and the original cover of coniferous and mixed coniferous–
deciduous forest cover, the dominant soil-forming process is
podzolization. These podzols are characterized by their dark
organic surface layer and a leached horizon below. The
nature of the soil cover has also been shaped by the melt-
water that spilled into the area following the retreat of the last
ice sheet some 10␣ 000 years ago. Massive amounts of ice-
contact and glaciofluvial materials were deposited within
and around the Sudbury Basin. These include eskers in the
vicinity of Falconbridge, sand and gravel deposits north and
south of Lake Wanapitei, and clay and silt further to the west
(Pearson and Pitblado 1995).

PHYSICAL CONSTRAINTS ON THE
PATTERN OF SETTLEMENT

The natural environment has had a profound effect on the
pattern of settlement within the Sudbury area. In the early
1800s this part of the Precambrian Shield attracted the
interest of the Hudson Bay Company and trading posts were
established at Lake Wanapitei in 1822 and at Whitefish Lake
in 1823. By the end of the century, however, the fur trading
era had come to an end. In the meantime, the presence of
large stands of white pine prompted the start of lumbering
operations as early as 1872, when the first timber rights in the
district were granted by the Province of Ontario. In the town
of Walden, red and white pine were harvested and shipped
to sawmills on the Great Lakes via the Spanish River. One
settlement that prospered throughout the lumbering era was
the village of Wahnapitae. Trees that were cut in Garson
Township were hauled to a small rail line that ran southward
to the village, and from there to Byng Inlet on Georgian Bay
via the Wanapitei and French rivers. The export of lumber,
however, lasted only to the turn of century. After 1900, the
remaining softwoods and hardwoods were cut and burned
for local smelting purposes in heap-roasting beds.

Along the rim of the Sudbury Igneous Complex, ore
deposits that had been discovered in the 1880s, soon at-
tracted a series of mining camps and company towns that, by
the outbreak of World War I, dispersed the regional popula-
tion outward from  the town of Sudbury. Elsewhere, the flat
postglacial deposits found in the Valley and south of the
Sudbury Basin prompted the growth of farms and rural
villages, many of them French- and Finnish-speaking in
character. Thus, the pattern of settlement in the Sudbury area
could generally be depicted at the time as featuring a series
of mining communities associated with the Sudbury Igneous
Complex that were complemented by agricultural farm-
steads and rural villages inside the basin and along the
southern rim.

Not until World War I did Sudbury begin to assert itself
as the focal point of  settlement. From its inception as a small
Canadian Pacific Railway village in 1883, the growth of
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Sudbury from a village to a town, and later a city, was
moulded by physical constraints that had few parallels
elsewhere in Canada. These constraints were such that the
settlement gained a notorious reputation that was worldwide
in scope. After World War II, the controlling influence of the
physical environment continued, albeit in somewhat differ-
ent fashion. Spurred by a tremendous growth in the mining
industry in the 1950s and 1960s, the regional population
spread outward to wherever flat glacial deposits could be
found, that is, in the Valley and along the major highways.
The end result was a dispersed form of urban sprawl that
eventually led to a new form of regional government in 1973
and to a further reorganization in 2001.

MINING CAMPS AND
COMPANY TOWNS

The emergence in the 1880s of the Sudbury district as a
major mineral producing area was accompanied by the
growth of the village of Sudbury, north of Lake Ramsey.
Another related feature at the time was the growth of

numerous resource-based communities. In each instance,
the location faithfully reflected the imprint of the local
geological structure. Prior to World War I, more than 40
scattered mining camps existed in the area (Figure 1.2).
According to one account, at least 90 mines are known to
have been in existence between 1884 and 1977 (Stephenson
et al. 1979). These mine-sites did not all result in settlements.
While many served as locations that were temporary in
nature, others managed to evolve into larger entities called
company towns. These communities often bore the scars of
their pioneering days in the form of solid rock outcrops,
industrial plants and tailings. The solid rock outcrops, in
turn, resulted in the scattered distribution of houses and
costly community infrastructure.

Copper Cliff was the earliest mining camp to develop.
The Copper Cliff mine, owned by the Canadian Copper
Company, was the first to ship ore (1886). It was also the site
of the first smelter. The mining camp gradually transformed
into an industrial village which featured 3 distinctive and
contrasting elements: an unplanned shantytown to the south
of the mine housing the ethnically mixed labour force; a
planned community for the English-speaking elite north of

Figure 1.2. Early mine-sites in the Sudbury district (after Royal Ontario Nickel Commission 1917).
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the mine; and a smelter and roast heaps to the east of the mine
between Copper Cliff and Sudbury (Goltz 1983). The east-
ern zone developed into a wasted landscape that was not only
physically unattractive, but also served as a powerful politi-
cal barrier between the two communities that lasted until
government reorganization in 1973. The igniting of the first
roast heap in 1888 and the drifting of acrid yellow smoke into
the immediate environs heralded the smell of prosperity, but
also set into motion a process of environmental degradation
that led to vegetative destruction, topsoil erosion and the
creation of black rocks. Thus, the image of the Sudbury area
as a barren wasteland was established early.

As the Canadian Copper Company owned all of the land
in the industrial village, it was in fact a company town. In
1902 the newly formed town became the headquarters of the
International Nickel Company and the stage was set for
expansion and the provision of urban services that had
previously been lacking. A milestone was reached in 1914
when International Nickel stated that it would no longer
provide new housing in the settlement and that all blue-collar
workers would be expected to live in Sudbury and commute
via the new railway system formed in 1912. The stage was
thus set for the permanent establishment of Copper Cliff as
a company town with between 3000 and 4000 residents and
the growth of Sudbury as the dominant urban node in the
area. The same philosophy was adopted later in 1926 when
the company announced that the development of the enor-
mous Frood deposit, just north of Sudbury, would not be
accompanied by a townsite (Gilbert 1993).

Outside of Copper Cliff, a host of new campsites came
into being around the outer rim of the Sudbury Basin. In
these sites, a single mining company usually played a key
role. Isolated, and often found in rugged terrain, they con-
sisted of rudimentary camps lacking many urban facilities.
The oldest such camp was Worthington which dated from
1885. Chicago Mines, Mond, Nickelton (Murray Mine),
North Star Mine, Blezard, Gertrude, Crean Hill and Sellwood
are other examples. These camp villages played an impor-
tant role in dispersing the early settlement fabric around the
Sudbury Basin. Often, they were homes to hundreds of
people. Since better living conditions lessened worker un-
rest, company paternalism became an important urbanizing
force within the region. Thus, the Drury Nickel Company
established the first “model” camp at Travers (Chicago
Mine) in 1891 (Krats 1988). Company paternalism reached
new heights at Victoria Mines where, by 1902, the Mond
Nickel Company had provided a townsite in a preplanned
setting (Makinen 1986). Yet another planned site evolved at
the Sellwood iron mine, located north of Capreol, which
operated between 1907 and 1919. These planned urban sites
provided a sharp contrast to most of the other settlements
found in the area. Along with the boom and bust trend of the
mining industry, however, the great majority of them be-
came deserted villages and eventually disappeared.

Several of the larger mines developed into full-fledged
company communities like Copper Cliff. These company
towns remained relatively small and none challenged the
supremacy of Sudbury. The Canadian Copper Company’s

other townsite, Creighton, west of Copper Cliff, had a site
plan (l902) that showed at least 25 houses and some stores
lined up in as regular a fashion as possible, given the nature
of the local terrain. For a time, Creighton became almost as
large as Copper Cliff; however, the townsite was not suitable
for additional expansion. Consequently, in 1950 Inco Ltd.
built Lively, a completely new town, in order to house
additional workers at the Creighton Mine (Stelter 1974). It
was the only company town that was not clustered around a
mine, mill or processing plant. For economic reasons, the
Creighton townsite was dismantled in the 1980s.

The Mond Nickel Company likewise built company
towns at Garson, Coniston and Levack. The development of
Garson Mine began in 1906 and the first shipment of ore to
the company’s smelter at Victoria Mines occurred in 1908.
Company houses were also erected during this period and
one whole area of Garson came to be known as “Company
Town”. By 1913 the company had completed a new smelter
and townsite at Coniston, east of Sudbury. The shift of the
smelter to Coniston was made because this location was
more central to the firm’s regional ore supplies and the better
service offered by the Canadian Pacific Railroad, which
shipped the smelted ore to refineries in England and Wales.
The company subsequently closed its original smelter at
Victoria Mines and abandoned the townsite. Another Mond
company town, Levack, was built in 1913 to house workers
at a mine situated on the northwestern rim of the Sudbury
Igneous Complex. Unlike the smelter towns of Copper Cliff
and Coniston, where sulphur fumes damaged the vegetation
and devastated the surrounding countryside, Levack’s site
was relatively pleasant, with tree-covered hills and a river.
All of these company towns fell under the umbrella of the
International Nickel Company of Canada with its absorption
of the Mond Nickel Company in 1929.

The company town setting changed considerably in
1928 when Falconbridge Nickel Mines Ltd. was formed. By
1930 Falconbridge had built a smelter near its mine on the
eastern rim of the Sudbury Igneous Complex and a company
town was erected. Spurred by American defence require-
ments for the Cold War in the early 1950s and the desire of
the United States to reduce its nearly total dependence on
Inco Ltd. as a source of nickel, Falconbridge grew rapidly.
New mines were opened in quick succession, several of
them to the northwest, in the vicinity of Levack. The com-
munity of Hardy in the Onaping Improvement District was
distinctive, as great attention was given here to the preserva-
tion of the natural tree cover, to the integration of rock
outcrops into the town design and to the creation of lawns
and parks (Ontario Department of Municipal Affairs 1960).
In the meantime, Inco Ltd. greatly expanded the nearby
community of Levack.

The distribution of the company towns had major long-
term repercussions for the region, including a widespread
and low-density distribution of the population; the unequal
allocation of mineral wealth due to the inability of Sudbury
to assess mining properties; and great difficulties in provid-
ing an efficient regional infrastructure until the watershed
year of 1973.
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AGRICULTURAL SETTLEMENT

The spatial organization of settlement also reflects the pow-
erful control of topography, notably the distribution of
glacial and postglacial deposits. Twenty thousand years ago,
Ontario was completely covered by the Laurentide Ice
Sheet. The earlier advance of this ice sheet played a major
role in shaping and creating the landscape of the Sudbury
area. It removed pre-existing sediment and soils, eroded and
smoothed bedrock surfaces, and left unconsolidated depos-
its of till, gravel, sand, silt and clay everywhere. As the
Laurentide Ice Sheet began its retreat from the Sudbury area
to the north about 10␣ 000 years ago, great quantities of
glacial meltwater were released (Barnett 1991; see also
Barnett and Bajc, Chapter 3, this volume). The area was then
occupied by a glacial lake and the lowlands in the centre of
the Sudbury Basin were formed at the bottom of this lake.
Coarser nearshore lacustrine materials such as gravels and
sands formed the surface of the basin floor in the eastern
parts while finer, deeper water deposits consisting of silts
and clays shaped the land surface to the west. With drift
thicknesses ranging from approximately 7 to 130 m, these
lowlands were highly suitable for agricultural purposes. The

areas south of the Sudbury Igneous Complex, however, were
not as well blessed. Due to higher elevations, more rugged
topography, and sediment thicknesses that rarely exceeded
3 m, the broad swath of terrain from Whitefish in the west to
Wahnapitae in the east offered considerably less potential
for agricultural activity (Burwasser 1979). The latter areas
were likewise rendered less productive because of wide-
spread glacial till cover and the presence of more recent bog
and swamp deposits.

It was during the construction of the Canadian Pacific
mainline through the Sudbury Basin in the 1880s that the
lowlands in the Valley first came to the attention of French-
speaking construction workers. Many of them left their jobs
and established farmsteads adjacent to the railway line.
Village-type settlements sprouted by the turn of the century
that catered to the demands of the wholly agricultural popu-
lation. These included Chelmsford, Azilda, Hanmer, Blezard
Valley, Val Caron and Boninville (Figure 1.3). This agricul-
tural area flourished until World War II. While the fertile
land produced vegetables and roots, such as potatoes, turnips
and cabbages, dairy farming remained the backbone of the
industry. Some local products such as table and seed
potatoes won awards at provincial competitions. After World

Figure 1.3. Surficial geology of the Sudbury area (after Boissonneau 1965).
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War II the pattern of settlement in the Valley changed
significantly. Due to increased agricultural competition from
elsewhere and the prosperity of the nickel industry, many
farmers abandoned their farms for higher-paying jobs in the
mining sector. The farms were then subdivided to meet the
residential needs of the burgeoning labour force as the flat
lowlands here were inexpensive, easy to develop and proved
to be more attractive than the expensive and rugged lots
available in the City of Sudbury. Due to lax provincial and
municipal planning regulations, the new subdivisions in the
Valley unfortunately developed in piecemeal and haphazard
fashion. The result was excessive subdivision activity and
the proliferation of urban sprawl, oriented more towards
nearness to jobs in the mines and smelters rather than for any
concern for the provision of municipal water and sewer
services. Existing settlements such as Chelmsford and
Hanmer grew rapidly. The growth in these valley settle-
ments was such that it created stresses in the existing
structure of municipal government. This unsatisfactory state
of affairs relative to the lack of any form of regional planning
lasted until 1973.

Meanwhile, after the turn of the century, when most of
the better lands in the Valley had been occupied, French-
speaking settlers turned their attention to the peripheral rural
areas in other diverse places such as those found in Waters
Township and Rheault in Broder Township. These French-
speaking rural areas, however, soon disappeared due to the
onslaught of Finnish immigrants who arrived in great num-
bers in the years prior to World War I. A number of
distinctive Finnish rural enclaves developed. From west to
east, they included agricultural nodes popularly known as
Beaver Lake in Lorne Township, Whitefish in Graham
Township, the Finnish settlement in Waters Township,
Long Lake in Broder Township, and Wanup in the town-
ships of Burwash, Cleland, Dill and Secord (Saarinen and
Tapper 1988).

As was the case in the Valley, agriculture in these fringe
areas suffered after World II, prompted in part by rising costs
associated with the dairying and the exodus of youth to other
jobs. As the regional road network began to improve, these
previously isolated areas were increasingly being drawn
into the exurban web of Sudbury for residential and retire-
ment purposes.

CITY OF
GREATER SUDBURY

The location of Sudbury, and its beginnings as a community,
were a result of the building of Canada’s first transcontinen-
tal railroad, the Canadian Pacific. Sudbury was one of the
places selected by the company as a temporary construction
centre. The siting of the original village was accidental.
While the original survey called for a railway line running
south of Lake Ramsey, a new line was mistakenly laid down
north of the lake. Regardless of the actual site chosen, the
location of Sudbury adjacent to the southern rim of the
Sudbury Basin, in a profusion of rock outcrops, reflected the
company’s view that no settlement of any substance would

ever emerge. Nevertheless, Sudbury’s function as a railway
company-town, plus its potential in serving the agricultural
community that was developing in the Valley to the north
and the lumbering industry in the region, provided the basis
for a small distribution centre (Stelter 1974).

The discovery of the Sudbury Basin and the subsequent
growth of the nickel industry changed everything. Spurred
by the growth of the mining industry, Sudbury’s population
expanded and by 1893 the status of the community had
changed from that of a village to a town. This growth forced
the community to recognize the physical liabilities inherent
in the original townsite layout of 1886. The rugged
Precambrian Shield setting was cut up by the main line of the
Canadian Pacific and the Algoma Branch of the railroad
which had been built on the flattest parts of the terrain. These
constraints, which made the installation of basic services
such as municipal water and sewage costly, were com-
pounded by the presence of Junction and Nolin creeks which
further bisected the site; these same creeks later posed major
construction problems in the downtown core and inundated
Sudbury on an annual basis until the 1960s when flood
control measures were finally implemented.

The visual setting was also marred by the impact of
previous forest fires and existing lumbering and mining
practices. Lumbering had already taken most of the huge
white pine of the area, but the immense requirements for
wood to ignite the increasing number of roast heaps was a
more important reason for the denuding and blackening of
the landscape. After the trees were cut, the sulphur fumes
destroyed the undergrowth and erosion completed the dam-
age. The role of the physical environment was not totally
negative, however, as nearby Lake Ramsey began, in 1907,
to serve Sudbury with an abundant supply of water (Thomson
1993); the more attractive landscape adjacent to the southern
shore of the lake also became, in 1922, the site of the
Idylwylde Golf and Country Club.

The development of railway links with Toronto in 1908
by the Canadian Pacific and Canadian National Railway
companies, the completion of the Algoma Eastern Railway
to Manitoulin Island in 1913, and the completion of Sault
Ste. Marie to North Bay highway in 1917 which finally
permitted automobile traffic to Toronto, expanded the town’s
influence and spurred the growth of subdivisions that spread
in snake-like and pocketed fashion to the east, north and
southwest of the downtown. The opening in 1915 of the
Sudbury–Copper Cliff Suburban Electric Railway led to
further residential ribbons in the Ramsey Lake, Gatchell and
Flour Mill districts. Unlike many other communities, Sud-
bury thus began more as a cluster of communities divided by
hilly ridges rather than as a coherent whole (Figure 1.4). In
the downtown core, the effect of topography was equally
decisive. Nestled in a hollow surrounded by hills and railway
lands, the downtown found itself constricted on all quarters,
resulting in a compact core that has lasted to the present-day.
In the meantime, the enormous demand for wartime mining
production brought with it a corresponding increase in the
volume of sulphurous gases released from the Copper Cliff
roast beds. Following a series of court actions, the Canadian
Copper Company alleviated the problem by moving its main
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roast beds to O’Donnell near Creighton in Snider Township
(Bray 1993). The O’Donnell roast beds operated from 1916
to 1931.

 The year 1917 proved to be pivotal for the improve-
ment of the town’s physical environment in 3 respects. First,
land was acquired in the downtown from the Canadian
Pacific Railway which subsequently evolved into Memorial
Park. Second, a letter to the Sudbury Journal sent by Thomas

Figure 1.4. Physical environment of the City of Sudbury core (after City of Sudbury 1964; De Santi 1997).

Adams, the noted British town planner who visited Sudbury
on behalf of the Commission of Conservation Canada,
spurred great interest in the planning of parks to counter the
town’s many “natural obstacles” (Sudbury Journal, July 26,
1917). Adams’ letter to the newspaper resulted in the acqui-
sition of 3 ha of parkland on the north shore of Lake Ramsey
from La Corporation du Collège de Ste-Marie à Montréal. In
1926 the park was greatly expanded when the prominent
businessman W.J. Bell handed over the deed to another
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to these roads were rendered economically useless. Even
where rock was not encountered, soil conditions made
development costly. Gravel or sandy soil was virtually
nonexistent, and most construction surfaces were either
swampy or consisted of quicksand or silty clay. No other city
in Ontario suffered from such a handicap to the same extent
(City of Sudbury 1964). The population leapfrogged the
rocky hills surrounding the downtown core and isolated
urban nodules emerged in the Lasalle–Barrydowne area into
what was already being called New Sudbury. Lo-Ellen Park
to the south was in its infancy and growing. A vivid portrayal
of the landscape at the time was described by Don Forbes, a
Sudbury Daily Star reporter, as he flew over the city in 1949:

The mighty Sudbury district unfolds around the city like a map as
the plane arises—first the smoke of the Coniston smelter, then the
white farm field along the old Garson road and of the Blezard
Valley, finally the smoke of Falconbridge and from trains at
Capreol coming over the horizon. Over the whole preside the three
stacks of Copper Cliff, which look huge even from above. In the
distance on all sides circle the dark rock of the outpost hills, beyond
which signs of civilization lose themselves in the vastness of the
district.

From the ground, the Sudbury area seems densely settled and even
on a map the many roads, towns and railroad lines give it the
appearance of concentrated civilization. It is different from the air,
however. From above, the eye can take in the deserted areas
lurking just behind the hills hemming in the roads and fertile
valleys and the general impression is one of man’s works making
only a slight impression on the works of nature.

The close relationship of Sudbury and the railroads is one of the
first things noticed from the air. Dividing the city into four distinct
communities, the CPR mainline and the Sault Ste. Marie branch
and the CNR line cut dark paths between the closely packed
buildings.

The reporter was struck by the dense central city and the
numerous tentacles of roads and rails reaching out from the
core. It was, he decided, “like a huge sprawling octopus”
(Sudbury Star, January 11, 1949). One year later, two
Canadian planners from McGill University made similar
observations:

Sudbury lies in a relatively constricted basin surrounded upon all
sides by rocky masses. In addition to the principle rock masses
there are isolated rocky hills north of centre, on the west side, and
again in the south. The city has an exceedingly uneven and difficult
site from an engineering standpoint.

In their study they observed that the growth of the city
had reached such proportions that the gross density of
population approximated 20 persons per acre, a degree of
crowding greater than existed in any Canadian city of the
same order of size (Bland and Spence-Sales 1950).

The stage was thus set for a rapid explosion of the
population outwards from the core into the fringe suburbs,
the peripheral zones and into the Valley further to the north.
Three major events spurred the growth of Sudbury into a
metropolis during the latter parts of the 1950s: the comple-
tion of a direct highway link to Toronto in 1955; the discovery
of uranium at Elliot Lake and the subsequent erection of a
townsite of more than 25␣ 000 people; and the decision on the
part of the United States government to expand nickel
production in the Sudbury Basin as part of its Cold War

Photo 1.1. Outlined above is the exposed bedrock dividing Ash and Maple
streets in the City of Sudbury into two sections (1990). This area is one of
the older neighbourhoods and the blasting of bedrock to connect roadways
was not common at the time (photo courtesy of Regional Municipality of
Sudbury, Planning and Development Department).

45 ha of land on the west side of Lake Ramsey. The stage was
therefore set for the development of what was to evolve as an
outstanding urban waterfront near the heart of the commu-
nity.

The acquisition of city status in 1930 was accompanied
by the opening of Inco Ltd.’s new concentrator and smelter
which spelled the end of the O’Donnell roast yard. Other
construction projects by Inco Ltd. (such as a 155 m stack at
Copper Cliff—the highest in the British Empire) and
Falconbridge Ltd. led to further city expansion into the
Gatchell, Flour Mill and Donovan districts as well as in the
city core. Since the city had only slightly less than 4 square
miles within its limits, the density rose in the 1930s from
4115 to 7667 people per square mile (Wallace 1993). Noth-
ing had yet happened, however, to change the community
image of Sudbury as consisting of forlorn buildings against
a backdrop of dun hills, baked earth and slag heaps (Sudbury
Star, November 8, 1933). As more newcomers arrived in the
middle 1930s, the density of the downtown increased greatly
because of the construction of apartment buildings; those
who sought single-family homes and more open spaces went
to the fringe areas of Lockerby to the south and Minnow
Lake to the east.

Sudbury derived enormous economic benefit from the
expansion of the mining industry both during and after
World War II. As the 1950s approached, however, Sudbury
had reached a crisis. There was no more cheap space for
building within the old city limits. The rocky terrain formed
a real barrier to urban development, because of increased
construction costs and the prohibition of normal street pat-
terns. Often, residential arteries such as Maple and Ash
streets were interrupted by exposed bedrock, resulting in
much confusion to unwary motorists (Photo 1.1). Strip
development crept outwards along the narrow stretches of
land that parallelled Kingsway, Notre Dame, Lorne, Regent
and Paris streets. In many cases, the rocky outcrops adjacent
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strategy (Saarinen 1993). As the decade progressed, Sud-
bury experienced the fourth largest population growth of any
metropolis in Canada. This provided the conditions for the
breakdown of the formerly compact core. Growth in the
lowlands of the New Sudbury area was given tangible
expression by the opening of the New Sudbury shopping
centre in 1957. The outward urban sweep spread into all
parts of adjacent McKim and Neelon townships, as well as
into the peripheral townships located south and west of the
city. Even more dramatic was the rapid conversion of the
agricultural land in the Valley for residential subdivisions,
especially along highways 69 North and 541 from Azilda to
Levack (Figure 1.5). One of the controlling factors in this
dispersal was the desire by many mine workers to be closer
to their places of work in the Levack area. Many townships
recorded population increases ranging from 150 to 285%.
While the Valley afforded the opportunity to develop com-
pact and efficiently serviced communities, such, however,
was not to be the case. The urban expansion was unplanned
and occurred in the form of indiscriminate sprawl, lacking
municipal services such as water and sewer. This chaotic
growth eventually produced some semblance of order. Plan-
ning began with the establishment of the Junction Creek and
Whitson Valley Conservation authorities in 1957 and 1959,

respectively. These were historic steps, as their dam con-
struction projects led to the cessation of annual floods that
had plagued the region since the turn of the century. The year
1959 also witnessed the approval of Sudbury’s first official
plan and a hesitant start to regional planning by valley
municipalities. This was followed, in 1960, by the first major
attempt to rationalize municipal boundaries when Sudbury
absorbed McKim Township and the Town of Frood, and
annexed large parts of Neelon Township. The effects of this
boundary re-alignment, though, did little to avoid the two
real issues, that is, the recognition that the entire Sudbury
Basin consisted of one community and the inequity inherent
in the inability of municipalities to tax the mining industry.
The city increased in area from 8 to 87 km2 and became the
sixth-largest municipality in area in the province.

The role of physical geography again became impor-
tant, this time in a different way. Whereas the old city had a
comparatively small area with a high population density, the
new one was saddled with a much larger territory with only
small pockets of intense settlement, which, for financial
reasons, had few services. One of the benefits to this munici-
pal expansion was the elimination of pollution to Lake
Ramsey through the construction of an 8 km underground

Figure 1.5. Subdivision applications in the Sudbury district 1946–1959 (Ontario Department of Municipal Affairs 1960).
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collector known as the Sudbury Sewage Tunnel. On balance,
the municipal restructuring was unsuccessful and eventually
led to tax problems of such a nature that Sudbury was placed
in a much more serious financial situation than any other
municipality of similar size in Ontario. Due to the shortage of
available land, developers began to search out new sites on
rocky terrain that had previously been considered unsuitable
or uneconomical to develop.

Little was done to resolve the above issues until the early
1970s. In 1971, the Sudbury area was finally given permission
to tax surface mining facilities. Two years later, the Ontario
government imposed a two-tier system of regional govern-
ment that resulted in the abandonment of company towns, the
unification of Copper Cliff with Sudbury, the creation of
seven area municipalities (the City of Sudbury and the towns
of Capreol, Nickel Centre, Onaping Falls, Rayside-Balfour,
Valley East [now a city] and Walden), and the Regional
Municipality of Sudbury as the upper tier of government. This
proved to be a watershed event for the Sudbury area as it
heralded the start of a collective approach to regional planning
and development.

Concerned with its negative image as a “moonscape”, the
regional municipality joined forces with the governments of
Ontario and Canada, the mining industry and Laurentian
University, and took steps to deal aggressively with the
adverse aspects of the physical environment. To comply with
the province’s schedule for mining emissions, Inco Ltd., in
1972, erected the largest free-standing stack in the world (381
m). As a result, the official Ontario pollution index began to
record consistently lower rates for Sudbury than for places
such as Hamilton or Toronto. Later, with provincial and
federal funds, the regional government initiated a program in
1978 to reclaim the barren land that had been an eyesore for
almost a century. The success of this initiative has since been
the subject of much international acclaim (Gunn 1995).

In the meantime, the re-greening of the natural environ-
ment had been matched by a remarkable transformation of
the physical skyline of the city. Among the most dramatic
could be included the construction of Laurentian University
and Cambrian College, the implementation of a downtown
urban renewal scheme in the 1960s, a new Civic Square and
Bell Telephone building in the 1970s, Science North, Lau-
rentian Hospital and the Taxation Data Centre in the 1980s,
and the Cancer Treatment Centre and Collège Boréal in the
1990s. The residential setting was given an added dimension
through the construction of subdivisions on hilly, rocky
terrain that had formerly proved too difficult to develop. An
example of this form of development is the Moonglo Subdi-
vision. First registered in 1974, this subdivision, with its
commanding view of much of Sudbury and Copper Cliff,
now contains over 400 single residential lots and a large
apartment building erected in 1989 (Photos 1.2 and 1.3). The
new urban contour served to demonstrate a changing rela-
tionship that was emerging between Sudbury and its physical
environment.

Other areas of physical transformation involved the
transportation network. Perhaps the most dramatic project of
this kind was the Brady Street Extension. Because of prob-
lems of traffic flow through Sudbury’s downtown core, a
decision was made in the 1990s to extend Brady Street to the
Kingsway. Over a period of 5 months, approximately
33␣ 000 m3 of bedrock was removed to clear a path in order
to align Brady Street along the base of a large extended rock
outcrop to the Kingsway (Photos 1.4 and 1.5).

ADAPTING TO THE
PHYSICAL ENVIRONMENT

While it can be inferred from the above analysis that settle-
ment in the Sudbury area has evolved within the framework

Photo 1.2. Site of the Moonglo subdivision in 1975. The exposed bedrock
associated with the original terrain is outlined in black (photo courtesy
of the Regional Municipality of Sudbury, Planning and Development
Department).

Photo 1.3. Moonglo subdivision in 1994 (photo courtesy of the Regional
Municipality of Sudbury, Planning and Development Department).
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Photo 1.4. Original site of Brady Street Extension in 1990. The area
outlined depicts the rock outcrop which was removed by blasting (photo
courtesy of the Regional Municipality of Sudbury, Planning and Develop-
ment Department).

Photo 1.5. Brady Street Extension in 1998 (photo courtesy of the Regional
Municipality of Sudbury, Planning and Development).

of “passive acquiescence” to geological and topographical
controls, such has not always been the case. Since the 1960s,
a number of urban-based projects have been initiated that
reflect a more adaptive approach to the environment. New
technologies, construction techniques and planning approaches
have increasingly been utilized to overcome what were previ-
ously formidable obstacles to urban and regional develop-
ment. Bedrock that hinders urban development is now cleared
away by blasting or is simply built upon. Once considered a
barrier to development, certain bedrock locations are now
thought of as being physical assets. The City of Sudbury
Secondary Plan, for instance, has special provisions to pre-
serve natural hilltop vistas as focal points for trail linkages and
lookout points; it has likewise called for a more ecologically
oriented approach towards the natural environment.

A number of projects have been selected to illustrate in
more detail the changing nature between the natural environ-
ment and the urban–economic development process. These
include the following: the Sudbury Sewage Tunnel, Junction
Creek Waterway Park, Sudbury Neutrino Observatory, Sci-
ence North and  the Big Nickel Mine, Inco Ltd.’s Underground
Tree Nursery and Dalron’s Mallards Green Subdivision (Fig-
ure 1.6). In one way or another, these examples reflect some
of the innovative ways by which the physical setting has been
adapted for a variety of community facility, research, tourist
and residential purposes.

Sudbury Sewage Tunnel

The decision to construct the Sudbury Sewage Tunnel came
as a result of the amalgamation of the City of Sudbury with its
outlying municipalities in January 1960. This decision was
based in part on the lack of a proper sewage system in the areas
surrounding Sudbury and the need to protect Lake Ramsey,
the source of Sudbury’s main water supply (Saarinen 1993).

A related problem was that the existing sewage from the City
of Sudbury was being discharged directly into Junction Creek
and carried from there to Kelly Lake. These issues were
resolved through the construction of a rock tunnel collector
sewer and the Kelly Lake Sewage Treatment Plant. Construc-
tion of the underground collector involved several stages. It
began in 1961–1962 when the 7892 m main tunnel was
completed, along with the sewage treatment plant. Two feeder
lines servicing the Minnow Lake and New Sudbury areas
were also constructed. Another branch was tunnelled along
the north shore of Lake Ramsey in 1975 and the final section
along Second Avenue was added in 1981. The existing
collector is now more than 15 km long and the tunnel itself is
approximately 1.52 m wide and 2.13 m high. The rock tunnel
is inspected periodically and to date there has been no major
deterioration of the structure. In fact, the rock tunnel has
performed so well that the Regional Municipality proposed to
extend it another 4100 m from the Marcel–Bouchard lift
station to the Green Street lift station near the Regent Street
and Highways 69–17 intersection (Regional Municipality of
Sudbury, personal communication, 1999).

Junction Creek Waterway Park

Throughout much of Sudbury’s history, Junction Creek had
existed as a thorn for local residents. Until the turn of the
1960s, effluent had often been dumped raw into Junction
Creek. The visual impact of the creek added to the communi-
ty’s negative physical image. In the spring, matters were made
worse because of flooding which gave the central and north-
ern parts of the community a Venetian look. The flooding
aspect was not dealt with until the Junction Creek Conserva-
tion Authority was formed in 1957. Covering the creek by a
3840 m long box culvert in the downtown area in 1964–1965
finally ended the practice of allowing sewage on its way to
Kelly Lake to travel fully exposed through the downtown.
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In the City of Sudbury’s Secondary Plan passed in 1986,
a recommendation was made that the entire 18 km stretch of
Junction Creek waterway should be developed as an inter-
connected urban waterway park. The underlying philosophy
was to turn an existing liability into a future natural asset
(Regional Municipality of Sudbury 1987). This was fol-
lowed in 1991 by the initiation of a Community Improvement
Plan intended to develop a park across 20 km of walkways
and parkettes from Maley Drive in New Sudbury past Kelly
Lake Road in the west end of the city (Regional Municipality
of Sudbury 1991). The trail’s purpose was not only to
develop a new community focus but also to provide an oasis
of open space and recreational opportunities such as walking
trails, bicycling and jogging. By 1999 more than 9 km of trail
had been developed.

Sudbury Neutrino Observatory

The Sudbury Neutrino Observatory serves as an outstanding
example of what may be called the recycling of the physical

environment. Located some 1981 m underground in Inco
Ltd.’s Creighton Mine and thus shielded from cosmic rays
and other unwanted background radiation, it serves to study
neutrinos, which are subatomic particles emitted from the
sun. The observatory, consisting of a 10 storey high neutrino
detector, is a global undertaking bringing together a 100
member international team of scientists affiliated with 5
Canadian universities and 13 international institutions. It
houses 9500 sensors in an acrylic geodesic sphere contain-
ing 1000 tonnes of heavy water given on loan from the
Atomic Energy Commission. The tubes and electrodes that
are used to capture neutrinos are made from ultra pure nickel.
This is a material which is free of uranium and thorium
elements that impede observations of neutrinos. The
observatory will presumably help resolve some of the mys-
teries that continue to surround neutrinos. Since the Sudbury
Neutrino Observatory became operational in June of 1999,
it has had anywhere from 10 to 15 detections a day. Sudbury
Neutrino Observatory has detected all 3 types of neutrinos
(electron, mu and tau), a feat which no other detector has
accomplished.

Figure 1.6. Examples of site adaptations to the physical environment in the City of Sudbury (courtesy of the Regional Municipality of Sudbury, Planning
and Development Department). Junction Creek Waterway Park.
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Science North and
the Big Nickel Mine

Science North and the Big Nickel Mine serve as another
illustration of the adaptive use of the natural environment.
Indeed, it can be argued that the creation of Science North,
much like the impact of the massive meteorite that created
the Sudbury Basin approximately 2 billion years ago, has
served to radically alter the local environment. While the
idea of a mining heritage centre was envisaged as early as the
1950s, it was not until the economic downturn of the 1970s
that the idea was resurrected in a much broader fashion.
Spurred by major financial contributions from Inco Ltd.,
Falconbridge Ltd., the Regional Municipality of Sudbury
and numerous other donors, construction of Science North
finally began in 1981. In October of 1984, Her Majesty
Queen Elizabeth II and Prince Philip officially opened the
Science Centre to the public.

Science North was built along the south shore of Ramsey
Lake, utilizing the natural rock landscape as part of its
structure. The exhibit building, designed as a snowflake,
was then found to be on a fault line. The fault line was
subsequently incorporated as part of the overall design,
including the rock tunnel which connects the two major
buildings and the rock cavern that now serves as a film and
meeting centre. This unique fashioning of Science North
with the natural landscape and its underlying geological
structure has contributed to the transformation of Sudbury’s
image and the restructuring of the Sudbury economy.

The Big Nickel and Big Nickel Mine are other resource-
oriented attractions linked to Science North. Erected in
1964, the Big Nickel is a replica of a 1951 Canadian 5 cent
coin, constructed with stainless steel sheathing. As the
world’s largest coin, it operated as the main attraction for a
numismatic amusement park. Adjacent to the Big Nickel site
is the Big Nickel Mine that opened in 1965. It is a scaled-
down version of the nickel mines found in the Sudbury
Basin. Science North purchased the site in 1981; since then,
these two facilities have been expanded with a mining focus
and they now constitute two of the most recognizable tourist
attractions in Sudbury. Plans are now under way by Science
North to expand the Big Nickel Mine into a much larger
undertaking to be known as Dynamic Earth. A new shaft will
be constructed that will take visitors through some 365 m of
drifts and a new, multi-level structure will house the Earth
Tour Rotating Theatre, galleries dealing with mining and
geology themes and a multipurpose theatre. A mining herit-
age monument has also been erected near Science North.

Inco Limited’s Underground
Tree Nursery

What can you do with a mine which is no longer profitable
or when the ore body has been substantially depleted? Why,
grow trees, of course! Inco Ltd.’s experiment of growing
trees underground in 1978 began as a offshoot of the
company’s involvement with the regional land reclamation
project established earlier in the decade. In 1984 Inco Ltd.

established an underground nursery at the 1400 m level of
Creighton No. 9 shaft, roughly 1 km from its active mining
operation. The air temperature at this level is a constant 25°C
and the relative humidity ranges from 35 to 65%. Fresh air
is pumped into the shaft from the surface. The nursery is
serviced with electrical power and potable water. Transpor-
tation to the site is provided by underground rail. The tree
seedlings are grown under 1000 watt metal halide lights,
with the photo period changing over the life of the crop to
simulate natural sunlight. The tree seedlings are automati-
cally provided with a fertilizer solution through a fixed
system of nozzles. Currently, two crops of seedlings are
grown every year. The first crop is grown between January
and May for spring planting and the second between May
and September for fall planting. Inco Ltd. currently produces
some 100␣ 000 forest tree seedlings each year from this
underground operation. Since its inception, the underground
nursery project has provided more than 2␣ 000␣ 000 trees for
land reclamation in the Sudbury area.

Dalron’s Mallard’s Green
Subdivision

Around the turn of the 1990s Dalron Construction initiated
an innovative residential scheme that involved the incorpo-
ration of a marsh as an integral aspect of its subdivision
known as Mallards Green. This ecological approach was
done in conjunction with Ducks Unlimited and the use of
landscape architects. Located in the south part of the city,
Mallards Green now consists of 200 homes bordering the
north side of the Algonquin Marsh (Photo 1.6). The marsh
was transformed into a waterfowl preserve with small
islands built to serve as nesting stations for Mallard ducks
and Canada geese. The Rotary Club International also par-

Photo 1.6. Mallard’s Green subdivision (photo courtesy of Celia Teale,
Dalron Construction).
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ticipated in the scheme through the construction of a 4 m
high bird watching tower so that residents of the subdivision
and others could enjoy bird watching. A boardwalk permits
people to walk around the entire marsh, which is separated
from the subdivision by a landscaped buffer zone. This
subdivision plan was given a sales and marketing honour-
able mention award for Ontario; as well, it has received a
community enhancement award from the Sudbury and Dis-
trict Chamber of Commerce.

CONCLUSIONS

This paper has examined how aspects of the physical envi-
ronment of the City of Greater Sudbury influenced the
pattern of urban settlement from the latter part of the nine-
teenth century to the present. The paper illustrates how the
natural environment has played a significant role in shaping
the regional economy, and through this process, that of urban
settlement as well. Throughout most of the region’s history,
physical determinants, in one form or another, have served
as the dominant forces moulding the spatial form of settle-
ment. The form of the Sudbury Basin and postglacial depos-
its left following the retreat of the Laurentide Ice Sheet were
especially important as they contributed to the fashioning of
a highly dispersed network of small mining camps and
company towns, interspersed with rural pockets of agricul-
tural activity in the Valley and areas south the Basin. Thus,
the physical preconditions for the eventual formation of a
regionally based municipality were laid down early in its
history. When the town, and later, city of Sudbury began to
evolve after World War II as the dominant urban node, it too
reflected the imprint of natural forces. Until World War II,
the municipal response to the impact of topography and the
pattern of natural drainage was reactive in nature and re-
flected a philosophy of “passive acquiescence”. This phi-
losophy, in turn, gave rise to a community distinguished by
nodal clusters in hollows separated by hilly, rocky ridges.
The concomitant denudation of these ridges by overcutting
and environmental pollution also contributed to the fashion-
ing of an urban image of Sudbury itself as consisting of a
bleak settlement set against a barren backdrop of
blackened hills.

After World II, and especially after the formation of
regional government in 1973, the relationship between ur-
ban settlement and the physical setting changed. The former
“moonscape” image began to disappear as the superstack
reduced mining emissions and land reclamation projects
made their marks felt on the environment. In Sudbury, rocky
ridges were transformed into prestigious living areas or
reshaped to accommodate new transportation corridors;
wetlands were also used to develop ecologically based
residential zones such as the award-winning Mallard’s Green
Subdivision. Recycling of the underground environment
became important, as evidenced by Inco Ltd.’s Under-
ground Tree Nursery and the Sudbury Neutrino Laboratory.
The natural environment, too, became the focus for the
enhancement of tourism, as reflected in the construction of
the Big Nickel Mine and Science North. These case study
examples provide ample evidence of a more proactive and

“adaptive” stance that the municipality and others have
adopted towards the natural environment. Thus, the contem-
porary environmental paradigm is based more on
the concept of the physical setting not as a challenge but
rather as an innovative prospect for the urban development
making process.

ACKNOWLEDGMENTS

We wish to thank Dr. C. Wallace, former Professor of
History at Laurentian University, and W.E. Lautenbach,
Director of Planning Services, City of Greater Sudbury, for
their helpful comments on earlier versions of this paper.

REFERENCES

Barnett, P.J. 1991. Quaternary geology of Ontario; in Geology of Ontario,
Ontario Geological Survey, Special Volume 4, Part 2, p.1011–1088.

Bland, J. and Spence-Sales, H. 1950. A report on the City of Sudbury and
its extensions; City of Sudbury, 23p.

Boissonneau, A.N. 1965. Algoma, Sudbury, Timiskaming and Nipissing,
surficial geology; Ontario Department of Lands and Forests, Map No.
S465.

Bray, M. 1993. 1910–1920; in Sudbury: Rail Town to Regional Capital,
Dundurn Press, p.86–112.

Burwasser, G.J. 1979. Quaternary geology of the Sudbury Basin area,
District of Sudbury; Ontario Geological Survey, Report 181, 103p.

City of Sudbury 1964. The year of dilemma; 15p.

De Santi, N. 1997. The spatial organization of the Sudbury transit system
in the Region of Sudbury; unpublished BA thesis, Laurentian Univer-
sity, Department of Geography, Sudbury, Ontario, 83p.

Gilbert, A.D. 1993. The 1920s; in Sudbury: Rail Town to Regional Capital,
Dundurn Press, p.113–137.

Goltz, E.A. 1983. Genesis and growth of a company town: Copper Cliff,
1886–1921; unpublished MA thesis, Laurentian University, Sudbury,
Ontario, 256p.

Gunn, J.M., (ed.) 1995. Restoration and recovery of an industrial region;
Springer–Verlag, 358p.

Krats, P.V.K. 1988. The Sudbury area to the Great Depression: regional
development on the northern resource frontier; unpublished MA
thesis, University of Western Ontario, London, Ontario, 473p.

Makinen, W. K. 1986. The Mond Nickel Company and the communities of
Victoria Mines and Mond; in Industrial Communities of the Sudbury
Basin: Copper Cliff, Victoria Mines, Mond and Coniston; Sudbury &
District Historical Society, No. 2, p.23-43.

Ontario Department of Municipal Affairs 1960. The Sudbury area: factors
of the regional environment; Ontario Department of Municipal
Affairs, 64p.

Pearson, D.A.B and Pitblado, R.J. 1995. Geological and geographic setting;
in Restoration and Recovery of an Industrial Region, Springer–
Verlag, p.5–15.

Regional Municipality of Sudbury 1987. Amendment No. 26 to the official
plan for the Sudbury Planning Area being the secondary plan for the
City of Sudbury; Regional Municipality of Sudbury, 176p.



18

Physical Environment–Sudbury; OGS Special Volume 6

——— 1991. Draft Community Improvement Plan: Parc Riverain Junction
Creek Waterway Park, Regional Municipality of Sudbury, 139p.

——— 1998, Key stats 1997; Regional Municipality of Sudbury, B1.

Royal Ontario Nickel Commission 1917. Report of the Royal Ontario
Nickel Commission with Appendix, 584p.

Saarinen, O.W. 1993. The 1950s; in Sudbury: Rail Town to Regional
Capital, Dundurn Press, p.190–214.

Saarinen, O.W. and Tapper, G.O. 1988. The Beaver Lake Finnish–Cana-
dian community: a case study of ethnic transition as influenced by the
variables of time and spatial networks, ca. 1907–1983; in Finns in
North America; Institute of Migration, Migration Studies C9, Turku,
Finland, p.166-187.

Stelter, G.A. 1974. Community development in Toronto’s commercial
empire: the industrial towns of the Nickel Belt, 1883–1931; Lauren-
tian University Review, v.6, no.3, p.3–53.

Stephenson, R., Gaureau, M., Kiley, T., Lalone, M., Pellis, N., and
Zirojevic, M. 1979. A guide to the golden age: mining in Sudbury,
1886–1977; Department of History, Laurentian University, Sudbury,
70p.

Sudbury Regional Development Corporation 1999. A proposal to Regional
Council, March 24; Sudbury Regional Development Council, 26p.

Thomson, A. 1993, 1900-1910; in Sudbury: Rail Town to Regional Capital,
Dundurn Press, p.58–85.

Wallace, C.M. 1993. The 1930s; in Sudbury: Rail Town to Regional
Capital, Dundurn Press, p.138–167.



19

O.W. Saarinen and W.A. Tanos



20

Physical Environment–Sudbury; OGS Special Volume 6

Selected Headings for Chapter 2,
Bedrock Geology and Mineral Deposits

Abstract ............................................................................................................................................................ 21
Introduction and Regional Setting ...................................................................................................................21
General Geology .............................................................................................................................................. 22

Superior Province...................................................................................................................................... 22
Metavolcanic Rocks (Unit 1) ............................................................................................................. 22
Gneissic, Granitic and Migmatite Rocks (Unit 2) .............................................................................. 23

Southern Province ..................................................................................................................................... 23
Mafic Intrusions (Unit 3) ....................................................................................................................24
Huronian Supergroup ......................................................................................................................... 24
Felsic Intrusions (Unit 8) ....................................................................................................................26
Nipissing Gabbro (Unit 9) .................................................................................................................. 26
Whitewater Group .............................................................................................................................. 27
Sudbury Igneous Complex ................................................................................................................. 29
Chief Lake Granite (Unit 17) ............................................................................................................. 32
Olivine Diabase Dikes (Unit 18) ........................................................................................................32

Grenville Province .................................................................................................................................... 32
Gneiss, Schist and Intrusive Rocks (Unit 19) ..................................................................................... 32
Wanapitei Complex ............................................................................................................................ 32

Structural Geology ...........................................................................................................................................33
Introduction ............................................................................................................................................... 33
Faults .........................................................................................................................................................33
Structures Formed by Impact ....................................................................................................................35

Metamorphism and Metasomatism ................................................................................................................. 36
Superior Province...................................................................................................................................... 37
Southern Province ..................................................................................................................................... 37
Grenville Province .................................................................................................................................... 38

Mineral Deposits .............................................................................................................................................38
History of Development and Mineralization Environments ..................................................................... 38
Volcanic-Associated, Massive, Base Metal Sulphide Mineralization ...................................................... 39
Magmatic Copper-Nickel-PGE Sulphide Mineralization Associated with Mafic Bodies 40

Early Paleoproterozoic Gabbro-anorthosite-norite Intrusions............................................................ 40
Nipissing Gabbro ................................................................................................................................40
The Sudbury Igneous Complex .......................................................................................................... 40

Mineralization in the Whitewater Group .................................................................................................. 44
Introduction ........................................................................................................................................ 44
Sulphide Minerals in the Onaping Formation .................................................................................... 44
Sulphide Minerals in the Vermilion Formation ................................................................................. 46
Pyrite and Metals in the Onwatin Formation .....................................................................................46
Anthraxolite Veins ............................................................................................................................. 47
Mineralized Quartz Veins .................................................................................................................. 47
Origin of Mineralization in the Whitewater Group ............................................................................ 47

Geological History ...........................................................................................................................................47
Pre-Sudbury Event: Doming, Rifting and Deformation ........................................................................... 48
The Sudbury Event—Meteorite Impact .................................................................................................... 48
Post Sudbury Event—Mineralization, Deposition and Deformation ....................................................... 49

Tectonic Cycles ............................................................................................................................................... 50
Acknowledgments ...........................................................................................................................................50
References .......................................................................................................................................................51



D.H. Rousell et al.

21

Chapter 2
Bedrock Geology and Mineral Deposits

D.H. Rousell1, W. Meyer2 and S.A. Prevec3
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Abstract

The bedrock of the former Regional Municipality of Sudbury occurs within 3 Precambrian structural
provinces of the Canadian Shield. These structural provinces are defined  by the last orogenic event to affect
them. Rocks to the north, northwest and northeast are within the Superior Province (Kenoran Orogeny, 2500
Ma), those at the southeastern margin are within the Grenville Province (Grenvillian Orogeny, 1000 Ma),
while the majority of the rocks are in the Southern Province (Penokean Orogeny, 1900 to 1700 Ma). The first
two provinces  comprise an assortment of felsic and mafic gneissic rocks,  schist, mafic and granitic bodies
and mylonite. In the Southern Province, where most of the rocks are Paleoproterozoic (2500 to 1600 Ma),
there are 3 principal elements: 1) sedimentary and volcanic rocks of the Huronian Supergroup and Nipissing
Gabbro; 2) the Sudbury Basin  consisting of  breccia and sedimentary rocks of the Whitewater Group; and
3) the Sudbury Igneous Complex  surrounding the Sudbury Basin as an elliptical collar (58 by 28 km). The
Sudbury Basin, Sudbury Igneous Complex and an outer zone of brecciated footwall rocks (Sudbury Breccia)
comprise the Sudbury Structure.

Mineralization in the area includes 1) copper, gold, silver and nickel in volcanic rocks at the base of the
Huronian Supergroup; 2) copper-nickel-platinum group elements mineralization in early Paleoproterozoic
mafic intrusions, Nipissing Gabbro and the Sudbury Igneous Complex; and 3) zinc-lead-copper-gold
deposits (Errington–Vermilion) and hydrothermal base-metal and precious-metal veins in the Whitewater
Group. The Sudbury Igneous Complex, which contains  the only deposits that are currently economic,
consists of 4 units, from bottom to top: Contact Sublayer (a xenolith-bearing norite), norite, quartz gabbro
and granophyre. Radiating and concentric dikes of quartz diorite, called offsets, intrude footwall rocks and
are related to the Sudbury Igneous Complex. There are 4 types of magmatic sulphide deposits, consisting
mainly of pyrrhotite, pentlandite and chalcopyrite: 1) Sudbury Igneous Complex–footwall contact deposits
(Ni > Cu) are in depressions in the contact, with mineralization in the Contact Sublayer and in the underlying
footwall, especially in the Footwall Breccia; 2) footwall  deposits (Cu > Ni) occur below footwall contact
deposits and are commonly hosted by Sudbury Breccia; 3) offset deposits (Ni = Cu) in radial and concentric
dikes; and 4) sheared deposits, representing faulted and remobilized Sudbury Igneous Complex–footwall
contact deposits. In the footwall contact and offset deposits the ores were precipitated as an immiscible
sulphide from a sulphur-saturated Sudbury Igneous Complex melt whereas, in the footwall deposits, the
fluids are the fractionated derivatives of footwall contact deposits.

The geological history of the area can be separated into 3 different periods of activity which occurred
1) before, 2) during, and 3) after the Sudbury Event (1850 Ma).
1. Evidence that the Sudbury Structure was the site of a paleodome prior to the Sudbury Event includes

uplift of the Levack gneiss complex, radial and concentric disposition of Matachewan dikes about the
Sudbury Igneous Complex, the trend of early Paleoproterozoic mafic intrusions and the trend of
Matachewan dikes intersecting at the dome and felsic plutons intruding the south flank of the dome. Also
the absence of Nipissing Gabbro between Huronian outliers and Sudbury Igneous Complex implies
nondeposition or erosion of the Huronian Supergroup. Folding occurred about east to northeast-trending
axes and locally about north-northeast and north-northwest-trending axes.

2. The Sudbury meteorite struck the paleodome  forming a crater, Sudbury Breccia, shatter cones, planar
deformation features in quartz and feldspar, magma and/or melt (Sudbury Igneous Complex) and the
Onaping Formation.

3. Post-Sudbury Event activity includes displacement of the South Range by a southeast-dipping zone of
reverse shear, folding (south of the North Range) about northeast-trending axes and more widely spaced
northwest-trending axes, regional alkali metasomatism, batholith emplacement and intrusion of 2 sets
of mafic dikes.

INTRODUCTION
AND REGIONAL SETTING

The bedrock of the Sudbury area is Precambrian and hosts
the world’s largest nickel-copper-platinum group elements
(PGE) mineral deposit. In fact, the bedrock of the Sudbury

area is one of the most intensely studied anywhere on our
planet. This activity has led to an enormous literature which,
as early as 1905, Coleman described as “very voluminous”.
Probably every living geologist is aware of the significance
of Sudbury geology (Pye 1984). Perhaps surprisingly, many
aspects of Sudbury geology remain controversial, despite
intense scientific study for over a century. In the early 1960s
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Dietz (1962, 1964) proposed that the Sudbury area was
struck by a meteorite and that the ores were of cosmic origin.
This novel idea stimulated research in new directions. In
1971 the Apollo astronauts studied Sudbury geology as part
of their training program. This gave rise to the fallacious
notion that the purpose of their visit was to examine a terrain,
at the time locally devoid of vegetation due to industrial
damage, which resembled a lunar landscape.

Parts of 3 structural provinces (the Grenville, Southern
and Superior provinces) of the Canadian Precambrian Shield
occur within the former Regional Municipality of Sudbury
(Figure 2.1). The footwall rocks of the North and East ranges
are within the Superior Province while the southeastern
margin of the former Regional Municipality of Sudbury is
within the Grenville Province. The majority of the former
Regional Municipality of Sudbury lies in the Southern
Province which comprises 3 main elements (see Figures 2.1
and 2.2): 1) sedimentary and volcanic rocks of the Huronian
Supergroup together with intrusions of the Nipissing Gabbro;
2) the Sudbury Basin, consisting of breccia and sedimentary
rocks of the Whitewater Group; and 3) the Sudbury Igneous
Complex, which surrounds the basin as an elliptical collar
(58  by 28 km) and is geographically divided into the North,
East and South ranges. The Sudbury Igneous Complex and
the Sudbury Basin constitute the Sudbury Structure (Card
and Hutchinson 1972). Later, the term was expanded (Card
1978a; Giblin 1984) to include an outer zone of brecciated
footwall rocks which extends as much as 80 km from the

outer margin of the Sudbury Igneous Complex (Simony
1964; Peredery and Morrison 1984).

GENERAL GEOLOGY

The units shown on the 1:100␣ 000 scale bedrock geological
map of the former Regional Municipality of Sudbury (Map 1,
back pocket), as well as certain other rock types such as
Sudbury Breccia, are described below. For more detailed
descriptions the interested reader is referred to the numerous
references cited. A simplified geological map of the Sudbury
area (see Figure 2.2) is included with the text (for additional
maps see Dressler 1984c; Dressler et al. 1992).

Superior Province

The oldest rocks in the Sudbury area occur north and east of
the Sudbury Igneous Complex and are Archean in age
(~2700 Ma). A broad twofold subdivision of Archean rocks
is recognized world-wide: 1) linear belts or irregular-shaped
areas of metavolcanic and metasedimentary rocks; and
2) large areas of granite batholiths and high-grade metamor-
phic gneissic rocks. These subdivisions are found in the
Archean rocks of the Sudbury area.

METAVOLCANIC ROCKS (unit 1)

Volcanic rocks occur in the northernmost extension of the
former Regional Municipality of Sudbury (Hutton Town-

Figure 2.1. Geological setting of the former Regional Municipality of Sudbury. Abbreviation: SIC, Sudbury Igneous Complex.
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Figure 2.2. Simplified geologic map of the Sudbury area. Abbreviations: CP, Creighton Pluton; MP,  Murray Pluton; Fm, Formation; SIC, Sudbury Igneous
Complex. Shakespeare–Dunlop, Chicago, Norduna and Joe Lake are mafic intrusions.

ship) and in a small area northwest of Lake Wanapitei (Meyn
1970). These areas are part of a northwest-trending belt of
rocks. The volcanic rocks consist, for the most part, of
massive, dark green mafic flows together with some pillowed
and pyroclastic layers. Tectonometamorphism has locally
obscured the exact nature of these rocks. Felsic flows and
felsic pyroclastic rocks are lighter in colour than the mafic
flows and are interbedded with them. Small lenses of Algoma-
type banded iron formation, within the volcanic rocks, may
have been deposited in local basins as a colloidal gel (Meyn
1970). The Moose Mountain Mine, working the only min-
eral deposit of note in these rocks, produced iron pellets from
the banded iron formation intermittently between 1908 and
1966.

GNEISSIC, GRANITIC AND
MIGMATITE ROCKS (unit 2)

The Levack gneiss complex (2711 Ma, Krogh et al. 1984;
2669 to 2654 Ma, Wodicka 1997) lies in a belt up to 3 km wide
immediately north and east of the Sudbury Igneous Complex
(see Figure 2.2). Not only does the gneiss form the footwall to
the Sudbury Igneous Complex but seismic surveys (Milkereit,
Green et al. 1992) suggest that the gneiss also underlies a large
part of it. The gneiss mostly comprise medium-grained

granodiorite, quartz diorite and tonalite. Mafic layers, up to
several metres thick, are common throughout the complex as
are migmatite and granite bodies. Minor gabbro and anorthosite
occur close to the contact with the Sudbury Igneous Complex.

The compositional layering intimates that the rocks origi-
nated from a supracrustal sedimentary-volcanic protolith or a
layered intrusion (Dressler 1984a). The rocks of the Levack
gneiss complex were locally metamorphosed to granulite
facies which suggests that they rose from deep within the crust
during either the Neoarchean or Early Proterozoic (Langford
1960; Card 1994). Exactly how and when these rocks were
brought to the surface remains unresolved (James et al. 1992).

To the north, rocks of the Cartier batholith intrude those
of the Levack gneiss complex. The batholith (2642 Ma,
Meldrum et al. 1997) consists of a broad expanse of massive,
locally porphyritic (Photo 2.1), medium to coarse-grained,
grey to pink granite, monzonite and granodiorite.

Southern Province

Proterozoic igneous and sedimentary rocks overlie the south-
ern margin of the Superior Province. Paleoproterozoic rocks
in the Lake Superior region consists of those in the Animikie
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Group whereas in the Lake Huron to Lake Timiskaming area
they form the Huronian Supergroup. Huronian rocks in the
Sudbury area thus form part of a belt of Paleoproterozoic
igneous and sedimentary rocks that can be traced for
over 1500 km. Although the literature is extensive, much of
the description that follows is based on reports and maps
by Meyn (1970), Card (1978a), Card and Innes (1981),
Dressler (1982, 1984a, 1984b, 1984c), Debicki (1990), and
Bennett et al. (1991).

MAFIC INTRUSIONS (unit 3)

During the early part of the Paleoproterozoic Era a large
volume of mafic magma was emplaced in the Sudbury area,
including tholeitic flood basalt at the base of the Huronian
Supergroup and a suite of gabbro–anorthosite and norite
plutons and sills. Large intrusive bodies include the East Bull
Lake intrusion (Peck et al. 1993; 2480 Ma, Krogh et al. 1984)
and the Shakespeare–Dunlop intrusion (2491 Ma, Krogh et al.
1984) to the west of the former Regional Municipality of
Sudbury; and the River Valley pluton to the northeast of the
former Regional Municipality of Sudbury. These bodies are
well differentiated and display igneous layering. Composi-
tions of individual units include troctolite, proxenite and
anorthosite, as well as leucogabbro norite, which is the most
common rock type. The Chicago, Norduna and Joe Lake
intrusions (see Figure 2.2) are small bodies at the margin of the
Sudbury Igneous Complex and may extend beneath it.
Marginal units of the Chicago intrusion host ore-grade nickel-
copper-PGE mineralization. This intrusion has undergone

extensive metamorphic recrystallization, as has the Norduna
intrusion. Although the 3 small intrusions lack the textural
and compositional variations found in the larger intrusions,
they can be linked by similarities in geochemical and isotope
composition (Prevec 1993).

HURONIAN SUPERGROUP

Sedimentary rocks of the  Huronian Supergroup (>2450 to
2200 Ma; Bennett et al. 1991) form a belt, approximately
500 km long and up to 150 km wide, which extends eastward
from Sault Ste. Marie to Sudbury and, thence, north to Lake
Timiskaming and Rouyn–Noranda, Quebec. In the former
Regional Municipality of Sudbury, Huronian rocks occur in
a broad belt between the Sudbury Igneous Complex and the
Grenville Front, and in a small area northwest of Lake
Wanapitei. Sedimentary rocks of the group thicken from
north to south with the maximum thickness in the Espanola
area (12␣ 000 m). Younger strata overlap older to the north
where they unconformably overlie Archean rocks.

In the early 1950s uranium was discovered near Blind
River in pyritic, quartz-pebble conglomerate of the Matinenda
Formation. This led to the development of a major mining
industry centred on Elliot Lake. The host conglomerate of
the Huronian Supergroup is similar to the gold- and ura-
nium-bearing conglomerate of the Witwatersrand district of
South Africa.

The Huronian Supergroup is subdivided into 4 groups
(Figure 2.3). The lowermost group consists of volcanic and
sedimentary rocks whereas the upper 3 groups comprise
sedimentary rocks only. The latter 3 groups display a cycli-
cal style of sedimentation with conglomeritic greywacke at
the base, siltstone and argillite in the middle, and sandstone
on top. Some of the basal conglomerate units may be of
glacial origin. Folding and faulting has locally disrupted the
continuity of outcrop.

 Iron minerals in the lower 3 groups are mainly pyrite
and pyrrhotite, with rare magnetite. Red iron oxide minerals
(hematite) first appear in the upper (Cobalt) group. This
change in the oxidation state of iron suggests an increase in
the amount of oxygen in the Paleoproterozoic atmosphere
from low levels to a level where iron minerals oxidize freely
(Roscoe 1968, 1973).

According to Card et al. (1972) and Zolnai et al. (1984)
the Huronian Supergroup, a passive margin sequence, con-
sists of 4 unconformity-bounded, north-tapering and
onlapping clastic wedges (megacycles). The Huronian
Supergroup was deposited at the edge of the Archean craton
during Paleoproterozoic crustal stretching. The accumula-
tion and preservation of the lower 3 megacycles was controlled
by syndepositional normal faults, south-side down. This
group of faults is known collectively as the Murray Fault
Group. These 3 megacycles are overlapped northward by the
youngest megacycle, an extensive sheet of clastic sedimen-
tary rocks, which apparently records a period of regional
subsidence.

Photo 2.1. Feldspar porphyry. The euhedral crystals of pink potassium
feldspar are locally mantled by pale green plagioclase (Rapakivi texture).
Highway 144, near Bannerman Lake (coin is about 23 mm across).
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Elliot Lake Group (unit 4)

The group comprises 5 conformable formations (see
Figure 2.3); the lower 3 consist, in whole or in part, of
volcanic rocks whereas the upper 2 comprise sedimentary
rocks. The rocks dip steeply and face south. From oldest to
youngest the 5 formations are as follows. 1) The Elsie
Mountain Formation, up to 1000 m thick, consists of dark-
green to black, medium- to coarse-grained, commonly
pillowed, volcanic flows (Photo 2.2). 2) The Stobie Forma-
tion (1500 m thick) contains volcanic rocks in addition to
interlayered greywacke, argillite and arenite. These rocks
have a strong magnetic expression due to the presence of
pyrrhotite. 3) The Copper Cliff Formation (2450 Ma, Krogh
et al. 1984), up to 760 m thick, is composed of felsic lava
flows and pyroclastic rocks. 4) West of the former Regional
Municipality of Sudbury the Matinenda Formation consists
of arkose and conglomerate; however, the Matinenda For-
mation has not been unequivocally identified within the City
of Greater Sudbury. 5) The McKim Formation consists of up
to 2400 m of interlayered greywacke, laminated argillite and
siltstone, arkose and thin conglomerate lenses. Sedimentary
structures including graded bedding, ripple cross-lamina-

Figure  2.3. Generalized stratigraphic section of the Huronian Supergroup.
Units above the Gowganda Formation are not present in the former
Regional Municipality of Sudbury (after Bennett et al. 1991).

Photo 2.2. Pillow basalt in the Elsie Mountain Formation (Huronian
Supergroup). North of Lively on Regional Road 24.

tion, ripple marks, slump and flame structures are present
within the rocks of the McKim Formation.

Hough Lake Group (unit 5)

The Hough Lake Group comprises, from oldest to youngest,
the Ramsay Lake Formation, the Pecors Formation and the
Mississagi Formation. The Ramsay Lake Formation, 150 m
thick, consists mainly of massive, matrix-supported con-
glomerate which grades upward into greywacke and feld-
spathic sandstone. Rounded to subrounded clasts, up to 1 m
in diameter, of felsic and mafic igneous rocks, vein quartz
and quartzite, are set in a dark grey, greywacke matrix. The
Pecors Formation, approximately 450 m thick in the Sud-
bury area, consists, from top to bottom, of the following:
greywacke, quartz sandstone and siltstone, argillite, fine-
grained greywacke and arkose. Sedimentary structures are
similar to those in the McKim Formation. In the former
Regional Municipality of Sudbury about 95% of the outcrop
area of the Hough Lake Group consists of rocks of the
Mississagi Formation. The formation consists of thick bed-
ded, grey, medium- to coarse-grained sandstone with thin
siltstone partings with some interbeds of siltstone and argillite
up to several decimetres thick. The sandstone is interpreted
to be of fluvial origin (Long 1978) and derived from Archean
rocks to the north and northeast. Thin chert and quartz-
pebble conglomerate are locally present. Planar and trough
cross-bedding are characteristic structures (Photo 2.3). The
thickness of the Mississagi Formation appears to increase
dramatically across the Murray Fault, from 600 to 900 m
north of the fault and 1500 to 3000 m south of the fault (Card
1978a; Debicki 1990). The intense deformation in the area
may render thickness measurements unreliable.

Quirke Lake Group (unit 6)

Exposures of the Quirke Lake Group are restricted to the
extreme north, south and east parts of the former Regional
Municipality of Sudbury. The Quirke Lake Group comprises,
from oldest to youngest, the Bruce Formation, the Espanola
Formation and the Serpent Formation. The Bruce Formation
consists of angular to rounded clasts of grey granite, diabase,



Physical Environment–Sudbury; OGS Special Volume 6

26

mafic volcanic rocks and sandstone set in a matrix of dark
grey greywacke. The thickness of the formation is variable:
less than 100 m near Lake Panache; 600 to 750 m north of the
lake; and more than 1600 m east and southeast of Falcon-
bridge. The Espanola Formation is the only unit in the
Huronian Supergroup with a high carbonate content. It
consists of laminated, dark grey to black, calcareous siltstone,
fine-grained sandstone and grey to white, silty limestone,
locally dolomitic. The formation is 30 to 60 m thick in the
north, as much as 250 m in the east and 200 m in the south.
The Espanola Formation grades upward into the Serpent
Formation which consists of grey, cross-bedded feldspathic
sandstone, with minor siltstone and conglomerate. The Ser-
pent Formation is 600 to 900 m thick in the north, 350 to 700
m in the east but much thinner in the south.

Cobalt Group (unit 7)

Although the Cobalt Group is the most extensive of the
4 groups of the Huronian Supergroup, only the basal
Gowganda Formation is exposed in the Sudbury area. The
Gowganda Formation is exposed in the extreme northern
part of the Sudbury area and southeast of Falconbridge
where approximately 900 m of the unit is present. The
formation unconformably overlies the Serpent Formation of
the Quirke Lake Group, and consists of massive, polymictic
conglomerate with clasts of red and grey granite (Photo 2.4),
massive greywacke, laminated siltstone and lenses of feld-
spathic sandstone. Isolated granite pebbles in siltstone, with
bedding draped over them, are interpreted as dropstones
from floating ice.

FELSIC INTRUSIONS (unit 8)

The Murray (2477 Ma, Krogh et al. 1996) and Creighton
(2333 Ma, Frarey et al. 1982; >2420 Ma, Smith et al. 1999)
felsic plutons occur in the footwall rocks of the South Range
(see Figure 2.2) whereas the small Skead pluton is located
near the south end of the East Range. The plutons intrude

volcanic and sedimentary rocks of the Elsie Mountain and
Stobie formations of the Elliot Lake Group, enclose roof
pendants of both formations, and are themselves intruded by
the Sudbury Igneous Complex. The plutons consist of fine-
to coarse-grained, porphyritic, quartz monzonite and  are
deformed and metamorphosed. Chemical similarities be-
tween the Copper Cliff Formation (Elliot Lake Group) and
the Murray and Creighton plutons (Card 1978a), together
with similar isotope ages, intimates a relationship between
the Murray and Creighton plutons and the Copper Cliff
Formation.

NIPISSING GABBRO (unit 9)

A suite of tholeiitic gabbroic rocks, referred to as the
Nipissing Gabbro, are the most abundant and widespread
igneous rocks that intrude the Huronian Supergroup. The
intrusions are in the form of sills, dikes and elongate, broadly
sinuous sheets or even hook-shaped bodies as much as 30 km
long and from a few hundred metres to as much as 3 km wide.
The affinity of the Nipissing Gabbro for the Huronian
Supergroup is evident as these rocks are rare north of the
present limits of the Huronian Supergroup (Bennett et al.
1991). Buchan and Card (1985) noted that the intrusions
southwest of Sudbury are elongated parallel to the trend of
the faults of the Murray Fault Group, intimating that these
intrusions may be genetically linked to normal faulting
during Huronian sedimentation. Uranium–lead geochron-
ology has yielded crystallization ages of approximately
2.22 Ga (2219 Ma, Corfu and Andrews 1986; 2212 Ma,
Conrod 1989; 2210 Ma, Noble and Lightfoot 1992).

Differentiation of thick sills (Card and Pattison 1973)
has resulted in variations in mineral composition and texture
of the gabbros. Rock types include two-pyroxene gabbro,
olivine gabbro, feldspathic pyroxenite, amphibolite gabbro,
leucogabbro and granophyre. Although most gabbroic rocks
are medium-grained, coarse, pegmatitic phases are
common.

Photo 2.4. Polymictic conglomerate of the Gowganda Formation. First
outcrop south of Canadian Pacific Railway crossing on Highway 144.

Photo 2.3. Cross-bedding in the Mississagi Formation. Laurentian Univer-
sity campus. Width of area in photo is approximately 1.5 m (photo courtesy
of  D.G.F. Long).
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In the Sudbury area regional metamorphism has re-
sulted in the replacement of primary minerals, except in the
centre of some thick bodies, with amphibole, sodic
plagioclase, epidote, talc, chlorite and quartz (Card and
Pattison 1973). The configuration of outcrops suggest that
exposures of gabbro probably represent sections of sills that
have been folded with the enclosing rock; however, to the
west and south of the Sudbury Igneous Complex intrusions
of Nipissing Gabbro transgress major folds (Card 1978a).

Nipissing Gabbro rocks, with a low sulphide content,
make excellent crushed aggregate as acid drainage is
minimum. Moreover, the rock breaks cleanly and produces
little silica dust because the free quartz content is low. There
are several small, low grade nickel-copper-PGE sulphide
occurrences in Nipissing Gabbro within the former
Regional Municipality of Sudbury (see “Mineral Deposits”,
this chapter).

WHITEWATER GROUP

The Whitewater Group comprises 4 conformable forma-
tions which include, from oldest to youngest, the Onaping,
Vermilion, Onwatin and Chelmsford formations (see Fig-
ures 2.2 and 2.4). Although the Whitewater Group occurs
only within the Sudbury Basin, at the time of deposition
rocks of the Whitewater Group probably extended well
beyond the present basin. The precise age of the Whitewater
Group is not known. Deposition predated intrusion of olivine
diabase dikes of the Sudbury swarm (1238 Ma, Krogh et al.
1987). The age of the Onaping Formation may approximate
that of the Sudbury Event (1850 Ma, Krogh et al. 1984)
whereas the Vermilion, Onwatin and Chelmsford forma-
tions probably postdate the event.

Onaping Formation (unit 10)

The Onaping Formation, approximately 1600 m thick, con-
sists of series of breccia and igneous-textured rocks of
contentious origin. The base of the Onaping Formation is
intruded by granophyre of the underlying Sudbury Igneous
Complex whereas the top grades into carbonate and
argillaceous rocks of the overlying Vermilion and Onwatin
formations. The Onaping Formation has been interpreted as
follows: 1) volcanic (Bonney 1888; Burrows and Rickaby
1930; Thomson 1957; Williams 1957; Stevenson 1972;
Muir 1984); 2) fall-back breccia from meteorite impact
(French 1968; Dence 1972; Peredery 1972; Peredery and
Morrison 1984); 3) impact-induced volcanism (Dietz 1964;
Thomson 1969; Muir 1983); or 4) fragmentation of “melt”
by repeated interaction with water (Gibbins 1994, 1997).

Planar deformation features, in quartz and feldspar
fragments, are interpreted as a product of shock metamor-
phism (French 1967). According to Ames et al. (1998)
impact induced a regional hydrothermal alteration including
silicification, albitization, chloritization, calcitization and
feldspathization. The Onaping Formation is subdivided into
4 units: the Basal, Gray and Black members and a  fourth
component known as Melt Bodies.

The discontinuous Basal Member, up to 300 m thick
(Dressler et al. 1991), has been interpreted as 1) conglomer-
ate (Bell 1893; Coleman 1905); 2) auto-brecciated rhyolite
domes (Burrows and Rickaby 1930; Thomson 1957; Williams
1957); 3) tectonic breccia (Stevenson 1972); 4) fall-back
breccia from meteorite impact (Peredery 1972; Peredery and
Morrison 1984); 5) part of the impact melt sheet which
includes the Sudbury Igneous Complex (Brockmeyer 1990;
Grieve et al. 1991); or 6) as intrusive bodies (Gibbins 1997).
In the North and East ranges the Basal Member consists of
granitoid fragments, derived from Archean footwall rocks
and quartz arenite from the Huronian Supergroup, in a
heterogeneous matrix of recrystallized country-rock frag-
ments and igneous-textured minerals. In the South Range
metasedimentary fragments (up to 76 by 23 m; Stevenson
1961) occur in a recrystallized and foliated matrix.

Figure 2.4. Stratigraphic section of the Sudbury Structure.
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The breccia of the Gray Member (200 to 700 m thick)
consist of angular to rounded fragments of country rock,
crystal fragments, recrystallized glass, fluid-textured mate-
rials and sulphide minerals set in a very fine-grained matrix
of the same material (Photo 2.5). Although the Gray Member
is generally massive, distinct but laterally discontinuous
units are locally present (Muir and Peredery 1984; Dressler
et al. 1991). The glass fragments display massive, spherulitic,
amygdaloidal and crystallite-bearing textures with shapes
ranging from well rounded to shard-like. The fluid-textured
fragments are flow banded and contain amygdules, vesicles
and spherulites.

The Black Member, 800 to 1200 m thick, is so named
because of the presence of carbon of uncertain origin. The
contact with the underlying Gray Member is generally
gradational but locally may be sharp. Although the two
members are similar, some distinct features of the Black
Member are chloritized shards occuring throughout, includ-
ing a concentration at the base; accretionary fragments in the
lower third; and bedding in the upper third.

Melt Bodies, forming irregular or lens-shaped masses
as much as 30 m across, occur in clusters (50 m to 1 km long)
in the Basal and Gray members and less commonly in the
Black Member. Dike-like apophyses locally protrude from
some of the Melt Bodies (Muir and Peredery 1984). The
Melt Bodies consist of a fine-grained, massive crystalline
core, which may be siliceous, feldspathic or granophyric,
and may have a massive, flow-banded, spherulitic or
brecciated chilled margin. Country rock fragments, com-
monly from the Huronian Supergroup, may comprise as
much as 80% by volume. Like the Sudbury Igneous Com-
plex, the Melt Bodies have been interpreted as the product of
the impact-melting of country rocks (Dressler et al. 1991).

Gibbins (1994, 1997) proposed a stratigraphic subdivi-
sion of the Onaping Formation based on differences in
percentage, type and size of the fragments and the morphol-
ogy of the glass shards. The revised units, from the base
upward, are: sheet-like bodies (Basal Member), basal intru-

sion (Melt Bodies), Sandcherry Member (Gray Member)
and Dowling Member (Black Member).

Vermilion Formation

Martin (1957) applied the name “Vermilion Formation” to
a distinct carbonate-chert facies which overlies the Onaping
Formation and hosts the Vemilion–Errington zinc-copper-
lead deposits (see “Mineral Deposits”, this chapter). Later
investigators (Dressler 1984a; Rousell 1984b, 1984c; Dressler
et al. 1991) followed the suggestion of Arengi (1977) and
relegated the unit to a member of the Onwatin Formation
because of the lack of evidence for lateral continuity. How-
ever, extensive exploration drilling in 1991–1992 by Fal-
conbridge Ltd. indicated that the Vermilion unit can be
traced basin-wide and, therefore, should be restored to
formation status (Stoness 1994; Gibbins 1997).

In the southwestern part of the basin a massive, sili-
ceous, pyritic and carbonaceous argillite unit, from 0 to
30 m thick, is overlain by a carbonate unit (Vermilion
Member of Rousell 1984b) approximately 43 m thick. The
argillite may be thin or even absent where the carbonate is
thick. The carbonate unit comprises, from bottom to top, fine
to coarse-grained locally pisolitic, commonly layered, car-
bonate rock up to 30 m thick; a 6 m thick zone of cherty
carbonate rock; about 3 m of chert breccia consisting of
black chert fragments (<5 cm) in a white recystallized chert
matrix; and 6 m of interbedded argillite, limestone and
dolostone (Martin 1957; Dressler 1984a; Rousell 1984b).
The carbonate rock hosts the Vermilion and Errington zinc-
copper-lead-gold-silver deposits, interpreted as a
sedimentary-exhalative deposit (Rousell 1984b, 1984c).

Stoness (1994) divided the Vermilion Formation (aver-
age thickness, 13.5 m) into 3 members: 1) Lower Carbonate
Member; 2) Grey Argillite Member; and 3) Upper Carbon-
ate Member. The Grey Argillite Member is present in all 9
drill holes examined by Stoness (1994) whereas the Lower
Carbonate Member (distal facies) is absent in 6 holes. The
contact with the underlying Onaping Formation is sharp and
conformable whereas the contact with the overlying Onwatin
Formation is gradational.

The Lower Carbonate Member may be subdivided into
a proximal and a distal facies (Stoness 1994). The proximal
facies consists of fractured and brecciated local mounds of
grey to pink, laminated, colloform carbonate material. At the
Vermilion and Errington deposits the carbonate breccia is
locally silicified and is referred to as chert breccia (Paaki
1992). The distal facies ranges from 0.2 to 1.44 m in
thickness and comprises dark brown, laminated carbon-rich
(1.24 wt. % organic carbon) carbonate.

The Grey Argillite Member has an average thickness of
10 m in the North Range and 20 m in the South Range. It
comprises a series of pyrite-bearing (<1%) siltstone beds
each of which are upward-fining (Stoness 1994).

The Upper Carbonate Member is a thin (0.2 to 0.78 m)
discontinuous unit comprising 2 to 5 sets of concretionary

Photo 2.5. Gray Member of the Onaping Formation. Highway 144 near
High Falls.
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carbonate nodules in a mudstone matrix which is rich in
organic carbon (Stoness 1994). The nodules, referred to as
ooids by Arengi (1977), range in diameter from less than
0.05 mm at the base of the member to 20 mm at the top of the
member.

Onwatin Formation (unit 11)

The Onwatin Formation (Coleman 1905; Burrows and
Rickaby 1930; Thomson 1957; Martin 1957; Sadler 1958;
Beales and Losej 1975; Rousell 1984b; Stoness 1994) con-
sists largely of carbonaceous and pyritic, massive to lami-
nated argillite and siltstone, and minor greywacke. Esti-
mated thickness of the Onwatin Formation ranges from
1100 m (Coleman 1905) to 600 m (Rousell 1975; Stoness
1994; Gibbins 1997). The Onwatin Formation weathers
recessively, and  much of the flat farmland in the Sudbury
Basin is underlain by the Onwatin Formation. The free
carbon content ranges from 0.26 to 4.05% (Arengi 1977).
Metamorphism has locally concentrated the carbon into
anthraxolite veins, a lustrous black material that contains
approximately 95% carbon (Burrows and Rickaby 1930).
The Onwatin Formation represents pelagic sediments which
were deposited in a deep, restricted basin. The abundant
carbonaceous material and pyrite suggests that bottom wa-
ters were stagnant and anoxygenic (Rousell 1984b).

Chelmsford Formation (unit 12)

The Chelmsford Formation, approximately 900 m thick,
represents the remnant of a unit that was originally thicker
and more extensive. The gradational contact with the under-
lying Onwatin Formation marks the transition from argillite
and minor greywacke to greywacke and minor argillite. The
Chelmsford Formation is interpreted as a proximal turbidite
sequence with material derived from a tonalite terrain north-
west of the Sudbury Basin (Burrows and Rickaby 1930;
Williams 1957; Rousell 1972, 1984b). Beds in the Chelms-
ford Formation range in thickness from 0.03 to 5.2 m and
average 1.23 m (Rousell 1972, 1984b). These beds contain
3 of the 5 possible “Bouma” divisions (Bouma 1962). The
basal division (A) is the thickest (average = 1.12 m), the most
common (in 99% of beds) and consists of dark grey, poorly

sorted, commonly graded greywacke. Division C (average
thickness = 0.3 m), occurs in only 14% of all beds and
comprises buff-coloured, fine- to very fine-grained sand-
stone with ripples and small-scale cross-bedding. Division
D (average thickness = 0.15 m) occurs in 68% of the beds,
and is composed of very fine-grained sandstone, siltstone
and argillite.

The Chelmsford Formation displays a variety of sedi-
mentary structures, including concretions that are richer in
iron and carbonate than the surrounding matrix (Photo 2.6),
clasts, channel fillings, current marks, ripples, convolute
laminations (Photo. 2.7) and load structures (Rousell 1972).
Possible biogenic markings include patterns of branching
arms and fine lines on bedding planes and narrow vertical
pipes that  are locally looped (worm burrows?). Clasts
consist of slabs of argillite (up to 3 m long) together with rare
gabbro and conglomerate. Cantin and Walker (1972) de-
scribe blunt-nosed flute casts and groove marks. Paleo-
currents flowed to the southwest, parallel to the long axis of
the Sudbury Basin (Cantin and Walker 1972; Rousell 1972).
Although deposition may have occurred in an elongate
trough, it is also possible that the Chelmsford Formation is
a remnant of material deposited by paleocurrents which
travelled down a southwest-dipping regional paleoslope.

SUDBURY IGNEOUS COMPLEX

The Sudbury Igneous Complex, which surrounds the Sud-
bury Basin (see Figure 2.2) as an elliptical collar (58 by 28
km), consists of 4 units. These are, from outside in and
bottom to top (see Figure 2.4): Contact Sublayer (a xenolith-
bearing norite), norite, quartz gabbro and granophyre. The
latter 3 units comprise the Main Mass rocks. The Sudbury
Igneous Complex is stratified in this broad sense, but it lacks
the fine-scale layering typical of many large mafic intru-
sions. Quartz diorite dikes known as “Offsets” intrude
footwall rocks as radiating and concentric dikes.

Contact Sublayer (unit 13)

The Contact Sublayer, which occurs discontinuously along
the outer margin of the Sudbury Igneous Complex, is an

Photo 2.7. Convolute laminations in the Chelmsford Formation. Vermilion
River, south of the bridge on Highway 144.

Photo 2.6. Concretions in the Chelsmford Formation. Highway 144 near
Chelmsford.
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important host for nickel-copper-PGE mineralization. It is a
fine- to medium-grained norite composed of hypersthene,
augite and plagioclase with variable amounts of quartz,
micrographic intergrowths of quartz and feldspar  and iron
oxide minerals (Naldrett et al. 1984). The Contact Sublayer
is characterized by a variety of xenoliths which may be
divided into 2 groups: 1) those of local origin (felsic gneiss,
quartzite, amphibolite); and 2) exotic mafic and ultamafic
rocks, most of which do not crop out in the Sudbury area (see
Naldrett et al. 1984, Table 11.3). In places, Contact Sublayer
rocks are altered by late- or post-magmatic hydrous meta-
morphism to biotite- and amphibolite-bearing metamorphic
assemblages.

Offset Dikes (unit 13)

Quartz diorite offset dikes, traditionally interpreted as a
component of the Contact Sublayer (Grant and Bite 1984)
but interpreted by Lightfoot et al. (1997) to be geochemically
related to the Main Mass, intrude footwall rocks either
radially from, or concentric to, the base of the Sudbury
Igneous Complex (see Figure 2.2). The radial offset dikes
(e.g., Foy in the North Range, Copper Cliff in the South
Range) generally begin at embayment structures, follow
radial fractures, and extend into the footwall as much as
28 km. The largest concentric offset dike, the Frood–Stobie,
was apparently injected into a pre-existing dike-like body of
Sudbury Breccia (Dressler et al. 1991).

Petrographic variations of quartz diorite, the dominant
rock of the offsets, are attributed to cooling rate and assimi-
lation, and include hypersthene and hypersthene-
clinopyroxne quartz diorite. Alteration of the mafic minerals
to amphibole and biotite is common, particularly in the
radial dikes. According to Grant and Bite (1984) there are
2 kinds of xenoliths, country rock and exotic, which may
comprise  90%  of the dikes. The country rock xenoliths are
angular to subrounded, may be tens of metres in diameter,
and consist of locally derived metavolcanic, metasedi-
mentary, granitoid, gabbroic and anorthositic rocks. The
exotic xenoliths are usually well rounded, up to 50 m in
diameter, and range from mafic to ultramafic rock types.
Dressler et al. (1991) noted that xenoliths include material
from the Contact Sublayer, norite from the Main Mass and
Footwall Breccia. Thus the offset dikes were emplaced after
solidification of the lower zone of the Sudbury Igneous
Complex.

The offset dikes host several large nickel-copper-PGE
deposits.  The intermediate composition of the quartz diorite
indicates it was not the source of the sulphide minerals. This,
coupled with the association of the sulphide minerals with
xenolithic concentrations, suggest that the quartz diorite was
merely the transporting agent for both xenoliths and sul-
phide minerals (Grant and Bite 1984).

Main Mass

The Main Mass is divisible into a lower zone of norite (unit
14), an intermediate zone of quartz gabbro (unit 15) and an

upper zone of granophyre (unit 16) (Naldrett and Hewins
1984; Dressler et al. 1991). A distinct plagioclase-rich facies
occurs within the granophyre and, locally, at the upper
contact. Not all units are continuous around the complex as
shown in stratigraphic columns for the North and South
ranges (Figure 2.5). Rocks of the Main Mass differ from
other layered complexes in 2 important ways: 1) they are
very rich in SiO

2
; and 2) there is a lack of graded or fine-scale

igneous layering.

In the South Range, the quartz content of the quartz-rich
norite increases progressively toward the outer margin of the
Sudbury Igneous Complex where it is over 20 modal %. The
grain-size of the quartz-rich norite is finer than the South
Range norite. South Range norite is medium- to coarse-
grained and consists of cumulus plagioclase and hypersthene,
and intercumulus augite, quartz (8 modal %), magnetite and
ilmenite. The preferred orientation of plagioclase grains
defines a planar lamination. Regional metamorphism (Card
1978b) has resulted in the extensive alteration of pyroxene
to hornblende; no fresh pyroxene is present in the upper one
third of the South Range norite. The South Range norite
grades into quartz gabbro by a decrease in hypersthene and
an increase in augite and quartz. Quartz and granophyre
increase progressively in the upper third of quartz gabbro as
it grades upward into granophyre. In the South Range,
granophyre is extensively sheared and altered.

In the North Range, mafic norite, the basal unit of the
Main Mass contains approximately 50% modal hypersthene.
It grades upward into felsic norite by a decrease in hypersthene
and an increase in plagioclase. Felsic norite is coarse-

Figure 2.5. Comparative stratigraphic columns through the North and
South ranges of the Main Mass of the Sudbury Igneous Complex (after
Naldrett and Hewins 1984).
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grained and consists of cumulus plagioclase and hypersthene
(20 modal %). Intercumulus quartz and quartz-feldspar
micrographic intergrowth comprise more than 25 modal %.
Augite, which is intercumulus in the lower one-third of the
felsic norite, becomes cumulus in the upper one-third where
hypersthene is absent. The overlying quartz gabbro contains
abundant magnetite as well as apatite and sphene. Granophyre
consists largely of micrographic intergrowths of quartz and
feldspar and about 20 modal % plagioclase. A plagioclase-
rich phase, within 300 m of the upper contact, is thought to
be related to quartz gabbro (Naldrett and Hewins 1984).

ORIGIN OF THE MAIN MASS

Prior to the impact theory for the origin of the Sudbury
Structure, proposals for the origin of the Sudbury Igneous
Complex include a sill (Coleman 1905), ring-dikes with the
norite and granophyre as separate intrusions (Phemster
1926) or a funnel-shaped intrusion (Wilson 1956; Naldrett et
al. 1970; Naldrett and Hewins 1984). The cryptic variation
in the plagioclase and pyroxene composition in the lower
and middle zones and the gradual nature of the contact
between the middle and upper zones (South Range) suggests
that the Sudbury Igneous Complex is a differentiated body
and not a ring-dike; however, within the granophyre, the
irregular distribution of plagioclase-rich layers and the
nonuniform upward variation of the Fe/(Fe+Mg) ratio in
augite indicate that the Sudbury Igneous Complex is not a
simple in situ differentiate.

In the South Range, igneous lamination dips less-steeply
than the footwall contact suggesting that the Sudbury Igne-
ous Complex resembles a funnel (Naldrett et al. 1970). In the
North Range, phase layering is parallel to the footwall
contact indicating that there the Sudbury Igneous Complex
is sill-like (Naldrett et al. 1970). In order to reconcile these
observations, Naldrett et al. (1970) proposed a funnel-
shaped intrusion which passes upward and outward into a sill
(Figure 2.6a).

According to Naldrett and Hewins (1984), a pipe-like
body of fractionated, contaminated and heterogeneous
magma moved upward, then spread outward along the
unconformity between the underlying Archean rocks and
the Huronian Supergroup and the overlying Onaping For-
mation. The lower part of the Sudbury Igneous Complex
crystallized early, deep within the funnel-shaped part of the
body. The felsic norite, quartz gabbro, plagioclase-rich
granophyre and some granophyre were produced by frac-
tional crystallization within the peripheral sill. At the same
time, possibly due to the subsidence of a central uplift, one
or more pulses of granophyre were injected between the
quartz gabbro and the overlying plagioclase-rich granophyre.
Uplift of the South Range by at least 5 km (Souch, Podolsky
et al. 1969; Shanks and Schwerdtner 1991; Milkereit, Green
et al. 1992) exposed a funnel-shaped segment of the Sudbury
Igneous Complex which represent a deeper section than that
exposed in the North and East ranges (see Figure 2.6a).

In the North Range a plagioclase-rich phase lies at the
top of the Sudbury Igneous Complex and above the

granophyre. The transition from quartz gabbro to granophyre
is abrupt; however, if the granophyre is removed the transi-
tion from quartz gabbro to the plagioclase-rich phase is quite
smooth. Granophyre is interpreted as an extreme differenti-
ate of Sudbury Igneous Complex magma which was injected
between the quartz gabbro and the plagioclase-rich phase at
a late stage (Peredery and Naldrett 1975).

According to the impact theory, there are several possi-
ble models for the origin of the Sudbury Igneous Complex
(Golightly and Rousell 2000). 1) Impact triggered the gen-
eration of endogenous, metal-rich magma in the mantle
which underwent fractional crystallization, intrusion and
assimilation of silica-rich crustal rocks (Naldrett and Hewins
1984). 2) Norite, interpreted as a contaminated mantle-
derived magma, intruded the granophyre which is considered
to represent an impact-generated crustal melt (Chai and
Eckstrand 1994). 3) The Main Mass is a melt sheet derived
largely from the upper crust with up to 20% mantle-derived
picritic magma in order to account for the nickel, copper,

Figure 2.6. Diagramatic sections illustrating interpretations of the disposi-
tion of the Sudbury Igneous Complex. a) Funnel-shaped intrusion (from
Naldrett and Hewins 1984). b) Deformation of a melt-sheet based on
seismic reflection data. Abbreviation: SRSZ, South Range shear zone (after
Wu et al. 1994).
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PGE and ultramafic inclusions (Lightfoot et al. 1997). 4) The
majority of investigators favour a model whereby the whole
Sudbury Igneous Complex comprises an impact melt-sheet
with the melt, metals and sulphur derived entirely from the
lower crust (Dietz 1972; Faggart et al. 1985; Grieve 1994;
Golightly 1994; Therriault et al. 1996, 1999; Peredery 1999).
Dietz (1972) suggested that the metals themselves were of
cosmic origin. An interpretation of the disposition of the
Sudbury Igneous Complex, based on seismic reflection data
(Wu et al. 1994), begins with the Sudbury Igneous Complex
as a ponded crustal melt-sheet. After recrystallization of the
melt-sheet, the South Range was displaced by a large-scale
fold followed by thrust faulting (see Figure 2.6b). In this
model, the Main Mass in the South Range was apparently
derived from a deeper level than that of the North Range.

Ames (1999) demonstrated that the vitric phase of the
Onaping Formation has the composition of felsic norite or
quartz diorite, which may represent the starting composition
of the Sudbury Igneous Complex; however, fractional crys-
tallization of endogenic magma of this composition produces
about 20% granophyre whereas the Sudbury Igneous Com-
plex contains approximately 65% granophyre. Perhaps impact
produced a superheated melt which absorbed abundant
fragments of felsic country rocks while inclusions of mafic
country rocks remained entrained in the melt. Later, gravity
separation formed the 3 main units of the Sudbury Igneous
Complex viz. Contact Sublayer, norite and granophyre while
the mafic inclusions sank and concentrated in the Contact
Sublayer (Golightly 1994; Marsh and Zeig 1999).

CHIEF LAKE GRANITE (unit 17)

A line of granitic intrusions extends along the Grenville
Front, from Killarney in the southwest, to Coniston in the
northeast. One of these intrusions, the Chief Lake Granite
(1465 Ma, Davidson and van Breemen 1994), occurs along
the southeastern border of the former Regional Municipality
of Sudbury. On its northwest side, the Chief Lake Granite
intrudes rocks of the Huronian Supergroup and Nipissing
Gabbro. Metamorphosed rafts of these rocks, ranging from
a few centimetres to many hundreds of metres across, occur
within the Chief Lake Granite. On the southeast side, the
Chief Lake Granite is in contact with rocks of the Grenville
Province. Cataclasis within the Chief Lake Granite increases
as the Grenville Front is approached.

Lumbers (1975, p.63) describes the Chief Lake Granite,
which he calls a batholith, as follows: “... consists mainly of
quartz monzonite and minor granodiorite, locally with con-
taminated phases of tronhjemite and rare tonalite ... Most of
the granitic rocks are porphyritic, with coarse-grained
phenocrysts of perthitic potassic feldspar predominating in
quartz monzonite, and of plagioclase predominating in
granodiorite and tronjemite.”

OLIVINE DIABASE DIKES (unit 18)

Olivine diabase dikes of the Sudbury swarm are the youngest
Precambrian rocks within the Sudbury area (1238 Ma,

Krogh et al. 1987). The dikes dip vertically and strike
northwesterly and are probably continuous with the Mac-
kenzie swarm in the Northwest Territories (Fahrig and West
1986). Although widths range from a few centimetres to as
much as 250 m, most dikes are a few tens of metres wide
(Dressler 1984a). Individual dikes have been traced 80 km
along strike.

The fresh rock is grey to bluish-grey, medium-to coarse-
grained with subophitic to ophitic texture. The most abundant
minerals are plagioclase, pyroxene, olivine and iron and
titanium oxide minerals. The dikes are magnetic and are
prominent features on aeromagnetic maps. The dikes often
display a pronounced jointing normal to the strike. Spheroi-
dal weathering produces “cannon balls” of various sizes.
Rapid weathering causes the dikes to disintegrate into a
rusty-brown rubble which occupy linear depressions.

Grenville Province

The Grenville Province, characterized by high grade meta-
morphic rocks, was last effected by the Grenvillian Orogeny
at approximately 1000 Ma (Easton 1991). The southeastern
margin of the former Regional Municipality of Sudbury lies
within a subdivision of the Grenville  Province known as the
Grenville Front Tectonic Zone (Lumbers 1975). The Grenville
Front Tectonic Zone is several kilometres wide and consists
of sheared and metamorphic rocks which are in fault contact
with lower-grade rocks of the Southern Province.

GNEISS, SCHIST AND
INTRUSIVE ROCKS (unit 19)

This unit comprises a variety of quartzo-feldspathic and
mafic gneiss, schist (locally kyanite-bearing), metagabbro
and mylonite. Some of the mylonite is derived from rocks of
the Mississagi Formation and metagabbro bodies (Nipissing
Gabbro) near the Grenville Front.

The tectonic foliation strikes northeasterly and dips
moderately to steeply southeast. A prominent stretching
lineation plunges southeast. Mylonite zones near the Grenville
Front Tectonic Zone may be several tens of metres thick. The
tectonic fabric suggests that the Grenville Province was
thrust to the northwest and over the Southern Province.

WANAPITEI COMPLEX (unit 20)

The Wanapitei Complex, located 0.4 km south of the
Grenville Front, is elliptical in plan view (6 by 2.5 km) with
the long axis trending to the northeast. The bulk of the
complex consists of injection breccia, formed by the perva-
sive injection of granodiorite and quartz diorite into
hornblende norite and hornblende gabbro (Grant et al. 1962).
The breccia is cut by felsic, mafic and pegmatite dikes.

A mineralized zone, 200 to 300 m wide, lies southeast
of the breccia zone. Fresh igneous textures are preserved in
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olivine norite and hornblende norite-gabbro. Coronas of
bronzite and diopside-spinel mantle the olivine. Cross-
bedded igneous layers and chemical trends indicate the top
faces southeast. Although there are numerous exposures of
sulphide mineralization, the distribution is uneven. Sulphide
minerals, in order of decreasing abundance, are pyrrhotite,
chalcopyrite, pentlandite and pyrite. The sulphide minerals
occur as disseminated grains or blebs interstitial to the
silicate minerals and are interpreted to be of primary mag-
matic origin (Rousell and Trevisiol 1988).

The presence of gabbro and norite, coupled with the
nickel-copper mineralization, implied a possible link with
the Sudbury Igneous Complex (Lumbers 1975). Evidence
that suggests that the bodies are unrelated (Rousell and
Trevisiol 1988) includes lower quartz content, lack of plati-
num group elements, abundance of olivine and fine-scale
igneous layering in the Wanapitei Complex compared to the
Sudbury Igneous Complex. Also, the Wanapitei Igneous
Complex is apparently younger (1747 Ma, Prevec 1993)
than the Sudbury Igneous  Complex (1850 Ma, Krogh et al.
1985).

A layer of intensely folded hornblende plagioclase
gneiss and amphibolite, approximately 150 m wide, occurs
along the southeastern margin of the complex and may be
older than the rest of the complex (Lumbers 1975).

STRUCTURAL GEOLOGY

Introduction

The main structural elements in the former Regional Mu-
nicipality of Sudbury are indicated in Figure 2.7 (see Chap-
ter 4 for a discussion of fractures). The Sudbury Basin and
the surrounding Sudbury Igneous Complex form an asym-
metrical synclinorium with the base dipping inward, on
average, at 42° on the North Range and 65° on the South
Range (Souch et al. 1969). The South Range is locally
overturned so as to dip to the southeast. Rocks of the
Chelmsford and Onwatin formations were folded about
northeast-trending hinge lines and to a lesser extent about
northwest-trending hinge lines to produce a pattern of folds
which plunge toward the centre of the basin.

Fracture cleavage in the Chelmsford Formation (Photo
2.8), slaty cleavage in the Onwatin Formation and, in the
South Range, schistosity in the Onaping Formation and
locally in the Sudbury Igneous Complex, all strike north-
easterly and dip steeply. The schistosity is parallel to the axes
of bulges at either end of the East Range and is only locally
and weakly developed in the North Range. The South Range
shear zone is a southeast-dipping zone of reverse shear
(Burrows and Rickaby 1930). The zone, defined by the
presence of a prominent lineation and schistosity (L-S fab-
ric) and a shear-plane fabric, has a minimum net displacement
of 8 km (Shanks and Schwerdtner 1991).

Rotation of the schistosity in the Onaping Formation of
the South Range, so as to dip more steeply, produced kink

bands (Rousell 1980, 1984a). Kink bands are particularly
well developed on Gordon Lake Road (see KB on Figure
2.7), where the hinge lines are horizontal and the average
width of the kink bands is 0.8 cm. The maximum principal
stress axis which formed the kink bands trends normal to the
long axis of the Sudbury Basin and plunges 15 to 50° to the
southeast.

In the Southern Province, immediately south of the
South Range, rocks of the Elliot Lake Group face south and
form a homocline. Further to the southeast rocks of the
Huronian Supergroup are folded about northeast-trending
hinge lines which commonly plunge either to the northeast
or southwest (Photo 2.9).

Faults

A fault “set” is a collection of faults that have the same
orientation and direction and sense of slip. Presumably, they
formed in the same stress regime (Angelier 1994). It is not
possible to unequivocally classify faults in the Sudbury area
in terms of sets because of uncertainties as to the direction and
sense of slip. Faults in the Sudbury area are classified in terms
of 5 major groups. Faults of the same group have approxi-
mately the same strike and same geographic location. The
fault groups are Murray, Vermilion Lake, Errington, Fecunis
Lake and Norduna (Figure 2.7).

The main faults of the Murray Fault Group are the
Murray Fault (dipping 70° to the south), the Creighton Fault
(dipping 75 to 90° to the north),  the Espanola Fault and the
Garson Fault. Supposedly these faults have had a long history
of activity including normal growth faulting (south-side
down) associated with deposition of the Huronian Supergroup;
reverse faulting (south-side up) during the Penokean Orogeny;
and Neoproterozoic dextral oblique slip, south-side up (Card
1978a; Sims et al. 1980; Cochrane 1991).  The steep north dip
of the Creighton Fault intimates it was neither a growth fault
nor a north-verging reverse fault. The dip of the Garson Fault
is 70° to the north to vertical on surface and  70° to the south
at the 3600-foot level of the Garson mine (Cochrane 1991)
The latest movement on the Garson Fault is normal-sinistral
oblique-slip (pitch of net slip is 8° to the east) as indicated on
the 3600-foot level of the Garson Mine (Cochrane 1991). The
sinistral slip is opposite the late dextral slip on the other faults
of the Murray Fault Group.

The faults of the Vermilion Lake Fault Group are steeply
dipping reverse faults (south-side up). Although equated
with the Murray Fault Group (Card and Hutchinson 1972),
early normal displacement and late oblique displacement
have not been recognized. The proposed traces of the Vermil-
ion Lake Fault Group, in the central part of the basin, are
along drift-covered valleys (Rousell 1975) so that their
supposed connection with the Norduna Fault Group (Thomson
1957) is problematic.

Faults of the Errington Fault Group cut only rocks of the
Whitewater Group and offset the traces of fold axes in a
dextral sense (Rousell 1984a).
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Rocks of the North and East ranges are cut by north
northwest-striking faults of the Fecunis Lake Fault Group.
The faults extend as far north as Timmins, a distance of over
200 km (Cochrane 1991). Slip on the Fecunis Lake Fault
(dips 67° to the west) has produced a sinistral strike separa-
tion on the base of the Sudbury Igneous Complex of 800 m.
Based on calculations by Cochrane (1991), where net slip is

490 m and pitch of net slip is 26° to the north, the Fecunis
Lake Fault may be classified as a reverse-sinistral oblique-
slip fault.

Faults of the Norduna Fault Group strike northwest,
parallel to the axis of the so-called “airport bulge” (Rousell
1975). They have a variety of dip angles and directions (see

Figure 2.7. Map showing the main structural features of the former Regional Municipality of Sudbury. Inset depicts the average strike of the major fault
groups. Abbreviations: FLF, Fecunis Lake Fault; SCF, Sandcherry Creek  Fault; VLF, Vermilion Lake Fault; FALF, Fairbank Lake Fault; EF, Errington
Fault; CLF, Capre Lake Fault; AF, Airport Fault; NF, Norduna Fault; BCF, Bailey Corners Fault; N1F, Number 1 Fault; N2F, Number 2 Fault; GF, Garson
Fault; KB, kink bands.
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Figure 2.7; Dressler 1984a). The Norduna Fault is a reverse
fault whereas the Airport Fault is a sinistral strike-slip fault.

The in situ tectonic stress field at Sudbury is sufficiently
large whereby mining activity can trigger slip along under-
ground faults (e.g., Creighton Mine). Therefore, an
understanding of faults in the area is of practical importance
for ground-control predictions. Moreover, some faults cut
and displace ore bodies (e.g., Creighton Mine, Fecunis
Mine) whereas others are the locii of nickel-copper-PGE
mineralization (e.g., Garson Mine, Falconbridge Mine).

In conclusion, faults in the area may have undergone
several episodes of reactivation, over a lengthy time period,
during which the orientation of the principal stresses prob-
ably changed considerably.

Structures Formed by Impact

Planar deformation features, shatter cones and Sudbury
Breccia are elements which are  considered to have formed
by meteorite impact during the Sudbury Event.

Planar deformation features in quartz (Photo 2.10) and
feldspar, discovered by French (1967) in clasts of footwall
rocks in the Onaping Formation and reported in footwall
rocks northwest of the Sudbury Igneous Complex (Dence
1972; Dressler 1984b), are products of ultra-high strain

rates. Recrystallization has destroyed these features in the
footwall rocks southeast of the Sudbury Igneous Complex.

Shatter cones (Photo 2.11) are conical fractures with
striated surfaces that occur in footwall rocks as much as
17 km from the outer margin of the Sudbury Igneous
Complex (Dietz 1964; Guy-Bray and Geological Staff 1966)
and are considered to be unique to impact craters (Dietz
1968). Shatter cones are common in quartzite and felsic
intrusive rocks southeast of the Sudbury Igneous Complex
whereas they are scarce in the Archean rocks northwest of
the Sudbury Igneous Complex.

Sudbury Breccia (Yates 1938; Fairbairn and Robson
1942; Speers 1957; Dressler 1984a; Müller-Mohr 1992)
consists of irregular or dike-like bodies of subrounded frag-
ments set in a dark, fine-grained to aphanitic matrix. The
matrix and the bulk of the fragments were derived from the
adjacent host rocks. Breccia is relatively abundant in a 5 to 15
km wide zone about the outer margin of the Sudbury Igneous
Complex. In a 7 km2 area within this zone, 4.7% of the total
outcrop area (22.8%) consists of Sudbury Breccia; subareas
within this area vary from as little as 2 to 8% breccia with the
highest concentration adjacent to the Strathcona embayment
(Fedorowich et al. 1999 ). Areas of scattered breccia occur as
much as 80 km from the outer margin of the Sudbury Igneous
Complex at Lake Temagami to the east northeast (Simony
1964) and possibly on Highway 144 to the north northwest
(Thompson and Spray 1994). Three end members of Sudbury
Breccia are recognized, based on the nature of the matrix
(Rousell et al., in press): pseudotachylite, clastic and micro-
crystalline. Pseudotachylite Sudbury Breccia (Photo 2.12)
occurs in the footwall rocks of the North and East ranges and
consists of polymict clasts in a dark, aphanitic matrix. Clastic
Sudbury Breccia (Photo 2.13) occurs mainly, but not exclu-
sively, in footwall rocks of the South Range. Laminar
(originally turbulent?) flow surfaces in the matrix swirl
around fragments, are parallel to dike walls, and locally
resemble sheath folds. Microcrystalline Sudbury Breccia
occurs as small ovoid bodies in North Range footwall rocks

Photo 2.8. Fracture cleavage in the Chelmsford Formation. Highway 144
near CPR overpass.

Photo 2.9. Steeply plunging folds in the Mississagi Formation. Southwest
of Coniston (Width of area in photo = 7 m).
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close to the Sudbury Igneous Complex contact. It is inter-
preted to have formed from the local melting of  pseudotachy
-lite breccia matrix by thermal metamorphism associated with
the emplacement of footwall ore (Morrison et al. 1994).

METAMORPHISM AND
METASOMATISM

The Sudbury area has been effected by several episodes of
metamorphism which include regional, contact and shock

Photo 2.12. Dike of pseudotaclylite Sudbury Breccia cuts gneiss. Note the
sharp, but wavy, contact. Hardy pit, North Range.

Photo 2.13. Clastic Sudbury Breccia with rounded quartzite fragments.
East of Kelly Lake.

Photo 2.10. Planar deformation features in quartz in the Onaping Formation.
Width of photographed section is 1 mm. (courtesy of Bevan M. French).

Photo 2.11. Shatter cones, Ramsey Lake Road.
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metamorphism (see “Structural Geology”) as well as
metasomatism. The effects of an earlier event may be
partially obliterated by later events. High and low crustal
levels are exposed with metamorphic grades ranging from
subgreenschist facies to the granulite facies.

Superior Province

Dressler (1984b) delineated a zone of contact metamor-
phism, approximately 1.2 km wide, in the footwall rocks
adjacent to the Sudbury Igneous Complex (1850 Ma, Krogh
et al. 1984) in the North Range. His map covered a distance
of 8 km parallel to the base of the Sudbury Igneous Complex
(inset, Figure 2.8). Recrystallized minerals include
plagioclase, quartz, clinopyroxene, hornblende and biotite.
There is a narrow zone adjacent to the Sudbury Igneous
Complex in the proxene hornfels facies, followed outward
by a wider zone in the hornblende hornfels facies and a still
wider zone where the only evidence of contact metamor-
phism is plagioclase recrystallization. Features of shock
metamorphism are more or less obliterated in the zone of
contact metamophism.

The Archean metavolcanic and metasedimentary rocks
are metamorphosed to upper greenschist and lower
amphibolite grade (Meyn 1970; ~2690 Ma, Jackson and
Fyon 1991). The metamorphic grade in rocks of the Levack
gneiss complex (see Figure 2.2 for distribution) is mostly

upper amphibolite facies but locally it reaches granulite
facies (2648 Ma, Wodicka 1997) with the development of
clinopyroxene and orthopyroxene minerals (Langford 1960;
James et al. 1992; Card 1994). To the writer’s knowledge,
there is no published regional map which shows metamor-
phic zones in the gneissic rocks of the Superior Province
northwest of the Sudbury Igneous Complex. In a map of a
local area (Dressler 1984b, Figure 6.15) rocks of granulite
facies are overlapped by the area shown as “plagioclase
recrystallization only” in the inset of Figure 2.8.

Southern Province

In the Southern Province, where regional metamorphism has
overprinted features of both shock and contact metamor-
phism, Card (1978b) recognized 4 metamorphic zones (see
Figure 2.8): 1) diagenetic and epigenetic (subgreenschist
facies); 2 ) chlorite and biotite (lower to middle greenschist
facies); 3) garnet and chloritoid (middle to upper greenschist
facies); and 4) staurolite (amphibolite facies).

According to Card (1978b) variations in metamorphic
grade in the region can be matched, in a general way, to
variations in 1) thickness and facies of the Huronian
Supergroup; 2) intensity and style of deformation; and 3)
felsic plutonic activity. Thus, in the west (Elliot Lake),
northeast of the East Range and in the Sudbury Basin,

Figure 2.8. Map illustrating the distribution of the facies of regional metamorphism in the Southern Province (after Card 1978b) and (inset) of the facies
of contact metamorphism in a small area of footwall rocks in the Superior Province (after Dressler 1984b).
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supracrustal rocks are relatively thin, deformation is moder-
ate and metamorphism does not exceed middle greenschist
facies. South and southwest of the South Range, where
supracrustal rocks are thick, deformation is intense, and
where there are several felsic intrusions, metamorphism
reaches the amphibolite facies. There are 2 belts within the
staurolite zone (see Figure 2.8): a long, northeasterly trending
belt which begins south of Elliot Lake and extends through
Sudbury (Photo 2.14), and a short, discontinuous belt near
the Grenville Front Tectonic Zone. The high-grade belts are
separated by an elliptical belt in low- to middle-greenschist
facies. According to Card (1978b) the high-grade metamor-
phic belts coincide with anticlinoria and the low-grade
metamorphic belt coincides with a synclinorium.

Narrow zones of contact metamorphism are associated
with most mafic intrusions and particularly with the more
massive sills and wider dikes. The Killarney batholith has
produced a zone of hornfels, nearly 1 km wide, in the
surrounding rocks of the Huronian Supergroup (Card 1978a).

A complex metasomatic event (1700 Ma, Shandl et al.
1994) has produced numerous small areas of intense
albitization together with carbonitization, chloritization,
brecciation and the introduction of sulphide minerals, cop-
per, gold, nickel, cobalt and chromium (Meyer et al. 1986,
1987). This metasomatism can be traced from Sault Ste.
Marie eastward to Lake Wanapitei and beyond.

Grenville Province

Regional metamorphism within the Grenville Front tectonic
zone (1000 Ma, Easton 1991) reached upper amphibolite
facies with the formation of almandine, kyanite and sillmanite.

MINERAL DEPOSITS

History of Development
and Mineralization Environments

Nickel was first discovered in Ontario in 1848, on the north
shore of Lake Huron, some 70 km southwest of Sudbury.
The occurrence is geologically unrelated to the Sudbury
deposits and proved to be uneconomic (Giblin 1984). Nickel-
copper mineralization was discovered in the Sudbury area in
1856 by a surveyor, A.P. Salter. He reported the find to
Alexander Murray of the Geological Survey of Canada.
Murray found that the occurrence contained copper and
nickel and his two sentence description of the deposit is the
first published report on Sudbury geology (Murray 1857).
Due to the low demand for nickel at the time, this find was
not acted on. Several decades later the discovery site was
found to lie only about 200 m west of the Creighton Mine
open pit  (see location of mines, Figure 2.9). The first actual
development of sulphide ore followed the discovery of the
Murray Mine (named after Thomas and William Murray of
Pembroke) in 1883 along the right-of-way of the Canadian
Pacific Railway. The discovery outcrop, marked by a plaque,
remained intact until the mid-1970s when the railway and
plaque were relocated and the discovery site mined.

News of the discovery, and the recognition of the value
of nickel, quickly attracted prospectors to the area. Exposed
parts of orebodies were capped by easily recognized rusty-
weathered gossans so that within a short time, many
discoveries were made (Table 2.1). Apparently, the Copper
Cliff deposit was the first to be intensively mined (1886) and
this led to the first smelting operation in 1888. Based on a
geophysical survey using his own device, Thomas A. Edison,
the inventor, sank a shaft over the Falconbridge orebody but
was stopped by quicksand. By 1916 the Creighton Mine
became the largest single producer in the Sudbury area and
in the world with 75% and 65% of total production, respec-
tively. The mine generated 200 000 tons of nickel from
5 million tons of ore averaging 4.4% Ni.

Experiments in 1889 on nickel-steel alloys demon-
strated the value of nickel in the production of high quality
steel. The use of this steel in battleship plate armour in the
British and United States navies, in the construction industry
and for coin currency provided for a booming market for nickel.

The incorporation of the International Nickel Company
in 1902 merged most of the companies engaged in mining,
smelting and refining nickel including the Canadian Copper
Company (based in Copper Cliff) and the Orford Mining
Company. The International Nickel Company acquired the

Photo 2.14. Staurolite crystals in rocks of the Elliot Lake Group. Southwest
of Frood Mine.
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assets of The British America Nickel Company in 1924 and
the Mond Nickel Company, which owned the Coniston
smelter (1913) and part of the Frood orebody, in 1929.
Falconbridge Nickel Mines Limited was incorporated in
1928 and by 1930 developed an orebody and erected a
smelter (Giblin 1984).

At the turn of the 19 th century New Caledonia produced
65% of the world’s nickel supply compared to 35% from
Sudbury. Within a decade, 80% of the supply came from
Sudbury. This dominance continued until after World War
II but has dropped to less than 20% due to the development
of nickel elsewhere, particularly Russia and Australia.

Although metal production in the Sudbury area has
been dominated by deposits related to the Sudbury Igneous

Complex, there are actually several mineralized environ-
ments (Fyon et al. 1992): 1) volcanic-associated, massive,
base metal sulphide mineralization; 2) magmatic copper-
nickel-PGE sulphide mineralization associated with mafic
bodies; and 3) mineralization in the Whitewater Group.

Volcanic-Associated, Massive,
Base Metal Sulphide Mineralization

To date significant deposits of volcanogenic massive sul-
phide deposits  have only been found to the west of the
former Regional Municipality of Sudbury (Pearson 1980).
In the southern part of the area disseminated sulphide min-

Figure 2.9. Map showing the location of selected mines associated with the Sudbury Igneous Complex and mineral occurrences in the Whitewater Group.
Abbreviations: OP, Onaping Formation; OW, Onwatin Formation; CH, Chelmsford Formation; SIC, Sudbury Igneous Complex.
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erals (chalcopyrite, pyrite and pyrrhotite), associated with
the Paleoproterozoic basal, mafic volcanic units of the
Huronian Supergroup, contain mainly copper but also con-
tain  gold, silver and nickel. The mineralization is interpreted
as being cogenetic and coeval with the volcanic rocks. This
type of mineralization may have been one of several poten-
tial sources for nickel-copper-PGE ores of the Sudbury
Igneous Complex.

Magmatic Copper-Nickel-PGE
Sulphide Mineralization Associated

with Mafic Bodies

This class of mineralization may be subdivided into the
following 3 subclasses, based on the age of the mafic rocks:
1) Early Paleoproterozoic (ca. 2480 Ma) gabbro-anorthosite-
norite intrusions; 2) Nipissing Gabbro (2219 Ma); and 3)
Sudbury Igneous Complex (1850 Ma).

EARLY PALEOPROTEROZOIC
GABBRO-ANORTHOSITE-NORITE

INTRUSIONS

Early Paleoproterozoic mafic plutons and sills, emplaced
along or near the northern margin of the Southern Province,
have been identified as a cogenetic suite (Prevec 1993;
Vogel et al. 1998). Within the Sudbury area, this suite is
represented by the Chicago, Joe Lake and Norduna plutons,
which are located immediately adjacent to the Sudbury
Igneous Complex (see Figure 2.2). An isotope age is avail-
able only for the Norduna pluton (ca. 2450 Ma, Prevec 1992).

Ore-grade copper-nickel-PGE-bearing sulphide miner-
als in the Chicago sill were exploited in the former Chicago
Mine. The ore mineralization is copper-PGE dominated and
is associated with pyrrhotite and chalcopyrite in either
marginal components of the intrusion or with sheared or

altered variants which have reconcentrated the magmatic
sulphide minerals into a PGE-enriched secondary minerali-
zation (Peck et al. 1993).

NIPISSING GABBRO

Nipissing magmatic activity was voluminous and is repre-
sented by a suite of sills and dikes which intruded rocks of
the Huronian Supergroup in the Southern Province and their
equivalents in the northern part of the Grenville Province
(Lightfoot and Naldrett 1996). Ore-grade mineralization,
similar to that in the previously described early
Paleoproterozoic mafic intrusions, is restricted to areas to
the west of Sudbury; however, numerous showings exist in
the southwestern portion of the Sudbury area (Fyon et al.
1992). The mineralization is dominated by copper-nickel-
PGE sulphide minerals (pyrrhotite, chalcopyrite and pyrite)
and reflects both magmatic (gabbro-hosted) and hydrother-
mal (at the margins of gabbro bodies or country-rock hosted)
processes. The country-rock-hosted mineralization, the re-
sult of the intrusion of mafic bodies into hydrated sedimen-
tary rocks, may also be characterized by a more eclectic
assortment of minerals and associated trace metals including
sulpharsenide minerals, albite and tourmaline along with
elevated PGEs, cobalt, silver and gold.

THE SUDBURY IGNEOUS COMPLEX

Introduction

The Sudbury Igneous Complex is characterized by an en-
richment in lithophile elements (silica and rare earth ele-
ments) and consists of a disproportional volume of
granophyric rock relative to typical mantle-derived intru-
sions. Although speculation as to the source of the metals
depends on the genetic model adopted (endogenic, exogenic
or a combination), the actual habitat of the mineralization is
well described. Four main types of nickel-copper-PGE min-
eralization are associated with the Sudbury Igneous Com-
plex and all are interrelated (Morrison et al. 1994; Morrison
1999; Golightly and Rousell 2000): 1) Sudbury Igneous
Complex–footwall contact deposits which occur at or near
the basal contact of the Sudbury Igneous Complex with the
underlying footwall; 2) footwall vein deposits that occur as
sheet-like veins and vein stockworks within brecciated
footwall rocks up to 700 m from the base of the Sudbury
Igneous Complex; 3) deposits hosted by offset dikes that
extend many kilometres into the footwall; and 4) sheared
deposits representing Sudbury Igneous Complex–footwall-
type ores modified by shearing.

The main mineral assembly for these deposits are
pyrrhotite, pentlandite, chalcopyrite and pyrite. Variations in
the relative proportion of these minerals within a given deposit
are attributable to the effects of fractionation of a monosulphide
solid solution. Fractionated liquids enriched in Ni, Cu, Pt, Pd
and Au are differentiated from residual cumulate sulphide
minerals enriched in Fe, Co, Rh, Ru, Ir and Os (Naldrett
1984b). Differences in Cu, Ni and PGE tenor between differ-

Table 2.1. Early mine discoveries in the Sudbury area.

Mine Date Personalities

Murray 1884 developed Thomas & Wm. Murray##
Frood 1884* Thomas Frood**
Clarabelle 1889 mined
Elsie 1888 patented Francis Crean**, H. Totten#
Worthington 1884* Francis Crean**
Creighton 1885 rediscovered Henry Ranger**
Copper Cliff 1885* Thomas Frood**
Stobie 1885* James Stobie**
Crean Hill 1885*
Little Stobie 1885*
Victoria 1886*  Henry Ranger**
Trillabelle 1891*
Gertrude 1892*
Whistle 1897*  I. Whistle, A. Belfeuille
Levack 1913 operation
Garson 1887*
Falconbridge 1917*

* discovered, ** discoverer, ## owners, # patent holder.
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ent deposits may be attributed to progressive depletion of
these elements, from a given batch of magma, by segregation
of successive batches of sulphide material.

Most of the nickel is concentrated in pentlandite which
has exsolved from pyrrhotite at low temperature (200 to
250°C). Pyrrhotite may retain up to 1.2 weight % Ni. The
element Cu is mainly concentrated in chalcopyrite with
lesser amounts in cubanite (CuFe

2
S

3
). PGEs occur in

michenerite (PdBiTe), moncheite (PtTe
2
) and sperrylite

(PtAs
2
). See Hawley (1962) and Naldrett (1984b) for a list of

the metalliferous minerals which occur in the Sudbury
deposits. Table 2.2 sets out average grades and ratios for the
various host rocks. This information is  based on data chosen
arbitrarily from the literature and is  intended as a general
guide to relative abundances. The concentration of PGEs
and Au may vary by orders of magnitude between deposits,
so that “average” abundances should be treated with caution.
Approximate Cu/Ni ratios are 1.0 for the deposits as a whole,
less than 1 for Sudbury Igneous Complex–footwall contact
deposits, greater than 1 for offset dikes and much greater
than 1 for footwall vein deposits.

Sudbury Igneous Complex–Footwall
Contact Deposits

These deposits lie at or near the basal contact of Sudbury
Igneous Complex with the underlying footwall rocks. Min-
eralization occurs in the Contact Sublayer or in the underly-
ing footwall rocks, particularly in Footwall Breccia. Depos-
its are concentrated in or below troughs in the Sudbury
Igneous Complex–footwall contact, known as embayments,
in which the Contact Sublayer is thickest. The most massive
sulphide deposits reside at or near the base of the Contact
Sublayer with a decrease in abundance upward, from mas-
sive to blebby to disseminated. The massive sulphide min-
erals are typically associated with gabbro and peridotite
xenoliths (Photo 2.15). The highest grades and the highest
Ni/Cu ratios are found in the immediately proximal footwall
rather than in the Contact Sublayer itself.

In the Lindsley Mine (South Range) mineralization
includes Sudbury Igneous Complex–footwall contact de-
posits in the Contact Sublayer, deposits in the Offset Sublayer
and footwall deposits in Sudbury Breccia. The sequence of
events that formed the deposits in the Lindsley Mine are
shown schematically in Figure 2.10 (Binney et al. 1994). In
brief, these events are as follows: 1) the impact event formed
Sudbury Breccia and extension fractures in the footwall; 2)

immisible high-density sulphide minerals, which have segre-
gated from the melt above, accumulate at the base of the
Sudbury Igneous Complex; 3) sulphide minerals and silicate
melts move into fracture zones in the footwall rocks; 4) silicate
melts have cooled and crystallized while lower temperature
sulphide melts are still mobile; and 5) deformation produces
the present configuration.

Footwall Vein Deposits

These deposits occur as much as 700 m from the base of the
Sudbury Igneous Complex and are always below Sudbury
Igneous Complex–footwall contact deposits.They consist of
massive sulphide minerals in the form of veins, stringers and
sheets (Morrison et al. 1994; Figure 2.11). The veins form
complex boxworks and networks, in or near bodies of ther-
mally metamorphosed Sudbury Breccia (see Figure 2.12 for
exception), which lie subparallel to the base of the Sudbury
Igneous Complex. The major minerals present are chalcopyrite
+ pentlandite ± millerite ± cubanite or, more rarely, bornite ±
millerite ± pentlandite. Footwall vein deposits are best devel-
oped in the Levack embayment (North Range) and the Victor
Deep–Nickel Rim deposits (East Range). They are also found
in the South Range (Lindsley Mine) but are relatively poorly
developed there. In the McCreedy West Mine (Levack area)
there is a continuous connection between the footwall veins
and the overlying Sudbury Igneous Complex–footwall con-
tact deposit (see Figure 2.11). In the Strathcona Mine, also in
the Levack embayment, there is no apparent connection
between the Deep Copper zone and the overlying Sudbury
Igneous Complex–footwall contact deposit (see Figure 2.12).

Table 2.2. Typical average grades and ratios in different host rocks (Naldrett 1984b).

Unit  Ni* Cu* Co* Pt# Pd# Au# Cu/Ni Pt+Pd/Ru+Ir+Os

Sublayer 3.8 2.2 0.19 1391 1798 583 0.58 6.8
Offset 4.0 3.6 0.17 2130 3170 868 0.90 5.3
Footwall Breccia 4.5 2.3 0.16 756 802 122 0.51 25.0
Sudbury Breccia 4.9 3.8 0.12 1042 1026 105 0.78 93.0
Cu zones 1.6 30.1 0.06 1753 2994 85 18.80 897.0

Grades in 100 % sulphide. * = Weight %, # = ppb.

Photo 2.15. Massive ore with mafic and ultramafic xenoliths. Whistle
Mine. (Courtesy of P.C. Lightfoot).
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Footwall vein deposits are apparently derived in some
manner from the sulphide liquid that precipitated to form the
Sudbury Igneous Complex–footwall contact deposits. The
late magmatic copper-PGE-rich sulphide minerals may have
resulted from monosulphide solid-solution fractionation
(Naldrett 1984b) or hydrothermal remobilization (Farrow

and Watkinson 1992). Evidence for hydrothermal activity in
the vicinity of the veins includes the occurrence of epidote,
pyrite, quartz chalcopyrite veins and complex hypersaline
fluid inclusions in quartz and chalcopyrite (Morrison et al.
1994; Farrow and Watkinson 1999).

Figure 2.10. Schematic sections presenting a proposed model for Sublayer and footwall mineralization of the Lindsley deposit (after Binney et al. 1994).
a) Impact event forms Sudbury Breccia and extension fractures in the footwall. b) Immiscible sulphide minerals segregate at the base of the Sudbury
Igneous Complex. c) Sulphide minerals and silicate melts move into fracture zones in the footwall. d) Silicate melts cool and crystallize; sulphide melts
are still mobile. e) Deformation.
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Offset Dike Deposits

In the radial offset dikes, disseminated to massive sulphide
minerals are hosted by quartz diorite. Pyrrhotite, commonly
coarse grained, is the dominant sulphide mineral together
with variable amounts of pentlandite and chalcopyrite. In the
Copper Cliff Offset (Figure 2.13) the deposits tend to be

located near constrictions or changes in the strike of the
dikes or near cross-cutting faults.

The Frood–Stobie deposit (Zurbrigg 1957), one of the
largest in the area, occurs within a concentric offset. Miner-
alization is associated with quartz diorite bodies within a
44 km long belt of Sudbury Breccia. At the surface the

Figure 2.11. Cross-section of the McCreedy West deposit (North Range)
looking east. Note the continuity between Sudbury Igneous Complex–
footwall contact ore and footwall vein ore. The disseminated contact ore,
associated with Footwall Breccia, grades into footwall ore hosted by
Sudbury Breccia (from Morrison et al. 1994).

Figure 2.12. Cross-section in the Onaping–Levack area (North Range)
looking east. The Deep Copper Zone deposit in the footwall has no apparent
connection with Sudbury Igneous Complex–footwall contact deposits.
Note that the Deep Copper Zone is not hosted by Sudbury Breccia (after
Coats and Snajdr 1984).

Figure 2.13. a) Geological map of the Copper Cliff radial offset dike. b)
Plan of the 400-foot level, Copper Cliff North Mine, showing the break
between the funnel and the quartz diorite dike (after Cochrane 1984).
Abbreviation SIC = Sudbury Igneous Complex.
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deposit extends for 2.7 km along strike and is 50 to 300 m
wide. At depth it is sheet-like (dipping 45 to 75° to the north)
with a barren saddle dividing the deposit into 2 tongues,
Stobie to the northeast and Frood to the southwest (Figure
2.14). The tongues extend to a depth of approximately 1.2
km. The principal ore minerals are pyrrhotite, pentlandite
and chalcopyrite. In the disseminated ore, chalcopyrite con-
tains minor amounts of cubanite whereas in the massive ore,
cubanite may be the dominant copper mineral.

There is a gradual downward transition from dissemi-
nated ore to massive and breccia ore in the deeper levels. In
the Frood Mine the massive ore and the underlying sulphide-
poor siliceous zone contain arsenide minerals, electrum,
galena, hessite and bismuth-palladium combinations. Wall-
rock alteration is weak at Frood–Stobie as the host quartz
diorite is little affected by the adjacent mineralization
(Zurbrigg 1957).

Sheared Deposits

These deposits, including the Garson, Falconbridge and East
mines, occur in the eastern third of the South Range. The
original deposits, probably irregularly shaped Sudbury Ig-
neous Complex–footwall contact deposits, were remobilized
to form tabular bodies along the shear zones (Owen and
Coats 1984). A plan of the Falconbridge Mine (Figure 2.15)
illustrates how the disposition of the mineralization is con-
trolled by several major faults. The major sulphide minerals
present, pyrrhotite, pentlandite and chalcopyrite, are the
same as the contact deposits. Locally important minerals

include marcasite in the west end of Falconbridge Mine and
gersdorfite in copper-rich ore such as the “South Wall”
deposit of Falconbridge Mine. Silicification and quartz-
carbonate veins predate the sulphide mineralization. Late
cross-cutting veins containing galena, sphalerite and marca-
site are locally overprinted by supergene alteration. Thus
faulting and hydrothermal activity occurred late in the evo-
lution of the Sudbury Igneous Complex (Cochrane 1991).

Mineralization in
the Whitewater Group

INTRODUCTION

The rocks of the Whitewater Group host a variety of mineral
occurrences including 2 former base-metal mines (Rousell
1984c, 1984d). The mineralization may be grouped as fol-
lows: 1) disseminated sulphide minerals in the Onaping
Formation; 2) sulphide minerals in the Vermilion Formation
(Vermilion and Errington mines); 3) pyrite and metals in the
Onwatin Formation; 4) anthraxolite veins; and 5) mineral-
ized quartz veins. The mineralization is diagrammatically
represented in a columnar section (Figure 2.16). Mineral
occurrences mentioned in the text are located in Figure 2.9.

SULPHIDE MINERALS IN
THE ONAPING FORMATION

Disseminated sulphide minerals, present throughout the
entire Onaping Formation, occur mainly as discrete

Figure 2.14. Vertical longitudinal projection of the Frood (SW) and Stobie (NE) mines (South Range); an example of a concentric offset deposit (after
Zurbrigg 1957).
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Figure 2.15. a) Geological map of the 2800 level and b) vertical cross section (20.5E) of the Falconbridge Mine (South Range); an example of a sheared
deposit (after Owen and Coats 1984).

fragments but there are also sulphide patches and grains
within rock and glass fragments and in igneous-textured
bodies that occur within the Onaping Formation. Several
occurrences are exposed in trenches and pits where the
sulphide content is in the order of 1% by volume. Pyrrhotite

is the main sulphide mineral together with pentlandite,
pyrite, marcasite, sphalerite and galena. Based on a detailed
geochemical study of 2 areas in the North Range, Bussolaro
et al. (1984) concluded the following: the metal content is
low and uneconomic; metal distribution is erratic and
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without stratigraphic control; and the bulk of the sulphide
minerals are fragmental.

SULPHIDE MINERALS IN
THE VERMILION FORMATION

The Vermilion Mine, the Sturdy property and the 3 shafts of
the Errington Mine are located in the southwestern corner of
the Sudbury Basin (see Figure 2.9). The mines operated from
1926–1931 and from 1952–1956. The fine-grained nature of
the ore caused problems in recovery. These zinc-lead-cop-
per-silver-gold deposits are hosted by the Vermilion Forma-
tion, a thin unit between the Onaping Formation and the
Onwatin Formation (Martin 1957; Stoness 1994). The Ver-

Figure 2.16. Diagramatic representation of mineralization in the Whitewater Group (after Rousell 1984c).

milion Formation consists of carbonate units, a siltstone unit
(distal turbidite), chert and chert breccia. Ore minerals
include pyrite, sphalerite, galena, chalcopyrite, marcasite
and pyrrhotite. The ores consist of fine-grained dissemi-
nated sulphide minerals together with quartz veins which are
locally mineralized.

PYRITE AND METALS IN THE
ONWATIN FORMATION

The Onwatin Formation is rich in pyrite. The pyrite occurs
as silt-size grains arranged parallel to the bedding plane and
as massive lenses, generally 1 to 3 cm thick, but locally as
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30 m thick and is exposed at 3 localities over a length of 4 km.
The sill is the locus of abundant quartz-carbonate veins
which have been explored by numerous trenches and pits.
Sulphide minerals include pyrite, arsenopyrite, chalcopyrite
and malachite. Chemical analyses indicate local, but appre-
ciable, Au, Ag, Cu and Zn values (Rousell 1984c).

ORIGIN OF MINERALIZATION IN
THE WHITEWATER GROUP

The mineralization may be separated chronologically as
follows: 1) fragmentary mineralization in the Onaping For-
mation; 2) mineralization that formed after deposition of the
Onaping Formation and before the deposition of the Chelms-
ford Formation (Vermilion–Errington, pyrite in the Onwatin
Formation); and 3) mineralization formed during
tectonometamorphism (anthraxolite and quartz veins).

The origin of the pyrrhotite fragments in the Onaping
Formation may be explained as follows. The meteorite
impact brecciated sulphide-rich material in the target rocks
which, together with silicate material, became part of the
airborne ejecta. The material fell back into the crater and was
incorporated into the Onaping Formation.

The Vermilion–Errington deposits were interpreted as
sedimentary exhalative deposits (Rousell 1984c, 1984d)
such that metals were leached from the rocks below and
precipitated on the floor of an anoxygenic basin. The over-
lying black, pyritic and carbonaceous shale (Onwatin
Formation) suggest deposition in the centre of a basin and in
a deep-water euxinic environment rich in H

2
S. Other inves-

tigators regarded the Vermilion–Errington ores as sea-floor
replacement deposits (Paakki 1992; Stoness 1994; Gray 1995).

In the South Range the rocks of the Onaping Formation
are characterized by a tectonic foliation and numerous
quartz veins which, in general, strike northeasterly and
parallel to the foliation. In the North Range the foliation is
weak to absent and veins are scarce. Apparently the veins
were emplaced during or after deformation associated with
the Penokean Orogeny (1900 to 1700 Ma, Bennett et al.
1991) and after the Sudbury Event (1850 Ma, Krogh et al.
1984). The isotope age of the metagabbro sill at the Onwatin
Formation–Chelmsford Formation contact, which hosts the
mineralized quartz carbonate veins, is 1648 ±103 Ma (Buhl
et al. 1992). A metababbro sill occurs in the Onwatin
Formation north of Vermilion Lake. There, cleavage in the
formation passes into sill rocks suggesting the sill was
emplaced before or during deformation. Thus deformation
may have extended to as late as 1648 Ma with the quartz
veins even younger. Tectonometamorphism remobilized
and concentrated carbonaceous material in the Onwatin
Formation to form the anthraxolite veins.

GEOLOGICAL HISTORY

The geological history of the Sudbury area is complex, spans
at least 2700 Ma (Figure 2.17), and has been described by
many investigators (e.g., Card et al. 1984; Dressler 1984a;

thick as 20 cm. Pyrite cubes, as much as 20 cm in diameter,
form nodular masses and are the result of recrystallization.
The presence of pyrite along cleavage planes indicates
remobilization.

The average metal values in the Onwatin Formation
exceed the average metal values in shale with particularly
high background values for Ag, Zn and Cu (Rousell 1984c).

ANTHRAXOLITE VEINS

Anthraxolite is a black, dense, lustrous, platy material that
consists of approximately 95% carbon. Veins, consisting of
anthraxolite together with some quartz and pyrite, occur at
2 localities in the Onwatin Formation (see Figure 2.9). The
vein north of the Errington Number 1  shaft is exposed in a
30 m long inclined adit and 2 smaller adits. There was
considerable local interest in the anthraxolite, before the turn
of the 20th century, as a possible fuel; however, this was
precluded as the material does not burn well due to the high
ash content (Burrows and Rickaby 1930).

MINERALIZED QUARTZ VEINS

Sulphide-bearing quartz veins (see Figure 2.9) occur at the
contact of the Sudbury Igneous Complex and the Onaping
Formation (Foisey and Papineau occurrences) and in the
Basal Member of the Onaping Formation (Moore Lake and
Proulx occurrences). At the Foisey occurrence, the most
mineralized vein is approximately 1 m thick and contains
sphalerite and minor amounts of galena and chalcopyrite. A
chemical analysis of a vein specimen indicates high values
of Zn (8.5 weight %) and Pb (6750 ppm) and minor amounts
of Ag and Au. There are numerous quartz veins, up to 5 m
thick, at the Papineau occurrence. At the shaft, a vein
contains massive arsenopyrite and pyrite as well as
chalcopyrite, malachite and azurite in a carbonate host. A
vein a few tens of metres north of the shaft has relatively high
Au, Co and Ba values. At the Moore Lake occurrence galena
occurs as masses up to 5 cm wide together with sphalerite,
pyrite and chalcopyrite. According to Burrows and Rickaby
(1930), a shaft was sunk on the Proulx occurrence to a depth
of at least 20 m where quartz veins contained appreciable
amounts of sphalerite, galena and chalcopyrite. Quartz veins
in Morley’s Mine contain approximately 9% Zn, 12% Pb
and 0.4% Cu (Lafleur 1981).

The Gordon Lake and Creighton “gold mines” were
abandoned around the turn of the 20th century. A mass of
quartz-rich rock at the Gordon Lake site may represent a
quartzite fragment, from the Basal Member of the Onaping
Formation, which has been emplaced into its present posi-
tion by faulting. At the Creighton property, where there is a
shaft and a large dump, quartz veins extend over a width of
12 m and can be traced for 100 m along strike. Chemical
analyses of specimens from both properties failed to detect
gold (Rousell 1984c).

A metagabbro sill (see Figure 2.9), at the contact be-
tween the Onwatin and Chelmsford formations, is up to
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Dressler et al. 1991; Roscoe and Card 1992; Rousell et al.
1997). Sudbury geology is dominated by the Sudbury Event
to the extent that the geologic history can be separated into
activities which occurred before, during and after the event
(Rousell et al. 1998).

Pre-Sudbury Event: Doming,
Rifting and Deformation

Prior to 2500 Ma, the area was underlain by rocks of Archean
age. These rocks are exposed in the Superior Province west,
northwest and northeast of the Sudbury Structure but hidden
by the younger rocks of the Southern Province. In the Grenville
Province, older rocks were reworked by the Grenvillian
Orogeny (1000 Ma).

Rocks of the Levack gneiss complex occur as a discon-
tinuous fringe around the northern margin of the Sudbury
Igneous Complex (see Figure 2.2) and may form the basement
of the Sudbury Structure. According to James et al. (1992),
granulite-facies metamorphism of the Levack gneiss complex
(2648 Ma, Wodicka 1997), at depths between 21 and 28 km,
was followed by uplift to depths of 5 to 11 km. The uplift was
accompanied by a partial overprinting of amphibolite-facies
metamorphism. The time of uplift is uncertain; it may be as
early as the age of pegmatitic material (2647 Ma, Krogh et al.
1984) or may be related to isostatic uplift following meteorite
impact (Wodicka 1997). As a result of a study of plagioclase
clouding intensity in Matachewan dikes, Siddorn and Halls
(2002) suggested that the Levack gneiss complex was ex-
humed prior to the intrusion of the dikes (2600 to 2452 Ma,
Fahrig and West 1986; Heaman 1989, 1995). In the footwall
northwest of the Sudbury Igneous Complex, Matachewan
dikes are disposed in a radial and locally concentric pattern
about the Sudbury Igneous Complex (Rousell et al. 1997).
The uplift of the Levack gneiss complex and the pattern of
dike emplacement is consistent with magmatic doming of the
crust, in the area now occupied by the Sudbury Structure, in
the interval from the Neoarchean to Paleoproterozoic.

Continental rifting along the paleo-Murray Fault Group,
at the beginning of the Paleoproterozoic, led to the emplace-
ment of several layered mafic intrusions to the west of the
former Regional Municipality of Sudbury (Shakespeare–
Dunlop, East Bull Lake) and the Chicago, Norduna and Joe
Lake intrusions located at the outer margin of the Sudbury
Igneous Complex (see Figure 2.2). Volcanic rocks at the base
of the Huronian Supergroup (2450 to 2200 Ma; Bennett et al.
1991), were likely coeval or somewhat younger (B.O. Dressler,
personal communication, 1999) than the layered intrusions.
This easterly to northeasterly trending magmatic event, initi-
ated at approximately 2500 Ma, overlaps the Matachewan
event which is localized along northwest-trending structures.
The paleo-magmatic dome is located at the intersection of the
two trends.

The Creighton (2333 Ma, Frarey et al. 1982; >2420 Ma,
Smith et al. 1999) and Murray (2477 Ma, Krogh et al. 1996)
felsic plutons (see Figure 2.2), and a small pluton near the

junction of the South and East ranges, were emplaced in the
area of the inferred magmatic dome and indicate continued
magmatic activity.

Sills and masses of Nipissing Gabbro (2219 Ma, Corfu
and Andrews 1986) intrude rocks of the Huronian Supergroup.
Nipissing magmatic activity was voluminous and is inter-
preted to have developed during a period of extension along
a rifted continental margin. Nipissing Gabbro is associated
with a belt of outliers of the Huronian Supergroup northwest
of the Sudbury Igneous Complex (see Figure 2.2). The ab-
sence of the Nipissing Gabbro in the zone between the outliers
and the edge of the Sudbury Igneous Complex suggests little
or no deposition of Huronian Supergroup sedimentary rocks
or their complete erosion, intimating that the site of the
Sudbury Structure was a paleotopographic high during and/or
after Huronian Supergroup sedimentation (Cooke 1946; Speers
1957; Riller and Schwerdtner 1997; Rousell et al. 1997).

Rocks of the Southern Province, including the Huronian
Supergroup outliers, were folded about east- to northeast-
trending axes and locally about north-northeast- to
north-northwest-trending axes. This folding may have oc-
curred during or immediately prior to the emplacement of the
Nipissing Gabbro (Card et al. 1972) and may be related to the
Blezardian Orogeny (2140 Ma, Stockwell 1982; revised age
2400 to 2200, Riller and Schwerdtner 1997) or to an early
phase of the Penokean Orogeny.

According to Riller et al. (1999) Paleoproterozoic defor-
mation in the Sudbury area, their eastern Penokean Orogen,
began with the Blezardian Orogeny. The Blezardian Orogeny
was accompanied by peak metamorphism and syntectonic
intrusions (Creighton, Murray intrusions) and formed large-
scale structures including the dome now occupied by the
Sudbury Basin and the Sudbury Igneous Complex, and estab-
lished an overall geometry which was inherited by the later
Penokean Orogeny (~1.9 to 1.8 Ga). Structures formed during
the Penokean Orogeny are attributed to dextral transpression,
that is, northwest–southeast horizontal compression together
with dextral shearing. This resulted in the development of
upright second order fold trains and dextral strike-slip dis-
placement along faults including the Murray Fault, which is
considered to be a master dislocation site. Riller et al. (1999)
suggest a dextral strike separation on the Murray Fault of as
much as 4 km, based on an area west of Sudbury (Robertson
1975); however, the map lacks elements which permit a
determination of strike-slip displacement. The age of the
rocks on either side of the fault suggests dip-slip movement,
south-side up. According to Cochrane (1991), olivine diabase
dikes (1238 Ma, Krogh et al. 1987) are dextrally displaced
1 km by the Murray Fault. This suggests that strike-slip
movement on the Murray Fault occurred (or persisted ?) long
after the Penokean Orogeny.

The Sudbury Event—Meteorite
Impact

The age of the more or less instantaneous Sudbury Event is
considered approximately equivalent to the isotope age of
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the Sudbury Igneous Complex (1850 Ma, Krogh et al. 1984).
Most investigators support a meteorite impact model for the
event (e.g., Dietz 1964; French 1967; Dence 1972; Guy-Bray
1972; Peredery 1972; Rousell 1981; Morrison 1984; Peredery
and Morrison 1984; Lakomy 1990; Butler 1994; Grieve 1994)
with only moderate support for the traditional model of
explosive volcanism (e.g., Stevenson 1972; Muir 1984).
Characteristic elements developed during the event include
shatter cones, Sudbury Breccia, planar deformation features
in rock-forming minerals, breccias of the Onaping Formation
and magma or impact melt which gave rise to the Sudbury
Igneous Complex.

Post-Sudbury Event—Mineralization,
Deposition and Deformation

The Sudbury Event was followed by 1) the differentiation and
emplacement of the various phases of the Sudbury Igneous
Complex (e.g., Naldrett 1984a; Lightfoot et al. 1997);
2) formation of the nickel-copper-PGE deposits at the basal

contact of the Sudbury Igneous Complex and in the offset
dikes and the copper-nickel-PGE-gold-silver deposits in the
footwall rocks (Morrison et al. 1994); 3) deposition of the
Vermilion and Onwatin formations; 4) formation of the
Vermilion–Errington zinc-copper-lead massive sulphide de-
posits inside the basin; and 5) deposition of the Chelmsford
Formation.

Various estimates have been made as to the range of the
Penokean Orogeny. The maximum suggested interval of
1900 to 1700 Ma (Bennett et al. 1991) intimates that the
Sudbury Event occurred during the Penokean Orogeny. After
the Sudbury Event the central and southern parts of the
Sudbury Basin were folded about northeast-trending axes and
more widely spaced northwest-trending axes while the South
Range was displaced by a southeast-dipping zone of reverse
shearing (Burrows and Rickaby 1930; Shanks and Schwerdtner
1991). Rocks of the Onaping Formation in the North Range
are not folded. Thus folding during the Blezardian Orogeny
was more extensive than that during the Penokean Orogeny
(Rousell and Long 1998).

Figure 2.17. Outline of tectonic, magmatic and mineralization events for the Sudbury area during the Neoarchean Era and Proterozoic Eon. References
for dates are given in the text (after  Rousell et al. 1997).
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Alkali metasomatism (1700 Ma, Schandl et al. 1994) is
widely distributed in the Southern Province (Gates 1991), is
coeval with a period of granite plutonism in the Southern
Province (Davidson et al. 1992), and is spatially associated
with gold mineralization west of Wanapitei Lake (Meyer et al.
1987). The prominent northwest-striking olivine diabase dikes
(Sudbury swarm) were emplaced at 1238 Ma (Krogh et al.
1987). According to Fahrig (1987) they represent the failed
arm of a triple junction.

TECTONIC CYCLES

The Sudbury area was shaped by 2 cycles of crustal extension
and closing which began in the Neoarchean and extended
to the end of the Mesoproterozoic (Table 2.3; Rousell et al.
1997). These cycles correlate closely with Gall’s (1992)
Paleoproterozoic (2500 to 1750 Ma) and Mesoproterozoic
(1750 to 1000 Ma) global plate tectonic cycles and related
metallogeny.

A magmatic dome, cored by the Levack gneiss complex,
apparently developed at the site of the Sudbury Structure in the
Neoarchean to Early Paleoproterozoic. Dikes of the
Matachewan dike swarm, radial and concentric with respect
to the Sudbury Structure where exposed, may have been
emplaced as a consequence of the inferred doming. The time
of doming was overlapped by north–south to northwest–
southeast rifting which formed the south-dipping normal
faults of the Murray Group. The rifting was also responsible
for the injection of layered mafic and felsic intrusions and
Nipissing Gabbro and the development of continental margin
sedimentation (Huronian Supergroup). This protracted period
of rifting and magmatism was conducive to the formation of
mineral deposits including: nickel-copper-PGE (layered mafic
intrusions, Nipissing Gabbro), uranium and copper (Huronian
Supergroup) and silver-copper (Nipissing Gabbro).

Crustal closing at Sudbury may have begun at 1900 Ma
or even earlier (Blezardian Orogeny) and continued to as late
as 1700 Ma (end of Penokean Orogeny). The Sudbury projec-
tile impacted (at 1850 Ma) a thinned, tectonically and
magmatically active crust during this closing interval. The
nickel-copper-PGE mineralization in the Sudbury area re-
sembles the nickel-copper-PGE mineralization in layered
intrusions of similiar age such as the Petsenga intrusion
(Russia) and the Bushveld Complex (South Africa). These
intrusions, however, were emplaced during continental breakup
(Gall 1992). The Errington and Vermilion zinc-copper-lead
sulphide deposits may be analogous to the zinc-copper-lead
deposits in the Bersglagen and Skellefte districts, Sweden
(Gibson et al. 1996); these deposits are interpreted to have
formed on a rifted continental margin during ocean closure
and on a volcanic arc, respectively (Allen et al. 1996a, 1996b).
The Sudbury projectile, with a maximum penetration depth of
30 km (Grieve 1994), possibly produced effects similar to
crustal rifting but in a local area. The second period of crustal
extension began with an alkali metasomatism event at 1700
Ma, interpreted as the result of north–south extension, fol-
lowed by an episode of gold mineralization. After a period of
apparent tectonic quiescence, north–south extension led to the
emplacement of horneblende diabase dikes (Grant et al. 1962;
Cochrane 1991; Rousell et al. 1997) along the faults of the
Murray Fault Group at approximately 1415 Ma (Van Schmus
1971). Later, north-northeast to south-southwest extension
resulted in the intrusion of olivine diabase dikes. Final crustal
closure occurred during the Grenvillian Orogeny (1000 Ma).
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Table 2.3. Tectonic cycles in the Sudbury area.

Age Description Mineralization

Archean
>2500 Ma N–S and NE–SW rifting or arc volcanism: Benny and Parkin belts Cu–Pb–Zn–Ag

Cycle 1
2600 Ma Doming: Levack gneiss complex uplifted

Proterozoic
Paleoproerozoic
2452 Ma NE–SW extension: Matachewan dikes. N–S to NE–SE rifting: Murray fault group

Mafic and felsic intrusions, continental margin sedimentation. Closure? Ni–Cu–PGE Cu, U
2219 Ma NW–SE extension: Nipissing Gabbo Ni–Cu–PGE, Ag, Co
1900 Ma NW–SE and NE–SW closure
1850 Ma Sudbury Event: cratering, extension, doming and collapse Ni–Cu–PGE,  Zn–Cu–Pb
1700 Ma NW–SE and NE–SW closure

Cycle 2
1700 Ma N–S? Extension: alkali metasomatism Au
Mesoproterozoic
1415 Ma N–S extension: hornblende diabase dikes in dextral strike slip faults.
1238 Ma NNE–SSW extension: olivine diabase dikes NE–SW extension?: Fecunis Lake group faults
1000 Ma NW–SE closure: Grenvillian Orogeny.
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Chapter 3
Quaternary Geology

P.J. Barnett and A.F. Bajc

Ontario Geological Survey, Sedimentary Geoscience Section, Sudbury, Ontario

Abstract
The Quaternary sediments observed within the City of Greater Sudbury belong primarily to the Michigan
Subepisode (Late Wisconsinan), deposited during the last 25␣ 000 years. Temporary standstills in the retreat
of the ice margin from the region resulted in the formation of recessional moraines, the most notable of which
is the Cartier I moraine. A large, proglacial lake (glacial Lake Algonquin) fronted the retreating ice margin
in low-lying areas. There is evidence within the Sudbury Basin for the existence of several levels of this lake,
even though water level fluctuated quite rapidly as lower outlets in the North Bay area became uncovered
by ice retreat or downcut. The deposits and landforms preserved within and adjacent to the Sudbury Basin
reflect this environment of deposition. Extensive accumulations of stratified glaciofluvial and glaciolacustrine
deposits occupy low-lying areas both within the Sudbury Basin as well as in narrow, structurally controlled
valleys that both radiate outward from and parallel the outer edge of the Sudbury Basin. Sediment
thickness, derived from waterwell records, commonly exceeds 50 m within the Sudbury Basin and
occasionally exceeds 100 m. Upland areas are largely bedrock-dominated and, only locally, contain pockets
of thick Quaternary sediments.

 The historical development of the Sudbury area was strongly affected by geology. Both the bedrock and
Quaternary geology influence land use in the region. The distribution of resource-based industries, such as
mining, forestry, agriculture and aggregate extraction, are all dependent on the region’s geology. The
transportation network of roads, railways and airport, is strongly controlled by local landscape conditions.
Major highways and railways also follow the former paths of glacial meltwater (outwash plains and valley
trains) or former lake bottoms, trying to avoid the steep gradients associated with bedrock ridges and the
additional costs associated with drilling, blasting and cut and fill. Only in “the Valley” do we find a grid-like
pattern in the road network. The Sudbury airport is located on a large, flat plain underlain by gravel. Little
site preparation was required as the gravel naturally provides adequate drainage, strength and a natural flat
surface for runway construction.

Agriculture within the Sudbury area is concentrated in the southern part of the Valley. The relatively
flat, thick and laterally extensive cover of Quaternary sediments makes the land much easier to work. In
addition, the abandoned lake bottom is stone poor and underlain by fine-grained sediments that can retain
water and nutrients for plant growth. Coarser deposits along the northern part of the Valley and associated
with the bedrock-dominated terrain are not as desirable for farming.

Soil loss as a result of deforestation has been substantial, particularly in bedrock-dominated terrain.
The combination of early forestry and mining practices, urbanization and an unfavourable environment for
re-vegetation exposed large areas of soil to wind and water erosion. These factors also increase the run-off
to streams and, therefore, the erosive power of the streams. The result is a loss of soil A- and B-horizons over
substantial areas of the Sudbury area. Fortunately, community re-greening efforts have begun to reverse this
trend.

INTRODUCTION

Quaternary geology is the study of the Earth’s history during
the Quaternary Period, or the last 1.8 million years. The
Quaternary Period is generally considered a time when the
Earth’s climate was cool and when large parts of North
America and Europe were intermittently covered by large
continental ice sheets. This chapter summarizes some of the
landforms and deposits that were constructed and laid down
during the Quaternary in the Sudbury area. Figure 3.1 shows
the location of the former Regional Municipality of Sudbury
and the communities mentioned in this chapter.

Knowledge of the nature and distribution of Quaternary
landforms and deposits is important for regional planning

purposes, including the use of a sand and gravel deposits for
concrete in our homes and highways, a saturated sand for a
source of clean potable water, or a scenic landscape for green
space. This chapter sets the background for later chapters on
hydrogeology, engineering geology and human development
of the region.

A 1:100␣ 000 scale Quaternary geology map of the former
Regional Municipality of Sudbury that shows the general
distribution of the surficial Quaternary sediments within the
region (Map 2, back pocket) accompanies this chapter. The map
is based on the maps of Burwasser (1979), Bajc (1998a–d) and
Sado (1977). Additional air photo interpretation was done in
unmapped areas, to accommodate changes in scale and to
improve map boundary matching. The writers have also pre-
pared a field trip guidebook on the Quaternary geology and
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geomorphology of the Sudbury region for the Geological
Association of Canada Annual Meeting held in Sudbury
during the spring of 1999 (Bajc and Barnett 1999).

Previous Work

Compared with the vast amount of research and study of the
bedrock geology and mineral potential of the Sudbury area,

the Quaternary geology of the region has received very little
attention. For the most part, the earlier work done in the
region was related to the evaluation of mineral potential,
such as the works of Gracey (1898), Coleman (1901) and
Prest (1949). These researchers concentrated on the placer
gold potential of the deposits of the Vermilion River system.
Most bedrock geology reports (e.g., Coleman 1905 and
Langford 1960) also included a page or two on Quaternary
deposits and features.

Figure 3.1. Location map of former Regional Municipality of Sudbury (RMS).
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The earliest work on the Quaternary geology in the area
was that of Taylor (1894) in which he described abandoned
shoreline features along the Canadian Pacific Railway as far
west as Cartier. Coleman (1901) reported on the placer gold
potential of the Vermilion River and discussed the distribution
of various Quaternary sediments within the region (Coleman
1905). As part of his study of ice retreat in eastern Canada,
Antevs (1925) described several river sections containing
varves in the Sudbury region.

Prest (1949) published the first Quaternary geology map
of a portion of the region that included a small part of the
Vermilion River between Capreol and Milnet. He also re-
ported on the placer gold potential of this river. Burwasser
(1979) produced a report and 1:50␣ 000 scale map on the
Quaternary geology of the central part of the region. The
report contains discussions of the various deposits and fea-
tures he mapped in the area as well as the glacial and
postglacial history. Bajc (1997a–d) produced detailed 1:20␣ 000
scale maps of the Quaternary geology of the north and east
rims of the Sudbury Basin as part of a regional surficial
geochemistry study (Bajc and Hall 2000). In this multiyear
study of Quaternary geology and drift geochemistry, the
Ontario Geological Survey began the process of inventorying
the geochemical properties of humus, B- and C-horizon till
samples in the Sudbury region. Bajc (1994) also discussed the
occurrence of gold grains in till samples to the northeast of the
region in Parkin and Norman townships.

Several theses have focussed on the Quaternary geology
of the Sudbury area. Of note, Heath (1991) discussed the
postglacial lake history of the Sudbury Basin and Stewart
(1996) studied the sedimentology and chemistry of a sand and
gravel deposit near Worthington.

Four reports in the Northern Ontario Engineering Geol-
ogy Terrain Study series cover the Sudbury area (Gartner
1980a–d). These reports include an inventory of regional
engineering terrain conditions and contain 1:100␣ 000 scale
maps highlighting important terrain conditions. A discussion
of the urban geology of the City of Sudbury is included in a
Geological Association of Canada special volume on the
Urban Geology of Canadian Cities (Rousell et al. 1998).

Maps of the soils developed on the rocks and Quaternary
sediments of the area have been created by Gillespie et al.
(1982). These maps highlight the distribution and describe the
properties of the various soil types that occur within the
region.

The Sudbury area is included in several regional compi-
lation-series maps. Boissonneau (1965) shows the distribution
of Quaternary sediments in a map (scale of 1:506␣ 880) and
discusses the deposits, features and glacial history of the
materials shown on the map in a companion paper (Boissonneau
1968). Maps of the surficial geology of northern Ontario
which display Sudbury’s Quaternary geology include those
by Sado and Carswell (1987, scale 1:1␣ 200␣ 000) and Barnett
et al. (1991, scale 1:1␣ 000␣ 000).

Several summary papers have been written about the
Quaternary history of Ontario (Prest 1970; Shilts et al. 1987;

Fulton 1984, 1989; Fulton and Andrews 1987; Barnett
1992). These papers not only provide an overview of the
glacial history of Ontario but also introduce the reader to
some of the different interpretations and views on this subject.

Geological Setting

BEDROCK GEOLOGY AND
MINERALIZATION

The oval-shaped Sudbury Structure, famous for its world
class nickel-copper sulphide ores, is situated northwest of
the Grenville Front along the boundary of the Superior and
Southern geological provinces (Figure 3.2). It measures
approximately 60 km long and 23 km wide with its long axis
oriented to the east-northeast. Archean granite, granite gneiss
and metavolcanic rocks of the Superior Province lie to the
north, northwest and northeast of the Sudbury Structure,
whereas predominantly clastic rocks of the Huronian
Supergroup and Nipissing Gabbro of the Southern Province
lie to the southeast of the structure.

The Sudbury Structure consists of 1) the Sudbury Igne-
ous Complex, in cross-section a funnel-shaped, differentiated,
mafic to felsic intrusion; 2) the overlying Whitewater Group
which consists of heterolithic breccia, mudstone and wacke
of the Onaping, Onwatin and Chelmsford formations,
respectively; and 3) brecciated footwall rocks which occur

Figure 3.2. Bedrock geology of the former Regional Municipality of
Sudbury and surrounding area (modified from Dressler 1984).
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along the outer edges of the Sudbury Igneous Complex. The
nickel-copper-PGE (platinum group elements) mineraliza-
tion occurs primarily along the contact of the Sudbury
Igneous Complex and the surrounding footwall rocks as well
as in offset dikes that both radiate out from and parallel the
outer edges of the Sudbury Igneous Complex. New ore
bodies are now being discovered in footwall rocks immedi-
ately adjacent to the Sudbury Igneous Complex. See Chapter
2 for a more comprehensive summary of the bedrock geol-
ogy of the Sudbury area.

PHYSIOGRAPHY

Physiographic subdivisions of the Sudbury area (Figure 3.3)
include part of the Abitibi upland, Penokean hills and Cobalt
plain of the James physiographic region and a small part of
the Laurentian Highlands (Laurentian Region), located south-
east of the Grenville Front (Bostock 1970). Although the
Sudbury Basin was too small to delineate on the 1:5 000 000
scale map of Bostock (1970), it is significant at the regional
level as it controlled the direction of glacier movement and
the depositional environments during the Quaternary.

Figure 3.3. A hillshade digital elevation model and physiographic regions of the former Regional Municipality of Sudbury.



61

P.J. Barnett and A.F. Bajc

The Abitibi upland is underlain by Archean crystalline
rocks and consist of broad, rolling, bedrock-controlled sur-
faces that rise gently toward the upland’s southern boundary,
where elevations exceed 450 m. Although local relief can
exceed 90 m along deeply incised canyons, relief is gener-
ally much less (Dredge and Cowan 1989). The Penokean
hills are composed of folded metasedimentary rocks
(Huronian Supergroup) with quartzite ridges reaching ele-
vations of 240 to 300 m above sea level (asl) with local relief
as great as 100 m (Dredge and Cowan 1989). The Cobalt
plain is underlain by nearly flat-lying clastic metasedimentary
rocks with some ridges and hills formed by gabbro sills or
older Archean rocks protruding through the metasedimentary
rock cover (Dredge and Cowan 1989). The Laurentian
Highlands physiographic subregion is an old erosion surface
consisting of low, rounded knobs and ridges. Local relief is
commonly on the order of 30 m, but locally can exceed 50 m.
Elevations within the part of the Laurentian Highlands,
within which the City of Greater Sudbury is situated, range
between 230 m and 300 m asl.

The Sudbury Basin physiographic area is centrally
located within the region (see Figure 3.3). It consists of an
oval-shaped central low, commonly referred to as “the
Valley”, and is rimmed by a zone of high-relief rock ridges
that form the north, east and south rims of the Sudbury Basin.
The term “rim” is used in this chapter to identify a geomorphic
feature in preference to the term “range” that is commonly
used locally in a geologic context. The rims are underlain by
rocks of the Sudbury Igneous Complex and by the Onaping
Formation. The central basin is floored for the most part by
Quaternary sediments that are underlain by the Chelmsford
and Onwatin formations. Rocks of the Onaping Formation
occur beneath a cover of Quaternary sediments in the north-
eastern end of the basin.

The central basin, or the Valley, is a low-relief plain
interrupted by linear bedrock ridges caused by broad folding
of the Chelmsford Formation. The plain is gently sloping to

the southwest, and drops in surface elevation from about
300 to 260 m over a distance of about 39 km. Some of the
bedrock ridges rise to elevations above 320 m asl. Local
relief within the Valley seldom exceeds 30 m and is com-
monly less than 15 m.

The north rim rises over 105 m above the valley floor
northeast of Chelmsford. Consisting of bedrock hills and
ridges with local relief of between 60 and 90 m, the north rim
rises to elevations in excess of 440 m asl. The east rim, also
an area dominated by ridges of bedrock, occurs at elevations
between 335 and 385 m. Local relief is commonly less than
30 m here and rarely exceeds 40 m. The south rim occurs at
elevations between 305 and 335 m asl with local relief in the
30 to 45 m range.

DRAINAGE

The Sudbury area is drained by a series of streams and rivers
into Georgian Bay. Most of the region is drained by the
Spanish River system with a small part of the region drained
by tributaries of the French River. Below is a brief discussion
of the surface drainage systems as they relate to the geology
and physiography of the Sudbury area. For more informa-
tion on the hydrology and hydrogeology of the region and a
map of the drainage systems briefly mentioned below, see
Richards, Chapter 5, this volume.

The Vermilion River, a tributary of the Spanish River,
is the largest river in the map area and drains a large part of
the Sudbury area. The Vermilion River enters the region
north of Milnet and flows southward along the trace of the
Milnet Fault until it reaches the Sudbury Basin at Capreol.
From here it flows westward along the central basin margin,
flowing between the Onaping Formation and ridges of the
Chelmsford Formation which protrude above the
unconsolidated Quaternary sands on the floor of the basin
(Burwasser 1979). Along this stretch of the Vermilion River,
extensive and complicated meander patterns have devel-
oped as a result of the ease with which the sands are eroded
and redistributed (Photo 3.1). Several tributaries that drain
the Abitibi upland and north rim of the Sudbury Basin join
the Vermilion along this stretch, including the Rapid and
Nelson rivers, Sandcherry Creek and the Onaping River.
The locations of these tributaries are highly controlled by the
bedrock geology, following fault traces, bedding planes and
other structural lineaments in the bedrock surface.

The Vermilion River continues along the north rim,
crossing the low bedrock ridges on the basin floor in a series
of shallow rapids at Dowling and eventually enters Vermil-
ion Lake, which lies adjacent to the south rim. It flows from
Vermilion Lake eastward, along the south rim where
the Whitson River merges with the Vermilion River. The
Whitson River is a tributary of the Vermilion River and
drains the eastern and southern part of the Sudbury Basin.
The Vermilion River exits the basin at Stobie Dam, along a
southwest-trending fault near Bradley (Burwasser 1979).
The river then flows approximately 19 km south to Kusk
Lake, flowing nearly perpendicular to the main bedrock

Photo 3.1. Meandering stretch of the Vermilion River, Town of Rayside-
Balfour, City of Greater Sudbury.
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structures of the south rim and then west-southwest another
32 km to Espanola where it joins the Spanish River.

The eastern part of the Town of Capreol, the northeast
part of the Town of Valley East and a large part of the Town
of Nickel Centre are within the Wanapitei watershed. Water
flowing in streams to Lake Wanapitei is, in turn, drained via
the Wanapitei River to the French River and then into
Georgian Bay.

SEDIMENT THICKNESS AND
BEDROCK TOPOGRAPHY

Glacial deposits in the Sudbury area are, for the most part,
thin and discontinuous; however, deposits of unconsolidated
sediments exceeding 120 m have been reported (Burwasser
1979) within the Sudbury Basin. The regional distribution of
sediment thickness within the Sudbury area is displayed in
Figure 3.4. Figure 3.4 is a computer-generated sediment-

Figure 3.4. Thickness of Quaternary sediments in the former Regional Municipality of Sudbury.
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thickness map based on Ministry of Environment water well
records. Burwasser (1979) also presented a sediment-thick-
ness map for the central part of the Sudbury Basin.

In the rock-dominated terrain of the Abitibi upland,
Penokean hills and the Cobalt plain, Quaternary deposits are
thin (<1 m) except along valley bottoms, where thicknesses
in excess of 60 m have been reported in water well records.
Notably thick deposits occur along the Onaping River, a
tributary of the Vermilion River, within the town of Onaping
Falls. The greatest reported thickness of sediments, greater
than 125 m, occurs along the Vermilion River in the former
township of Balfour within the Town of Rayside-Balfour.
Between Chelmsford and Azilda, the thickness of Quaternary
sediments can exceed 70 m and at the eastern end of the basin,
in the City of Valley East and the Town of Capreol,
90 m. In the Town of Nickel Centre, Quaternary sediments are
thickest along the pronounced ridge of sediments that extend
from the Sudbury airport to Garson. A thickness of greater
than 60 m has been recorded within this area.

The bedrock topography for a large part of the region is
reflected by surface topography (see Figure 3.3). Much of the
region is strongly bedrock controlled with a thin cover of
Quaternary sediments. However, beneath the central part of
the Sudbury Basin, where thicker deposits of Quaternary
sediments obscure the bedrock topography, the bedrock sur-
face is quite irregular with local relief on the order of
30 to 50 m (see Figure 3.4). The linear distribution of areas of
thick Quaternary sediments (see Figure 3.4) occurs along the
trend of prominent bedrock structures outside the basin that
probably extend beneath the cover of Quaternary sediments.
It also appears that the Vermilion River once extended farther
south into the basin and possibly flowed in a bedrock-incised
valley along the Onaping Formation immediately north of the
south rim.

QUATERNARY GEOLOGY
FRAMEWORK

The Quaternary deposits and features preserved within the
Sudbury area are probably of the Wisconsin Episode. The till
found in the area is likely correlative to the Adam Till of the
Hudson Bay Lowland (Skinner 1973) and the Matheson Till
of the Timmins and Kirkland Lake areas (Hughes 1959,
1965). North of the Hudson Bay–Great Lakes drainage di-
vide, the Adam and the Matheson tills overlie organic-bear-
ing, nonglacial sediments that indicate a climate as warm as,
or possibly warmer than, today (DiLabio et al. 1988, Dredge
and Cowan 1989). These nonglacial sediments are considered
to be deposited during the Sangamonian Interglacial about
125 000 years ago. To date, no nonglacial sediments attrib-
uted to the last interglacial have been reported in the Sudbury
area.

The Laurentide Ice Sheet covered all of Ontario and
extended into the adjacent northern states of the United States
of America about 20␣ 000 years ago, during the Michigan
Subepisode (formerly the Late Wisconsinan). The Laurentide

Ice Sheet had 3 main centres of growth: 1) the interior uplands
of Labrador and Quebec; 2) Keewatin in the Northwest
Territories; and 3) Baffin Island and a possible minor centre
referred to as the “Patrician Dome” in the highlands north of
Lake Superior. The Keewatin and Labrador sectors of the
Laurentide Ice Sheet and the Patrician Dome affected Ontario.
Ice of the Labrador Sector covered the Sudbury region and
generally flowed to the south-southwest (Boissonneau 1968);
however, based on variations within the striation record,
Boissonneau (1968) proposed that 2 ice lobes, an eastern lobe
that flowed toward the southwest and western lobe that flowed
more southerly, met in the vicinity of the City of Greater
Sudbury.

During deglaciation of the southern parts of Ontario,
large glacial lakes formed against the receding ice margin
within the Great Lakes basins. Glacial Lake Algonquin, one
of these lakes, occupied the Lake Huron, Lake Michigan and
part of the Lake Superior basins (Figure 3.5). Glacial Lake
Algonquin had several phases or levels that occurred as a
result of the glacier margin position and the location and
elevation of the lowest uncovered outlet (low area) that
controlled the level of the lake. Outlets that controlled water
levels or phases of glacial Lake Algonquin include Des
Plaines River (Chicago, Illinois), the St. Clair River at Port
Huron, the Fenelon Falls Outlet, and a series of outlets in the
North Bay area (Chapman 1954; Harrison 1972; Ford and
Geddes 1986). It is the series of outlets in the North Bay area
that affected water level fluctuations during the deglaciation
of the Sudbury area.

Boissonneau (1968) reconstructed several former ice-
marginal positions (moraines) between Lake Superior and the
Ottawa River, a distance of greater than 300 km (Figure 3.6).
The fragmented nature of many of the moraine segments
makes correlation very difficult. Nine east-trending moraines
were identified. These  are, from south to north, the Whiskey
Lake; Rawhide Lake; Cartier I, II, III; Obabika Lake; and
Chapleau I, II, and III moraines (Boissonneau 1968).

The Cartier I moraine extends from Batchawana Bay, on
Lake Superior, through the Sudbury area to the southern end
of Lake Timiskaming where it links up with the McConnell
Lake moraine (Boissonneau 1968); however, the Cartier I
moraine can be better linked to ice-marginal positions in the
North Bay area, approximately 50 km south of the McConnell
Lake moraine, because of the relationship of the Cartier I
moraine to an ancestral water body in the Lake Huron basin.
In places, the Cartier I moraine consists of ice-marginal deltas
formed in a high-level water body in the Lake Huron basin that
requires ice to block several of the eastern outlets along the
Mattawa River in the North Bay area. Therefore, the Cartier I
moraine must correlate with one of the ice-marginal features
in the North Bay area.

The timing of deglaciation of the Sudbury area can be
estimated from the relationships of former ice-marginal posi-
tions (moraines) to former levels of large ancestral lakes. The
identification and dating of organic material found within the
lake sediments or in younger deposits resting on the lake
sediments can be helpful in determining the age of the lakes
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Figure 3.5. Paleogeographic reconstruction of Glacial Lake Main Algonquin (after Barnett 1992).

Figure 3.6. Moraines of a part of northeastern Ontario (after Burwasser 1979).
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and hence the moraines. The Sudbury area was likely
deglaciated over a relatively short period of time, probably
between 10␣ 500 and 10␣ 000 years ago.

THE GLACIAL RECORD
OF THE SUDBURY AREA

Introduction

Evidence of former glaciers ranges from tiny etchings on
bedrock surfaces to kilometre-scale streamlined bedrock
forms such as roche moutonnées and whalebacks. The Sud-
bury area has some of the best examples of sculptured forms
(s-forms, p-forms) on the bedrock surface seen in the prov-
ince. The occurrence of large erratic, far-travelled, boulders
that litter the surface (Photo 3.2) and stony soils all attest to the
former presence of continental glaciers.

Till is the term used for sediment deposited directly by a
glacier with little or no subsequent reworking by water
(Dreimanis 1988). It is poorly sorted, containing particles
ranging from clay-sized to boulder-sized. Till appears mas-
sive but on close examination may contain discontinuous
layers or lenses of stratified sediment. In the Sudbury area, till
is stony, sandy and in places silty, commonly reflecting
bedrock types over which the glacier passed. The fact that till
reflects bedrock makes till a useful material to sample when
prospecting for mineral resources, particularly in Precambrian
Shield areas (drift prospecting). Glacial debris that has slid or
flowed to its final resting-place is referred to as flowtill.

Sediments deposited from glacial meltwater streams are
referred to as glaciofluvial sediments. These are subdivided
into those deposited on, within or under the glacier, which
have been referred to as ice-contact stratified deposits or ice-
contact stratified drift, and those deposited beyond the ice
margin, which are termed outwash. Both types of glaciofluvial
sediments are sorted and stratified and are commonly com-
posed of gravel and/or sand. As a result of being deposited in
contact with the glacier and commonly in temporary settings,
abrupt changes in grain-size and stratification occur both
vertically and laterally in ice-contact stratified sediments.

Faulting is common and lenses of till, flowtill, or silt and clay
can be included. Glaciofluvial outwash deposits, however, are
generally more consistent laterally and tend to become finer-
grained in a down-flow direction.

Sediments deposited either directly from the glacier or
from a meltwater stream, into a standing body of water are
referred to as glaciolacustrine sediments. Glaciolacustrine
sediments are commonly stratified. Coarse-grained
glaciolacustrine sediments of sand and gravel occur in
beaches, deltas and subaqueous fans. Fine-grained
glaciolacustrine sediment such as silt and clay are deposited
in deeper water basin settings.

Deposits of glacial sediments within the Sudbury area
are, for the most part, Michigan Subepisode (formerly Late
Wisconsinan). They were deposited in 3 main types of
depositional environments during the final recession of the
Laurentide Ice Sheet from the region. The environments were
1) the subglacial environment (beneath the glacier); 2) the
proglacial lake environment (meltwater ponds up against the
ice margin); and 3) the braided stream environment (meltwa-
ter drains freely away from the ice margin).

Within the subglacial environment, till is deposited from
the base of actively flowing ice (lodgement till). It can also be
deposited from stagnant ice, where glacial debris is released
by melting (meltout till). Till or flowtills can be deposited in
cavities that form in the lee of bedrock rises as a result of ice
movement. Stratified sediments, sorted and bedded by flow-
ing meltwater, can also be deposited in these cavities, resulting
in an interbedded sequence of sediments consisting of till,
flowtill and ice-contact stratified deposits. Generally, as cav-
ity size increases a greater proportion of ice-contact stratified
sediments are deposited within the cavity. In the Sudbury
region, these lee-side cavity fills can contain a significant
amount of sand and gravel, which can be economically
extracted for mineral aggregate.

The cavities can grow and become linked, or alterna-
tively continuous conduits or passageways can form and be
maintained by flowing meltwater within, on and under the ice.
Stratified sediments deposited along these passageways or
linked cavities are ice-contact stratified sediments. On
deglaciation, the ridges and mounds of ice-contact stratified
sediments that remain are referred to as eskers and kames,
respectively.

Within the proglacial lake environment, deltas or
subaqueous fans composed of sand and gravel form where
meltwater conduits enter the lake: the finer sediments are
deposited further out into the lake basin. Flowtill and till
dominate ice-marginal deposition away from the meltwater
conduits (in moraine ridges). Along the shoreline of the lake,
beaches form as the result of wave and current action on the
newly deposited glacial and glaciofluvial sediments. Sand
and gravel beach and delta deposits now sit well above the
elevations of present-day lakes and record the existence of
these ancestral glacial lakes.

Within the braided stream environment, meltwaters can
flow freely from the ice margin along bedrock-controlledPhoto 3.2. Large erratic boulders in the Town of Onaping Falls.
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valleys until reaching the glacial lake. Deltas form at the
stream-lake junction. The intervening high ground commonly
preserves the subglacial depositional environment record.

Deposits, Features and
Landforms

Erosional features on the bedrock surface of the Sudbury
area are spectacular. A wealth of forms are produced by
abrasion due to the dragging of glacial debris at the base of
a sliding glacier and by plucking, as a result of pressure
gradients at the base of the glacier, or a combination of both
processes. Subglacial meltwater has also played an impor-
tant role in modifying the bedrock surface by aiding in the
plucking process and sculpturing the bedrock surface leav-
ing a suite of elaborate forms (Photos 3.3a, b).

Although till is the most extensive deposit in the region,
it is commonly thin and discontinuous. Glaciofluvial depos-
its and features dominate in the northern part of the region,
particularly along the valleys of bedrock-controlled streams.
Glaciolacustrine, eolian and organic deposits are wide-
spread within the Sudbury Basin and along the
bedrock-controlled valleys in the southern part of the region.

THE ICE FLOW RECORD AND
INDICATORS OF

BASAL ICE CONDITIONS

Ice-flow indicators (glacial grooves and striae, chatter marks,
crag and tail features and roches moutonnées) define an ice
flow pattern across the Sudbury region that was strongly
affected by regional topography (Figure 3.7; compare with
Figure 3.3). The direction of ice flow across the Abitibi
upland and the north rim of the Sudbury Basin were 170 to
210°. Within the Valley a shift in ice-flow direction is
recorded. Flow there was between 220 to 245°, parallel to the
axis of the Sudbury Basin (Photo 3.3b). South of the basin
along the south rim and in the Penokean hills, ice flow was
205 to 225°. Based on the variation in striae orientation,
Boissonneau (1968) proposed that 2 lobes of the Laurentide
Ice Sheet, an eastern and a western, coalesced along the
north rim of the Sudbury Basin.

At a few localities along the north rim, evidence for an
older, southwesterly ice flow event is preserved on protected
bedrock surfaces and lee-side facets. The magnitude of
glacial dispersal associated with this earlier event is not
known. Similar, older, westerly ice flow patterns have been
observed over large portions of northeastern Ontario and
western Quebec (Veillette and McClenaghan 1996). There,
they have been attributed to the ice flow patterns associated
with the inception and culmination of the Labrador sector of
the Laurentide Ice Sheet during the Wisconsinan glaciation.

In addition to the abundant record of striae and other
erosional forms resulting from the movement of glacial
ice, the bedrock surfaces in the region contain elaborate
sculptured forms (see Photos 3.3 and 3.4) that have been

attributed to erosion by subglacial meltwater (Kor et al.
1991). Several types of sculptured forms have been recog-
nized (Figure 3.8), all of which can be observed within the
Sudbury area. Spectacular examples of these forms also
occur along the shore of Georgian Bay, particularly near the
mouth of the French River. There, Kor et al. (1991) mapped
these features out over a 70 km wide area and suggested that
they formed as a result of powerful, turbulent subglacial
meltwater flows, possibly during one large discharge (flood)
event.

The occurrence and abundance of these sculptured
forms on the bedrock surface in the Sudbury area attests to

Photo 3.3a) An elaborate meltwater erosion form, corner of Bouchard and
Regent streets, City of Sudbury. b) Striated and faceted bedrock surface
displaying several different ice flow directions, former City of Valley East.

Photo 3.4. Sculptured and striated bedrock surface, City of Sudbury.
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the common presence of meltwater at the base of the glacier
when it was active in the region. Whether the sculptured
forms were formed during one flood event or by many
smaller subglacial discharge events is debatable; however,
these features, in combination with the abrasion forms,
indicate that the glacier was a warm-based glacier that
moved, in part, by basal sliding and  that subglacial meltwa-
ter was common and contributed greatly to the glacial record
within the City of Greater Sudbury.

TILL AND ASSOCIATED
LANDFORMS

Till is one of the most widespread glacial sediments in the
Sudbury area. It commonly occurs as a thin discontinuous
layer overlying the bedrock surface (<1 m) with thicker
accumulations occurring along the slopes of bedrock knolls
and ridges. There are, however, isolated areas, for example,

Figure 3.7. Ice flow patterns across the former Regional Municipality of Sudbury.
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along the west shore of Wanapitei Lake, where extensive,
continuous till masks the underlying bedrock topography.

The till is quite variable in appearance. Till characteris-
tics such as colour, texture, structure, composition and clast
roundness can vary depending on several factors. Transport
and deposition history and postdepositional weathering proc-
esses influence the appearance of the till. Variations in the
appearance of till, the shape and abundance of clasts, can be
the result of where the glacial debris was transported. Glacial
debris transported at or near the base of the glacier
(subglacially) tends to contain striated and faceted clasts.
Debris transported within the glacier (englacially) or on the
surface of the glacier (supraglacially) tends to be more
angular, and striated clasts are rare. The process of till
deposition, whether lodgement, subsole-deformation, melt-
out or flow processes, also affects the appearance of till. The
type of bedrock immediately beneath or in the up-ice flow
direction influences the constituents within the till and hence
the overall appearance of the till. The depositional setting or
position in relation to topography affects till appearance
locally; and postdepositional weathering processes also af-
fect the colour, texture and structure within till.

Two distinct till facies, each having a different landform
association, have been recognized across the region. These

two till facies are 1) subglacial till in ground moraine
(Photo 3.5), and 2) ice-marginal flowtills in end or reces-
sional moraine (Photo 3.6). Their properties have been
observed primarily from shallow test pit exposures, road
cuts and exploration trenches. At these shallow depths, the
tills are generally loose and are orange-brown to brownish-
grey to light grey in colour, depending upon the degree
of oxidation. In the Sudbury region they typically contain
very low concentrations of matrix carbonate (<1% total
carbonate).

The properties of subglacial till vary considerably across
the study area, which is a reflection of the great diversity of
source materials within the region. Tills from areas domi-
nated by coarse crystalline rock types (Sudbury Igneous
Complex and Levack gneiss complex) are generally sandy
and contain moderate to high concentrations of clasts. Tills
from regions underlain by Huronian metasedimentary rocks
or containing a high percentage of these rock types are
usually finer and contain moderate to low concentrations of
clasts. For example, argillaceous metasedimentary rocks of
the Cobalt Embayment occur over large areas both within
and up-ice of the Wanapitei Lake basin. Tills collected from
the southwest shore of the lake clearly reflect the fine-
grained nature of these source materials as they contain over
60% combined matrix silt and clay (50% silt and 10% clay).

Figure 3.8. Sculptured bedrock forms produced by subglacial meltwater erosion and abrasion (Kor et al. 1991).
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Tills coarsen rapidly, however, toward the southwest in
response to the addition of rocks of material from the
Sudbury Igneous Complex.

Within the subglacial environment, till deposited from
the base of actively flowing ice is called lodgement till, and till
deposited from stagnant ice, where glacial debris is released
by melting, is termed “meltout till”. On the up-ice or stoss side
of bedrock knobs and ridges, a condition of local compressive
flow occurs. Subglacial till deposited under these conditions
is commonly massive, fissile and compact, with rare lenses of
stratified sediments if the slope of the rock surface is gentle.
If the rock ridge or knob is very steep, shearing within the basal
ice may occur and blocks of debris-rich ice may become
detached from the actively flowing ice above. This shearing
and stagnation of debris-rich ice results in a deposit consisting
of subglacial meltout till and flowtills with thin interbeds of
stratified sand and gravel beneath lodgement till. Sand dikes
can commonly be seen cutting through these sediments.

In the lee (down-ice flow direction) of bedrock rises, till
or flowtills can be deposited in cavities that form as a result of
the ice movement. Stratified sediments, sorted and bedded by
flowing meltwater, can also be deposited in these cavities,
resulting in an interbedded sequence of sediments consisting

of subglacial till, flowtill and ice-contact stratified sediments.
Generally, as cavity size increases, a greater amount of ice-
contact stratified sediments is deposited within the cavity.
Therefore, subglacial till deposited in the lee of bedrock rises
tends to be loose, bedded and contains variable amounts of
sorted and stratified sediments. These properties generally
increase the permeability, depth of oxidation and the effects
of weathering of this lee-side deposited till.

Within discrete moraine ridges that formed along tem-
porary stillstand positions of the retreating ice margin
extensive accumulations of flowtill occur. The “Cartier I
moraine” is the most notable ice-marginal position within
the study area. The moraine extends from the Sudbury
airport in Nickel Centre, northwest toward the town of
Capreol, then westward along the southern edge of the north
rim, to the town of Cartier on Highway 144 (see Figure 3.6).
The feature is remarkably continuous, broken only locally by
younger glaciofluvial systems and scattered areas of bedrock
outcrop. It usually occurs as a single ridge, 5 to 10 m high,
composed largely of bouldery till. Deposits of ice-contact
stratified sediments and ice-marginal deltas are usually inti-
mately associated with the moraine (Photo 3.7a, b). Multiple
ridges have been observed in places and probably formed in
response to slight readjustments of the ice margin.

Photo 3.5. Lodgement till, deposited on stoss side of rock ridge, Wanapatei
Lake area. Boulder in face is approximately 30 cm across.

Photo 3.6. Flowtills associated with a small recessional moraine south of
McClouds Point, west side of Wanapatei Lake. Exposure is approximately
3 to 4 m high.

Photo 3.7a) Airborne RADAR image of the former Town of Capreol area
including important terrain features. b)Hillshade digital elevation model of
a portion of the area covered by RADAR image is included for comparison.
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Other, less continuous moraines have been mapped
within the study area such as the small moraine located along
the south shore of McFarlane and Long lakes (McFarlane
moraine). As with the Cartier I moraine, this moraine is
composed largely of bouldery flowtill and contains some
beds and lenses of stratified sand and gravel. The till is
generally loose, sandy, deficient in fines and is, quite often,
weakly bedded. The surfaces of the morainic ridges are
usually littered with large boulders (Photo 3.8).
Compositionally, these features reflect both local and distal
bedrock sources.

To the west of the region, examples of another genetic
variety of till can be seen. Supraglacial meltout till and
flowtills occur in a large zone of hummocky, ice stagnation
moraine west of Windy Lake. The hummocks of supraglacial
debris, which in some cases reach heights of 5 to 10 m, occur
in low-lying areas within the Archean footwall and are
composed of a mixture of ice-contact stratified sediment,
stony flowtills and meltout till. Clasts account for up to 75%
of the total volume of till and are mostly angular in shape.
Granitic gneiss forms the dominant pebble lithology, with
both fine-grained mafic intrusive and extrusive rock types,
of probable distal origin, present at significant levels. This
zone of hummocky ice-stagnation moraine occurs along the
western edge of the Sudbury Basin with its axis extending
southwestward out of Windy Lake. A broad zone of inactive
ice possibly formed within a broad shear zone between faster
flowing ice within the Sudbury Basin and slower-flowing
ice on the Abitibi upland. The inactive ice melted in place
and produced the hummocky moraine. Shallow waters of a
large glacial lake fronted the eastern margin of this zone of
ice stagnation during the formation of the Cartier I moraine.

ICE-CONTACT STRATIFIED
DEPOSITS AND LANDFORMS

Deposits of ice-contact stratified sediments in the City
of Greater Sudbury occur as 1) lee-side cavity fills;
2) isolated esker ridges and/or esker systems consisting of
anastamosing ridges marking the former position of

subglacial, englacial and supraglacial meltwater streams;
3) glaciofluvial complexes, spatially associated with ice-
marginal positions and large areas of ice stagnation; and
4) ice-marginal subaqueous fans and ice-marginal deltas,
marking the position where subglacial drainage channels
debouched into proglacial water bodies.

Deposits of ice-contact stratified sediments are highly
variable in composition, consisting of a chaotic mixture of
boulder gravel to very fine sand and silt. Lenses and/or beds
of debris flows and flowtills are commonly observed within
these deposits. Ice-contact deposits form an important ele-
ment of the Quaternary deposits of the study area. The most
notable deposit is situated in the town of Nickel Centre and
is associated with a large subglacial drainage system extend-
ing southward out of the Wanapitei Lake basin (see “The
Airport Glaciofluvial System”). In the northwestern part of
Valley East, there is a large area of eskers and kames. A
number of smaller deposits are associated with the Cartier I
moraine. Many isolated lee-side cavity fill deposits and
smaller eskers and kames are present throughout the region.
Ice-marginal deltas grading to high level glacial lakes (phases
of glacial Lake Algonquin) have been identified adjacent to
Fairbank Lake and along the trend of the Cartier I moraine
(see below). Immediately west of the region, there is a large
deposit of ice-contact stratified sediments associated with a
re-entrant passing through Windy Lake that formed along
the margins of ice flowing out from the Sudbury Basin and
off the Abitibi upland.

OUTWASH AND DELTAIC
DEPOSITS AND LANDFORMS

Terraced glaciofluvial systems (outwash deposits) occur
within all of the major structurally controlled river valleys
which enter the Sudbury Basin off the north and east rims.
The most notable of these includes Sandcherry Creek, Ver-
milion, Rapid, Nelson, and Onaping rivers. As many as 5 or
6 distinct glaciofluvial terraces have been identified along
these valleys. The terraces formed by downcutting and
redeposition of outwash sediments as the levels of glacial
Lake Algonquin declined in response to the opening of
eastern outlets at North Bay. Large deltas formed where
these outwash systems entered the lake. The Capreol, Rapid
River, Nelson, Sandcherry Creek and Dowling deltas,
located along the southern edge of the north rim of the
Sudbury Basin, are the most notable. There is a series of
deltas at Capreol, an ice-marginal delta along the Cartier I
moraine, a delta forming the Capreol flats located north of
the Cartier I moraine, and a lower delta in front of the
moraine in the Suez area (Suez delta). A large ice-marginal
delta also occurs at the airport. This delta is associated with
a meltwater conduit that formed along a structural zone of
weakness extending southward from Massey Bay.

The outwash deposits observed within the study area
consist of well-sorted, poorly graded gravel and sand. Trough
cross bedding is common and most deposits become finer-
textured southward. Massive to trough cross-bedded boulder
to cobble gravel occurs in the upper reaches of many of these

Photo 3.8. The Cartier I moraine littered with large boulders (former Town
of Onaping Falls, north of Levack).
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outwash systems, particularly along the Vermilion River
(Photo 3.9); however, most of the deposits are sand- and fine
gravel-dominated with significant high-energy, coarse gravel
facies occurring locally. Deltas are Gilbert-type with topsets
of trough cross-bedded gravel and sand, steeply dipping
foresets of sand and gravel, and bottomsets of fine sand, silt
and clay, commonly rhythmically bedded (Photos 3.10
and 3.11).

THE AIRPORT GLACIOFLUVIAL
SYSTEM

Extensive deposits of glaciofluvial sand and gravel occur in
the area of the Sudbury airport and continue southward
through Falconbridge and Garson (town of Nickel Centre)
into the north end of the City of Sudbury. The sand and
gravel appear to have been deposited progressively north-
ward along the receding ice margin in 4 stages as indicated
by 4 segments or areas of widening (Figure 3.9). The
3 northern segments initially accumulated within a subglacial
conduit and subsequently in standing water in an open, ice-
walled channel that attained a maximum width of 6 km. A
line of large ice-block depressions marks the location of the
main subglacial conduit (Photo 3.12). The large ice-block

depressions probably formed as a result of the collapse of the
conduit roof and burial of the roof fragments (ice blocks) by
glaciofluvial sediments. The ice-block depressions can ex-
ceed 45 m in depth and may be dry (kettle holes) or contain
small lakes called “kettle lakes” (Photo 3.13) The southern-
most segment accumulated as a lobate, subaqueous fan
confined within a bedrock-controlled valley. Much of this
segment has been removed for use as backfill in the mines of
the area.

After the deposition of the southernmost segment, the
Garson segment of the Airport glaciofluvial system was
initially deposited as a subaqueous fan in glacial Lake
Algonquin. Meltwater flowed westward along a subglacial
conduit, debouched into the lake and spread fan sediments
radially outward, as stream competence was lost. Sediments
generally fine upward and can contain large steep-walled
channels and de-watering structures (Photo 3.14). Delta
foreset beds of coarser sediment overly the initial fan
sediments and were probably deposited as water level in the
basin began to drop.

The Falconbridge segment may have, in part, been
deposited as a delta. Elevations in the southwestern part of
the segment are greater than 335 m. The top is flat. A thin unit
of trough cross-bedded sand and gravel caps the exposed
sediment sequences and truncates the lower fan and delta
sediments, likely marking the water level during segment
deposition. Burwasser (1979) suggested that an early posi-
tion of the Cartier I moraine occurs in the Falconbridge area
(see Figure 3.6).

The Airport segment, the fourth and youngest part of the
Airport glaciofluvial system, is a flat-topped plain cut by a
central zone of kettles and kettle lakes. The Airport segment
is graded to a level of glacial Lake Algonquin and is,
therefore, technically of deltaic origin (see Photo 3.12). The
Cartier I moraine marks the northern edge of this segment.
North of the moraine and adjacent to the Airport segment,
there are 2 well developed outwash terraces or delta surfaces
that were formed along the receding ice margin as water
levels in the basin fell.Photo 3.9. Outwash sand and gravel deposited along the Vermilion River,

former Town of Capreol. Scale card in center of photo is approximately
8 cm long.

Photo 3.10. Topset and foreset beds of a delta associated with the Rapid
River outwash system, former City of Valley East.

Photo 3.11. Overview of foreset and bottom-set beds of the Dowling delta
(former Town of Onaping Falls). Inset shows details of bottomset silt and
clay rhythmites of the Dowling delta.
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Figure 3.9a. Quaternary geology map of the Airport glaciofluvial system showing, from south to north, the Garson, Falconbridge and Airport segments
(modified from Bajc 1997d).
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Figure 3.9b. Digital elevation model (DEM) of the Airport glaciofluvial system. Important features are highlighted.
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Photo 3.14.a) Distal, fining-upward fan sediments containing a sharp,
stepped failure surface. Inset of spectacular ball and pillow structures
within failed sediments. b) Large channels exposed near main conduit of
fan. Inset is close up of the base of one channel. Arrow points to very fine
sediment deposited along channel base.

Photo 3.12. Stereoscopic aerial photos of the Airport segment, Airport glaciofluvial system. Important features are highlighted.

Photo 3.13. Kettle lake and line of kettles adjacent to the flat-topped
surfaces of the Airport segment of the Airport glaciofluvial system, Town
of Nickel Centre.

The site of the Sudbury airport, located on the western
part of the Airport segment (see Photo 3.12), was selected
because little site preparation was required as the gravel
provides adequate natural drainage and strength while the
delta provides a natural flat surface for runway construction.

GLACIAL LAKE DEPOSITS AND
LANDFORMS

Massive to laminated deposits of pebbly sand to silt with
minor clay associated with glacial Lake Algonquin are
found exclusively within low-lying areas of the Valley.
These glaciolacustrine deposits fine laterally away from the
main sediment input sources, the outwash systems, along the
north and east rims, and, in places, coarsen upward where
they are spatially associated with prograding deltaic bodies.

Sandy facies dominate the glaciolacustrine record within the
region, forming broad, flat plains in Capreol and Valley East
and thick, valley-fills in Valley East, Rayside-Balfour and
Onaping Falls along the Vermilion and Onaping rivers.
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Fine-textured sediments (silt and clay rhythmites) are re-
stricted to the southeastern parts of the region. These areas
are generally situated in protected settings distal to the main
sediment sources. Antevs (1925) identified about 77 silt and
clay rhythmites, or couplets, near Copper Cliff that he
interpreted as being varves (deposited yearly). The varves
generally became thinner and finer upward as the sediment
supply from the receding ice margin lessened. The fine-
textured glaciolacustine sediments of the area are calcareous
(Guillet 1977; Gillespie et al. 1982).

Abandoned shoreline features are well developed along
the northern edge of the basin where waves and currents
eroded newly deposited till and glaciofluvial sediments.
Elsewhere in the bedrock-dominated areas, the shoreline
record is scanty and, where present, only poorly developed
forms occur. Shoreline features in the region include beach
bars and spits, wave-cut and built platforms and shore bluffs.
Excellent examples of these features occur along the flanks
of the Airport glaciofluvial system and the southern flank of
the Cartier I moraine. Several levels of ancestral phases of
glacial Lake Algonquin are recorded in the shoreline and
delta record of the Sudbury area. The Cedar Point, Payette,
Sheguiandah and Korah phases of glacial Lake Algonquin
may have all occurred within the region during deglaciation.

Sandy glaciolacustrine sediment reworked or modified
by eolian processes have produced thin irregular sheets of
fine to very fine sand over large areas of Valley East and
Capreol. The sheet sands generally display a slightly rolling,
low-relief surface expression, that in some cases contain
small longitudinal, transverse and parabolic forms. More
extensive eolian deposits occur in the southwestern part of
the town of Capreol on the fringes of a large meltwater
channel, that  extends southward from Moose Lake to the
southwest corner of the town. Isolated dunes on the eastern
side of this channel rise up to 15 m above the surrounding
lake plain and consist of very well-sorted, fine to very fine
sand exhibiting diffuse ripples and planar laminae. Thin
deposits of loess, or wind-blown silt, frequently form a thin
veneer over till and bedrock in the upland areas of the north
and east rims.

RIVER DEPOSITS AND
LANDFORMS

Remnant fluvial channels, cut into glaciofluvial and
glaciolacustrine deposits, occur in the southern part of the
Town of Capreol and in the northern part of the City of
Valley East. This system of channels, which branches south-
ward and southwestward from Capreol, was utilized imme-
diately following the draining of the Sudbury Basin.
Downcutting along the Vermilion River valley following
the drainage of glacial Lake Algonquin resulted in the
formation of several low terraces along which alluvial sands
were transported and redeposited. The river is currently an
active, mature fluvial system. It flows westward, meander-
ing, constantly eroding older glaciolacustrine and alluvial
deposits, and abandoning cut-off channels. The abandoned
channels form oxbow lakes that, in time, become vegetated
wetlands (see Photo 3.1).

Extensive peatlands are situated within broad, poorly
drained lowlands in the Valley. They occupy abandoned
meltwater channels cut into unconsolidated drift and struc-
turally and lithologically controlled basins within bedrock
terrain. Smaller peatlands are situated in restricted, bedrock
basins and along watercourses transecting the uplands of the
north, south and east rims.

STRATIGRAPHY

The thickest record of Quaternary sediments occurs in the
Valley, where over 120 m of sediments have been recorded in
water well records (see Figure 3.4). Generally, these records
indicate an upward-coarsening sequence of sediments
(Figure 3.10). Lower parts of the fill are commonly clay and
silt. These sediments are overlain by silt and sand and finally
by gravel deposits. In a few places, for example along the
Vermilion River near Sandcherry Creek, gravel and/or sand
occur beneath a cover of clay and silt. This relationship of fine
sediment over coarse sediment (aquitard over aquifer) makes
it a favourable target for exploration for potable water.

Sediments also tend to fine toward the southwest. Sand
and gravel are the dominant basin-fill sediments along the
north rim, and silt and clay in the southern part of the
Sudbury Basin. Thin till or gravel can occur at the base of the
sediment package immediately over bedrock. The bedrock
surface is very irregular beneath the cover of Quaternary
sediments of the valley.

QUATERNARY HISTORY

The Sudbury area was ice covered for most of the Wisconsin
Episode. It was only during the latter part of this time,
Michigan Subepisode (formerly Late Wisconsinan), that the
ice margin receded from the region. Glacial Lake Algonquin
fronted the receding ice margin. Estimation of the timing of
deglaciation of the Sudbury area is made easier because of
the intimate relation of ice-marginal deposits and features to
ancestral proglacial lake water levels, that is, the phases and
outlets of glacial Lake Algonquin.

Prior to the ice margin receding into the region, ice flow
was generally toward the south, with a gradual change in
direction to the southwest in the southernmost part of the
region as flow probably became affected by the basins of
Georgian Bay and Lake Huron. Ice flow may have been
faster along the axis of the Sudbury Basin, producing sets of
more southwestwardly oriented striae. A zone of shear
probably developed between this faster flowing ice within
the Valley and the slower-flowing ice resting on the Abitibi
upland (Figure 3.11a).

Several small ice-marginal remnants, such as the
McFarlane moraine and numerous subaqueous fans, mark
the early ice-marginal positions in the southern part of the
region. One delta (~335 m asl) at the south end of Fairbank
Lake formed in a high level of glacial Lake Algonquin
(Cedar Point phase) whose level was controlled by the
Fossmill outlet south of North Bay (Harrison 1972). This
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Figure 3.10. Stratigraphy of the Sudbury Basin based on water well records.

delta formed along the south rim at the southernmost end of
the Valley (Figure 3.11b). The south rim of the basin
probably acted as a pinning point for the glacier and the delta
probably marks the last stable ice margin within the basin.
As the ice margin retreated from this position, waters of
glacial Lake Algonquin flooded into the deep Sudbury
Basin, resulting in calving of the ice margin and rapid ice-
margin retreat. The margin stabilized again once it had
receded to the north rim where the Cartier I moraine began
to form (Figure 3.11c, d).

Within the zone of shear (see Figure 3.11a) along the
western flank of the basin, a large area of the glacier above
the level of glacial Lake Algonquin stagnated and, on
melting, produced the ice-contact stratified sediments and
hummocky moraine adjacent to the western boundary of the
former Regional Municipality of Sudbury (see Figure 3.11b).
Along the eastern edge of the Sudbury Basin the Airport
glaciofluvial system developed initially as a subaqueous fan
and later, as water levels within the basin fell, as a series of
deltas (see Figure 3.11c, d).

The ice-marginal delta at Capreol, along the Cartier I
moraine, was built initially to about 350 m asl. Other
surfaces of this ice-marginal delta were built to elevations of
about 341m and 335 m (Burwasser 1979). These elevations,
when compared to outlet elevations in the North Bay area,

lead to the conclusion that the upper part of the delta formed
when the Fossmill outlet was still in use (Cedar Point phase),
and that the Sobie–Guilmette (Payette phase) and Mink
Lake (Sheguiandah phase) outlets were uncovered prior to
the abandonment of the delta and, therefore, prior to the
completion of the building of the Cartier I moraine. The
Airport delta, last segment of the Airport glaciofluvial
system, probably formed during the Sheguiandah phase of
glacial Lake Algonquin while the Mink Lake outlet was in
use. The deltas that formed along the various rivers and
creeks draining the north rim were also formed during this
time (see Figure 3.11c, d).

As the ice receded from the Cartier I moraine, water
levels in the Sudbury Basin continued to fall as lower
drainage outlets along the Mattawa River became ice free.
The bedrock-controlled valleys of the north rim and Abitibi
upland were sites of braided streams bringing outwash sand
and gravel to the margin of the central basin where deltas
were forming. The water level of glacial Lake Algonquin
(Korah phase?, Windigo Lake outlet) had dropped to the
level of the Suez delta (~304 m) by the time the glacier
margin had receded only 5 km to the north of the Cartier I
moraine (Figure 3.12). This falling sequence of lakes within
the Sudbury region happened over a relatively short period
of time (a few centuries?), somewhere between 10␣ 500 and
10␣ 000 years ago (Eschman and Karrow 1985).
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Figure 3.11. Sequence of deglaciation of the Sudbury region.
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Figure 3.12. Paleogeographic reconstruction of the former Regional Municipality of Sudbury during the formation of the Suez delta, glacial Lake
Algonquin (Korah ? phase).

The Sudbury Basin, acting like a huge sediment trap,
captured the finer sediments that were entering the basin
via the glacial meltwater streams. Thick coarsening-up-
ward sequences grading from glaciolacustrine silt and clay
rhythmites, through silt and fine sand to deltaic and near
shore sand and gravel were deposited throughout the basin.
The basin fill tends to become finer away from the north
rim of the basin where the sources of the abundant sediment
were located.

Eventually the ice margin left the Regional Municipal-
ity of Sudbury, the Sudbury Basin drained and a network of
stream channels formed within the central basin. Exposed
glaciolacustrine sand and silt became dry and were subjected
to wind erosion, resulting in the formation of sand dunes
within the basin and a loess blanket throughout the entire
region. Organic material began to accumulate within aban-
doned channels and bedrock basins throughout the Regional
Municipality of Sudbury.
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APPLIED QUATERNARY
GEOLOGY

Influence on Land-Use

The historical development of the City of Greater Sudbury
(see Saarinen and Tanos, Chapter 1, this volume) was strongly
affected by geology. Both the bedrock geology and the distri-
bution of the various types of Quaternary sediments influence
land use in the Sudbury area. The distribution of resource-based
industries, such as mining, forestry, agriculture and aggregate
extraction, are dependent on the area’s geology.

The road network in the City of Greater Sudbury is not
grid-like. Major roads wind their way around bedrock ridges
and hills until they reach a level plain and then generally
follow it as far as possible. As a result, roads meander,
following areas of thicker Quaternary sediments, attempting
to avoid the bedrock ridges that add great additional cost to
road construction. Only in the Valley do we see a more grid-
like pattern in the road network. Major highways and railways
also tend to follow the former paths of glacial meltwater
(outwash plains and valley trains) or former lake bottoms,
trying to avoid the steep gradients associated with bedrock
ridges and the additional costs associated with drilling,
blasting and cut and fill.

Agriculture within the City of Greater Sudbury is con-
centrated in the southern part of the Valley (Photo 3.15). The
relatively flat, thick and laterally extensive cover of Quater-
nary sediments makes the land much easier to work. In
addition, the abandoned lake bottom is stone poor and
underlain by fine-grained sediments that can retain water
and nutrients for plant growth. Coarser deposits along the
northern part of the Valley and associated with the bedrock-
dominated terrain are not as desirable for farming.

The Sudbury airport is located on a large, flat plain
underlain by gravel. Little site preparation was required, for
the gravel naturally provides adequate drainage and strength
and a natural flat surface for runway construction.

Soils

There are several factors that effect soil development, in-
cluding 1) the type of parent material, which controls the
physical and chemical nature of the resultant soil; 2) climate,
which affects the rate of chemical and biological weathering
within the soil; 3) relief that determines the moisture regime
within the soil; 4) vegetation, as it influences the rate of
leaching, (e.g., soils beneath a conifer forest have more
acidic leachate than deciduous forests soils); and 5) the time
required for all these processes to change the parent material
into soil (Gillespie et al. 1982).

The soils in the Sudbury area are developed in Quater-
nary sediments and bedrock. These materials, for the most
part, have been exposed to weathering processes for about

10␣ 000 years. Gillespie et al. (1982) mapped 4 Orders of the
Canadian Soil Classification system within the region:
podzolic, gleysolic, luvisolic and organic soils.

Podzolic soils have developed in coarse- to medium-
textured, noncalcareous parent materials such as sandy till,
outwash, delta, and subaqueous fan sand and gravel and
glaciolacustrine sand deposits. They form in good to imper-
fect drainage conditions and under forest or heath vegetation
in the Sudbury region. Gleysolic soils have developed on
calcareous fine-textured glaciolacustrine and deltaic
sediments, silt and very fine sand, in moderately poor to
poorly drained areas. This type of soil has been subject to
long periods of water saturation and reducing conditions
(Gillespie et al. 1982). Gleysols occur in the southern half of
the Valley between Azilda and Chelmsford. Luvisolic soils
have formed in predominantly noncalcareous fine-textured
clayey silt, silty clay and clay deposits of glaciolacustrine
origin. Organic soils form in areas of organic material
accumulation and commonly occur where peat overlies silt
and clay or within rock-floored basins.

Soil loss as a result of deforestation in the Regional
Municipality of Sudbury has been substantial. The combina-
tion of early forestry practices, urbanization and smelting
resulted in an unfavourable environment for re-vegetation
and exposed large areas of soil to wind and water erosion.
These factors also increase the run-off to streams and,
therefore, the erosive power of the streams. The result is a
loss of soil A- and B-horizons over substantial areas of the
Sudbury area. Exposed root systems of once large white pine
trees, the clean rock surfaces exposed around the blackened
rock surfaces (formed as a result of the ore-roasting beds)
and the badland landscapes developed in the Coniston area
attest to the amount of soil erosion that has occurred.

Till Geochemistry

Till occurs extensively within the region, as a discontinuous
veneer over the bedrock surface in most upland areas. The
compositional characteristics of till are often very similar to
that of the local bedrock. The geochemistry of till and soils
developed on till can, therefore, provide valuable informa-
tion for mineral resource evaluation and environmental
applications.

Soil horizons in till that should be sampled include
humus, B-horizon and C-horizon. Humus is a black to
brownish-black, organic-rich material derived from the de-
composition of forest litter. It consists of unidentifiable
remains as leaves, roots, needles, and bark, such that have
been broken down into a fine-grained, amorphous material
by organisms and bacteria living within it. The geochemistry
of humus provides an indication of not only the composition
of the till and bedrock underlying the sample site but also the
signature of the airborne contaminants that has fallen upon
the ground surface.

B-horizon soil developed in till is usually the dark,
orange-brown material encountered at a depth of 5 to 10 cm
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in the soil profile immediately below the humus layer. Often
there will be a thin horizon of greyish-coloured mineral
matter (Ae horizon) between the humus and B-horizon. This
layer has been leached of most metals by the downward
percolation of groundwater rich in humic and fulvic acids
derived from the decomposition of the overlying organic
debris. The B-horizon is the zone of accumulation of clays
and iron and manganese oxide minerals derived from the
weathering of unstable mineral grains.

Photo 3.15. False-colour Landsat TM image of the former Regional Municipality of Sudbury. Location of smelters shown. Blue areas affected by human
activity including smelter emissions.

C-horizon till is the relatively unaltered, unweathered
sediment that underlies the B-horizon. This material is
usually a light brown-grey to olive-grey colour and shows
few signs of oxidation. In well-drained upland environ-
ments, oxidation can extend down several metres into the
profile.

The Sudbury region has been affected by atmospheric
contamination as shown on the false-colour Landsat The-
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oak, are common within this area as well (see Winterhalder,
Chapter 7, this volume).

Notable elevated background levels of the above ele-
ments occur in Levack, Norman and Parkin townships
where primary mineralization occurs in bedrock at signifi-
cant concentrations. A component of the elevated response
in the Levack area may be in part a direct result of airborne
contamination from local tailings facilities.

The geochemical responses depicted by B- and C-
horizon till samples do not appear to be influenced by
anthropogenic sources of contamination (Figure 3.14). That
is, the anomaly in the vicinity of Wanapitei Lake in humus
samples does not occur in B- and C-horizon till samples. The
absolute concentrations of certain metals within the B-
horizon are, however, much less than in the C-horizon. The
B-horizon appears to be a zone of depletion for certain
metals in well-drained sites. It is suspected that hydromorphic
processes (groundwater flow) result in the remobilization
and redistribution of metals within this zone.

The B- and C-horizon data indicate areas where primary
sources of metals are known to occur in bedrock; for exam-
ple, near the Milnet, Whistle, Victor, East Rim and Levack

Figure 3.13. The distribution of nickel in humus (aqua regia digestion), north and east rims of the Sudbury Basin (after Bajc and Hall 2000).

matic Map image of the Sudbury region (see Photo 3.15). A
significant proportion of the signature stems from the days
when open-bed roasting of ore was common practice and
smelter stacks were shorter. In addition, Hornbrook and
Friske (1988) show elevated metal contents in Sudbury area
lake sediments. The extent and magnitude of this contami-
nated area is much greater than can be explained simply by
local bedrock sources and glacial dispersal.

The geochemical signature of humus along the north
and east rims of the Sudbury Basin (Bajc and Hall 2000)
shows similar, higher resolution patterns of natural and
anthropogenic geochemical variations. A geochemical plot
of nickel in humus (Figure 3.13) clearly defines an area south
of Wanapitei Lake with elevated background concentra-
tions. This response is probably a direct result of atmospheric
fallout of colloidal sulphide particles from area smelters
onto the ground surface. Subsequent oxidation of the sul-
phide particles releases the metals such that they are
bioavailable and readily adsorbed by humic and fulvic acids
generated within the decaying forest litter and humus. El-
evated background levels of all the major and accessory
elements associated with Sudbury mineralization occur within
this area including Ni, Cu, Pt, Pd, Au, Co, As, Te, Bi, Se and
Cr. Stressed vegetation, including stunted white birch and
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Figure 3.14. The distribution of nickel in: a) B-horizon soil; and b) C-horizon till samples north and east rims of the Sudbury Basin, aqua regia digestion
(after Bajc and Hall 2000).
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mine complexes (see Rousell et al., Chapter 2, this volume).
Glacial dispersal from these point sources is generally short
(i.e., <1 km). Numerous other anomalies occur in the soil
horizon data that have sources that remain unknown. Many
of these anomalies should be investigated in order to find
their sources.

It is clear that despite the strong influences of airborne
contamination within the Sudbury region, sampling B- and
C-horizons of till is viable for programs of mineral explora-
tion using drift geochemistry. B- and C-horizon till
geochemistry also helps define the natural background con-
centrations of metals within the environment. The sample
data for the north and east rims of the Sudbury Basin need to
be augmented with B- and C-horizon till samples from the
remaining parts of the Regional Municipality of Sudbury to
get a more complete view of the conditions of the environ-
ment before the affects of human activities.

Aggregate Resources

SAND AND GRAVEL

The City of Greater Sudbury has about 10 100 ha of possible
aggregate resource land with a potential aggregate supply of
1322 million tonnes. Aggregate resource inventories cover-
ing the western half of the City of Greater Sudbury (Ontario
Geological Survey 1987) and the adjoining eastern half
(Ontario Geological Survey 1998) provide information on
the distribution, extractable volume, texture and quality of
the aggregate deposits.

Mineral aggregate for the construction industry has
been extracted from a variety of glacial and glaciofluvial
deposits throughout the region. In the southern part of the
region, aggregate is extracted from lee-side cavity fills,
eskers, subaqueous fans and deltas. Deposits here tend to be
small and isolated. Extensive resources of mineral aggregate
do, however, occur in the northern part of the region. The
large outwash deposits along the bedrock-controlled valleys
of the north rim and associated deltas, eskers and ice-
marginal deltas along former ice-marginal positions and the
extensive Airport glaciofluvial system are all prime sources
for mineral aggregate.

Some of the sand and gravel material in the airport area
cannot be used in Portland cement concrete mixes because
of an alkali-silicate reactivity problem (Photo 3.16). Magni
and Rogers (1987) concluded that the argillite and greywacke
material derived from the Huronian rocks tend to form
“rims” during the weathering process which eventually lead
to the cracking and ultimately poor performance of the
concrete. This same study indicated, however, that concrete
could be produced from the fine aggregate portion.

Fine sand and silt is used as backfill in the mines of the
City of Greater Sudbury. The principle source for this
material is the distal sediments of subaqueous fans and
deltas. Till is not usually well suited for aggregate use

because it commonly contains excess fines and abundant
cobbles and boulders. However, it may be a suitable source
of fill in some locations. Silt and clay is extracted locally for
use as a cover material on mine waste and tailing ponds.

The estimated average annual aggregate production for
the City of Greater Sudbury is 2.6 million tonnes based on
production figures for the years 1993–96 inclusive (Ontario
Ministry of Natural Resources 1994, 1995, 1996). This is
about 2% of the total annual aggregate production for the
province of Ontario. Almost half of this production is used
by the mining industry for mine backfill. This estimate is
likely low because the amount of aggregate extraction on
crown land is not included in above estimates.
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Photo 3.16. Concrete deterioration, the result of an alkaline-aggregate
reaction. The reaction has produced the polygonal cracking and spalling in
concrete of the Big Eddy Dam, former Town of Walden. Person, approxi-
mately 1.8 m tall, at base of photo for scale.
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Chapter 4
Geotechnical Properties and

Construction in Bedrock and Soil
K.J. Jansons1 and D.H. Rousell2

1Golder Associates Ltd., Sudbury
2Department of Earth Sciences, Laurentian University, Sudbury

Abstract

The Sudbury area  has distinctive soil and bedrock conditions, that provide for a challenging environment
in which to undertake developments. Individually, these conditions are present in numerous locations
elsewhere in Canada; however, it is the combinations and extreme variation that present many of the
construction challenges facing engineers designing and building structures, roads and other infrastructure
in the City of Greater Sudbury.

Most of the Quaternary deposits of the Sudbury area are normally consolidated. The upper fine-grained
deposits of silt and clayey silt vary somewhat in relative density from loose to compact (soft to firm, where
cohesive). In some localized areas the silt is draped over rock knobs elevated above the surrounding grade,
where it is compact to dense. The soils in many areas are very frost susceptible. An interesting facet of the
ground conditions in Sudbury are the numerous peat deposits which represent the weakest ground
conditions. The peat deposits occur in various forms from wide, shallow deposits to long, narrow ribbons.

In Sudbury, the bedrock, which is quite fresh, sound, dense and generally has very little weathering, is
widely exposed and has a relief of as much as 270 m above local lake levels. Recent testing indicates uniaxial
compressive strengths of up to 260 MPa. The bedrock has various types and directions of jointing. Masses
of bedrock have been a barrier to urban development but contain the area’s valuable mineral resources.

A selection of 9 projects, that involve excavation and construction in bedrock, are presented. The Frood
Pit (2.7 by 0.5 km) is located within the former City of Sudbury. St. Joseph Church, Chelmsford, was largely
constructed (in 1912) from blocks of the Chelmsford Formation, a wacke. A building lot on Nepahwin Lake
had an irregular rock surface including a steep cliff, that required the removal of 3000 m3 to level the property.
A 0.54 km extension of Brady St. (1995), to link 2 major arteries in the city core, necessitated removal of
32␣ 800 m3 of rock. Several impressive rock cuts (up to 18 m high and 435 m long), that  reveal prominent
fracture sets, occur along the four-lane section of Highway 17 west of the intersection with the south-west
bypass. The 13.77 km long gravity-fed Sudbury Sewage Tunnel (1.52 m wide and 2.13 m high) was
constructed, mainly in Nipissing Gabbro, in stages (1961–1973). In the Wavy Ready-Mix Cement Plant,
excavated in a hill of Nipissing Gabbro, lime and gravel are transported by rail and dumped into bins within
a cylindrical excavation 24.4 m in diameter and 35.6 m deep. At Science North, a museum and centre of
scientific education, the unusual surface buildings and rock excavations were designed to fit the topography
and geology. At the Big Nickel Mine, visitors descend a 20 m shaft and are then guided along 340 m of drifts
where various aspects of mining are demonstrated. The Sudbury Neutrino Observatory is located on the
2000 m level of Creighton Mine. Excavations include a cavity 30 m high and 22 m in diameter that houses a
vessel containing 1000 tonnes of heavy water.

INTRODUCTION
The ground conditions of the Sudbury area encompass a
wide range of types and consistencies. Hence, the properties
of the ground materials varies greatly. The intent of this
discussion is not to cover this information in detail, but rather
to give an overview of the conditions that exist. In particular,
some fascinating circumstances and projects, that may be of
interest because of their variation and extremes, are covered
in this chapter. Various, current geotechnical design param-
eters are discussed and some are brought under scrutiny.

The observations, data and conclusions of this chapter
are intended only for the purposes of general guidance in
planning and feasibility assessment. Considerable local vari-

ations in ground conditions exist, such that information
contained in this chapter could mislead if its findings and/or
presentations were applied rigidly to a specific project
without further investigation. Supplementary drilling for
confirmation of ground conditions should be regarded as
essential before design. See Barnett and Bajc (Chapter 3, this
volume) for details on Quaternary geology. In the following
paragraphs we discuss the application of engineering princi-
ples to the conditions encountered for various situations.

The discussion has been broken down into 2 parts: soil
and bedrock. Each are present over wide areas of the City of
Greater Sudbury and each poses its own set of problems and
interest. See Figure 4.1 for locations referenced in this
chapter. Sometimes it is precisely the juxtaposition of these
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Figure 4.1. Map showing the locations of features mentioned in the text. Legend: 1, Frood Pit; 2, St Joseph Church; 3, Private property; 4a, Brady Street
road cut, 4b, Highway 17 road cut; 5, Sudbury Sewage Tunnels; 6, Wavy Ready-Mix Cement Plant; 7, Science North; 8, Big Nickel Mine; 9, Sudbury
Neutrino Observatory.
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two disparate elements that makes construction and devel-
opment in Sudbury so interesting and challenging.

GEOTECHNICAL PROPERTIES
OF SOILS

Except for the till, which occurs in localized areas (see
Barnett and Bajc, Chapter 3, this volume) and a thin discon-
tinuous basal layer (ground moraine), the Quaternary depos-
its of the Sudbury area are essentially unconsolidated. They
are largely postglacial in origin consisting of stratified
glaciofluvial and glaciolacustrine deposits. The upper fine-
grained deposits of silt and clayey silt vary somewhat in
relative density from loose to compact (soft to firm where
cohesive). In site investigations, the silt behaves as being
very loose at and below the water table in some locations;
this is often due to disturbance during sampling as a result of
an unbalanced head of groundwater during drilling and
sampling operations. In some random, localized areas the
silt is draped over rock knobs and is elevated above the
surrounding grade. In these areas the silt is compact to dense.
Where the silt is coarse or contains fine sand it is very
susceptible to frost action, and this is a condition that affects
the design of foundations and roads (Figure 4.2). Frost
susceptibility especially affects the low-lying regions of
Rayside-Balfour and extends from Chelmsford through

Blezard Valley to Hanmer and includes, Azilda, Val Caron
and Val Therese. Although the frost susceptibility generally
decreases as the clay content increases, frost susceptibility
remains a factor because of the silt layering within the soils
with a higher clay content and the fact that the portion of
most of the cohesive deposits in Sudbury area above the frost
line is  largely silt.

The clay content of the fine-grained soils increases
somewhat with depth in parts of the central and northern
portions of the former City of Sudbury and the deposit has
been described in engineering terms as clay to silty clay to
clayey silt. From 2  to 4 m below the surface, the material has
a stiff to hard, desiccated crust. Below this crust, the clay
changes in consistency and becomes soft to firm with
undrained shear strengths in the order of 20 to 35 kPa, slowly
increasing with depth. The clay is marginally
overconsolidated (probably due to desiccation and fluctua-
tions in the water table) by approximately 50 kPa and is
considered compressible with a coefficient of volume
compressibility in the order of 1 x 10-4 to 1 x 10-3 kPa-1. In
some areas, especially those near the margins of lakes or in
swampy, peat covered areas, the clay has a significantly
lower undrained shear strength, often in the order of 10 to 20
kPa (below any crust, which is generally absent, or any
surficial deposits). Also, the coefficient of volume
compressibility is easily an order of magnitude greater in
these areas. These weaker deposits are considered normally

Figure 4.2. Potential frost susceptibility chart of soils (Golden Associates Ltd., unpublished data).
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consolidated and are often very soft to soft and sensitive. In
the city core there is a surficial deposit of silt that extends to
a depth of 3 to 7 m and is sandy. The soft to firm clay
underlying the silt in the city core is generally in the order of
16 m thick and overlies another deposit of silt and sand (10
to 30 m thick). At the base of the sequence a thin till layer is
encountered. The depth to bedrock is typically in the order
of 30 to 50 m, although the City of Sudbury downtown core
is surrounded by outcropping or shallow bedrock. A gener-
alized stratigraphy of this deeper soil section is given in
Figure 4.3.

The upper silt grades from clayey in the central area to
sand in the extreme northeast corner of the city. This glacial
outwash deposit becomes coarser further to the north and
northeast and has a very gravelly texture near the Sudbury
airport where a number of the local sand and gravel pits have
been developed. The town of Capreol, in the north end of the
study area (see Figure 4.1), is constructed primarily on a
sand and gravel deposit. This deposit is well drained and the
water table is generally below the influence of house or
building construction with normal basement depths. Often it
is possible to eliminate the need for drainage around footings.
Also, frost effects on structures are uncommon. The soils do,
however, become finer grained and thus more problematic
in some lower-lying areas of Capreol, especially near bodies
of water.

Frost is a concern with most structures in the City of
Greater Sudbury. The mean  freezing index is about 1375°C
degree-days (Canadian Geotechnical Society 1992); how-

ever, during the winter of 1993–1994, a value of 1650°C
degree-days was reached. In areas where snow is cleared
(e.g., a roadway) and there are no organic soils such as peat
or topsoil present, frost penetration is approximately 2.1 m.
This value is greater in rock fill and the greatest (approxi-
mately 3 m) in solid rock.

In large parts of the Sudbury area, the soils are fine
grained and there is sufficient water present (even if only
seasonal) to cause frost heave. Residential housing, con-
structed under Part 9 of the Ontario Building Code, is
generally permitted to have frost cover (depth of footings) of
only 1.35 m. The reason this generally works is because
there is usually sufficient heat loss to the footings to prevent
frost from affecting them. On commercial and industrial
projects values in the order of 1.65 to 1.80 m are used in
design. Again, heat and snow cover, are the main reasons
that values less than 2.1 m are acceptable. It should be noted,
however, that where a structure is not heated (e.g., garages),
especially if they are on the north side of buildings, frost
penetration occasionally affects the serviceability of the
foundations.

The area occupied by the town of Falconbridge (see
Figure 4.1) is largely overlain by sands together with a
variable amount of gravel and cobbles. These have proven to
be reasonably competent founding materials. Of interest are
some of the man-made deposits that are discussed later in
this chapter. To the south and west of Falconbridge, near the
town of Garson, there is a sandpit which was licensed, but
not in use as of writing this chapter. Although extracted for
many purposes over the years, the sand was primarily used
as flux (due to a high silica content) in Inco Limited’s smelter
and as backfill in some local mines.

The discontinuous basal till is generally unsorted and
dense. Although primarily a silty sand and gravel, it is known
to contain boulders. For the most part, it is permeable and this
aspect must be considered for engineering works, especially
with regard to groundwater control in excavations.

Of particular interest in the design of subdivisions, houses
and roads, etc., is the scattered and variable nature of peat
deposits in Sudbury. There are several, long continuous
ribbon-like deposits of peat associated with some of the
tributaries of Junction Creek (central portion of Map 2, back
pocket). There are some deposits associated with other creeks
in the central and southern portions, however these are some-
what more random. There are also several larger (wider)
deposits associated with creeks. One is located on the north-
east side of the former City of Sudbury, in the sandier zone,
one north of the city core and one south of the city core (Lily
Creek, Photo 4.1). Of interest is this wide but shallow deposit
associated with Lily Creek which is located at the confluence
of the outfalls of Ramsey and Nepahwin lakes. This marsh
was developed into a series of playing fields after a previous
evaluation for commercial development indicated the diffi-
cult construction conditions. Science North has developed a
boardwalk and viewing areas in sections of the remaining
marsh, immediately adjacent to the creek. In the central and
southern portions of the map area (see Map 2) there are peat
deposits also bordering several lakes.

Figure 4.3. Generalized stratigraphic section of downtown City of Sudbury
soil.
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An underlying alluvial deposit of clay, silt and/or sand
is locally associated with the peat. This alluvial layer can
vary in organic content from approximately 0 to 50%. There
is at least one area where there is a clean, 1.5 m thick alluvial
sand layer contained within a peat deposit. This is situated
within the ribbon of peat associated with Junction Creek
north of Madison Avenue in the north end of the City of
Sudbury, which is clearly indicated on the surficial geology
map (see Map 2). The thickness of the peat and alluvium can
vary from less than 1 m to greater than 8 m.

MAN-MADE DEPOSITS

Deposits of slag and tailings are produced by the mining
operations of Inco Limited and Falconbridge Limited. Mill
tailings are deposited in the area around Copper Cliff,
Lively, Levack, Coniston and Falconbridge (see Figure 4.1).
The slag from the Inco Limited smelting operations, depos-
ited on the east side of Copper Cliff (Photo 4.2), is used as fill
in engineering works throughout the Sudbury area and as
railway ballast throughout northern Ontario. The slag is
ripped and processed to produce various products such as
Dry Pac (similar to Granular A) and 50 mm Minus, which is
used as a good quality structural fill (Jansons 1987). It is
common to use the 50 mm Minus as a subgrade stabilizer
where a high water table combined with silt or soft clay can
make excavation difficult. There is a long history of the use
of slag as a general fill material beneath structures, espe-
cially in Copper Cliff. During the period 1928 to 1930 (Brace
1930; Sheridan 1930), when Inco Limited was constructing
the principal smelter, slag from the older furnaces was first
used to fill a cooling pond to an approximate depth of 11 m,
then slag was poured in a controlled fashion between the
newly constructed concrete matte tunnels to establish 3 m
thick “rafts” of poured slag upon which the furnaces were
constructed. It is interesting that the main smelter building
suffered the greatest amount of settlement (in the order of
122 mm) in an area outside of the old pond. The soils in this
area comprise primarily silt; however, there is a discontinu-
ous layer of soft to firm clay up to 5 m thick (Jansons and Tor
1993), which likely caused the settlement.

The other major smelters in the Sudbury area are located
in Coniston (Inco Limited; no longer in use) and in Falcon-
bridge (recently upgraded). There are also minor slag piles
and tailings deposits located at historic sites such as Victoria
Mine, near Worthington (see Figure 4.1). The Falconbridge
smelter was similar to the Inco Limited Copper Cliff smelter
in that the slag had been used to fill an area in the central yard.
Subsequently, special foundation treatments (friction, auger
cast piles) were required to construct new facilities in this
yard area. The Falconbridge slag, however, is water cooled
and the result is a uniform, fine-grained material. This slag
is not used in construction.

On some projects in Sudbury there is an attempt made
to reuse the excavated native material. On sites where there
is a significant amount of blasted rock available, it is not
uncommon to crush the rock to a given specification for
reuse as fill under structures or roadways. It is also a
recommended practice to reuse material excavated from
service trenches as much as possible within the same trench,
down to the frost line, to limit problems associated with
differential frost heave.

FOUNDATIONS AND ROADS

High-rise structures throughout the Sudbury area encounter
a variety of foundation conditions. The foundations for these
structures include spread footings, raft foundations, cais-
sons, piles and various combinations thereof. Spread foun-
dations have generally been used on bedrock or within the
more competent soil strata. Within the Sudbury city centre
the choice is often between raft foundations and piles. As
excavation and effective construction depths are limited due
to the constraints of groundwater and excavation stability,
the viability of rafts is somewhat limited. Thus, building
height may be restricted by economics to eight stories or less.
In part of the city centre, features such as the thickness of the
clay unit and the thickness and density of the underlying silt,
are such that piling could cause unacceptable settlements of
the ground surface during and subsequent to pile driving
which could in turn affect adjacent structures, roads, and

Photo 4.2. Oblique aerial photograph of slag dump in Copper Cliff (photo
courtesy of Inco Limited).

Photo 4.1. Marsh at Lily Creek. Note the main Science North building in
the background.
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buried services. The pile type and methodology will also
affect the potential for settlements.

Piling in the Sudbury area has a number of attendant
problems which must be addressed in both design and
construction. The steeply sloping bedrock can easily cause
piles to deflect. Although the very strong nature of the
bedrock can allow high pile capacities, based on end bearing,
it can also easily cause the piles to become damaged. Special
driving techniques have been developed to deal with the
seating problem and it is becoming common to increase the
plumb and location tolerances during design to allow for
potential seating problems (Thompson and Gore 1986).

Low-rise structures are relatively easy to construct in
the Sudbury area with some exceptions. Conventional spread
footings are the most commonly used foundation system.
Available bearing pressure is often in the range of 100  to
150 kPa. In areas of peat, or where a deeper fill is required
because of the bedrock grade, some pretreatment of the site
is required. This generally includes removing the organic
materials or unsuitable fill and installing crushed 50 mm
Minus slag as structural fill. The slag (or other structural fill)
has the added advantage of spreading the load from the
footings provided the fill is sufficiently thick. This load
spread may be useful in areas where the foundations loads
are close to the elevation of soft or very soft clay. In some
cases, undulating bedrock is blasted and fill installed as a
levelling course to facilitate construction of the footings.
Low rise structures with an increased loading condition, or
in areas of very weak clay soils, may require piles, such as
was done for the Canadian Customs and Revenue Agency
Centre, at Notre Dame and LaSalle.

Another complication with construction in the Sudbury
area is the undulating nature of the bedrock. This can occur
above or below grade and can affect the design and construc-
tion in several ways. During construction of the main Science
North building (Photo 4.3)  the foundations were established
directly on bedrock and the concrete forms were cut to
follow the natural bedrock surface. During the expansion of
Laurentian Hospital, opposite Science North, the founda-
tions were similarly established on bedrock; however, the
surface had been blasted and doweling was used to pin the
foundations in some areas, and in others a levelling course of

concrete was used. The allowable bearing-pressure on bed-
rock conventionally used in Sudbury is conservative and in
the range of 2.5 to 10 MPa. The actual value used will depend
on a number of factors, for example, the slope of the bedrock
surface, footing configuration and jointing.

A number of design aspects must be considered in
locations where structures are founded partly on bedrock
and partly on soils. The principal one is differential settle-
ment. Often it is possible to establish the foundations for up
to 3 storey structures on combined footings (soil and bed-
rock). This is achieved by either increasing the stiffness of
the foundation system coupled with control joints or alterna-
tively removing sufficient rock and replacing it with a fill
that is more yielding.

In several locations shallow foundations for residences
have undergone distress due to shrinking and swelling of
clay and clayey soils. This occurs as a result of trees, such as
poplar and willow, removing water from the soil to the extent
that the clay supporting a structure shrinks causing settle-
ment to occur. This does not occur in every clay deposit in
the Sudbury area and has certainly not been as common a
problem as it has been elsewhere, such as Ottawa (Bozozuk
1962; Legget and Crawford 1965).

Road design in the former Regional Municipality of
Sudbury has had to deal with weak soils, elevated or perched
groundwater and severe frost conditions. Design subbase
(granular B) thickness values on soil can range from 0.3  to
1.0 m, depending on soil type, groundwater and traffic load.
The thickness of the base (granular A) is normally taken as
150 mm, although other values have been used. Design on
bedrock requires a levelling subbase course and the normal
base thickness. Although usually designed at a minimum of
150 mm the levelling subbase course can easily end up being
thicker due to overblast of the bedrock. Asphalt design in the
Sudbury area is generally based on traffic and serviceability
requirements. Although not commonly used, concrete roads
have been incorporated in a number of the City of Sudbury
downtown streets.

Road problems associated with frost are controlled
using several methods. Primary control is effected by incor-
porating proper subgrade drainage provisions. Uniformity
and crowning of the subgrade are also important. A
nonuniform subgrade is the most common problem, where
changes in either the soil conditions or improperly filled
service trenches cause differential heaving. Similarly, the
transition from sections on soil to sections on bedrock and
sections on varying soil types require special transition
treatments. The former Regional Municipality of Sudbury
tested 2 treatments for the backfilling at manhole installa-
tions in an area of Azilda that is prone to severe frost heaving.
One treatment included placing horizontal insulation out
from the manhole with a reduced thickness near the edges.
Another, more conventional, treatment involved the excava-
tion of a sloping transition between the natural frost
susceptible soil and the granular trench backfill. In both
cases there was still differential heave, but it was spread out
to a manageable gradient.Photo 4.3. Science North (photo courtesy of Science North).
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EXCAVATIONS AND
SLOPE STABILITY

The stability of excavated and/or built up slopes in granular
materials has not been a general concern as long as the
materials are reasonably dry. In fact, by using processed
blast-rock, it has been possible to safely steepen slopes to
angles greater than if natural sand and gravel were used.
Excavating below the water table in the silt and sand deposits
can easily become troublesome, and dewatering using well
points or excavating within interlocking steel sheeting have
been 2 common methods used to control the excavation. In
some cases, however, it has been the practice to maintain
stability of excavation side-slopes using a layer of crushed
slag which assists with drainage. The effective depth of this
practice is limited.

Where an excavation penetrates into clay or interbed-
ded silt and clay, the stability of the excavation has to be
critically evaluated. In some cases not only is side slope
stability a concern but also base heave. Base heave has
caused problems with the installation of services in various
areas. Where the water pressure in the underlying soil is
greater than the weight of the soil remaining in the base of a
service trench during construction, base heave can occur. If
the base heave is limited and not observed, then when the
pipe is placed and the trench backfilled, the pipe is likely to
settle. There are several methods for dealing with this
condition including dewatering, pressure relief holes and
excavation plus backfilling in short sections.

There are natural slopes in Sudbury that have had
stability problems, the most obvious of which are the banks
of Junction Creek. In some cases the instability has occurred
through natural processes and in others during the construc-
tion of civil works. During the work to extend the culvert
beneath the intersection of Elm Street and Notre Dame, in
downtown Sudbury, the east slope failed (Photo 4.4). This
failure came close to a building on the east side of Junction
Creek. Slope instabilities also occurred during the replace-
ment of the Regent Street bridge and the Kelly Lake Road
culvert, both across Junction Creek.

The stability of the peat deposits is another issue with
which the designer must grapple. In some excavations peat
has stood at very steep angles to heights of up to 5 m. Where
the peat is amorphous it will fail or slough at lower heights.
In one area of Sudbury there have been failures of surcharge
material (used for preloading building sites) where the
height has been less than 4 m. This is probably due to the
variable nature of the peat in Sudbury which generally has
very coarse fibres but locally may be amorphous.

GEOTECHNICAL PROPERTIES
OF BEDROCK

Strength

The bedrock at Sudbury possesses considerable strength.
For example, the uniaxial compressive strength of norite
from the Sudbury Igneous Complex  is approximately 160
MPa and that of footwall rocks at Creighton Mine is 175 to
250 MPa (O’Donnell 1992). These tests were made on more
or less fracture-free specimens. The rocks of the area are
strongly fractured so that the bulk strength will be less than
the uniaxial compressive strength of intact rock.

Experimental work was done at a quartzite quarry,
located at about 4 km south of the former City of Sudbury
(Mississagi Formation). The rock consisted of quartzite,
sandstone, arkose and arkosic wacke. The structure was
intact, blocky and columnar and  was very fine grained (<0.2
mm) to fine grained (0.2–0.6 mm). There were 4 joint sets
with a spacing of 0.6 to 2.0 m and a joint aperture of 0.2 to
0.6 mm. The planar to wavy joints were very rough to
slickensided. Compressive strength testing of this rock indi-
cated a compressive strength in the order of 250 MPa, a
Poisson’s ratio of 0.18 and a Young’s modulus of 73 GPa.

Other recent testing of bedrock includes a series of
preliminary, unpublished compressive tests of rocks sam-
ples from the Ramsay Lake, Pecors and Mississagi
formations, which consist of greywacke, arkose wacke,
quartzite and conglomeratic arkose. For rock samples free of
any joint sets, the uniaxial compressive strength varies from
103 MPa (arkose wacke) to 210 MPa (quartzite) and even to
260 MPa (intact, blocky greywacke). Three of the rock
samples broke along  joint or multiple joint sets. The uniaxial
compressive strength for these rock samples varies from 44
to 103 MPa. This demonstrates that the intact rock mass has
a very high strength whereas the bulk strength is lower, in general.

Fractures

Rocks of the region are strongly to moderately fractured and
virtually all outcrops display one or more fracture sets. Since
fractures weaken rocks, their orientation and intensity of
development need to be evaluated in engineering projects
including tunnels, shafts, open pits, road cuts, dams and
foundations.

Photo 4.4. View of failed slope at Culvert extension, Elm and Notre Dame
streets. Note escarpment on left.
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A generalized summary of the orientation of the main
fracture sets in 14 subareas of the former Regional Munici-
pality of Sudbury is presented in Figure 4.4. Note the lack of
data in the southwest and southeast corners of the former
Regional Municipality of Sudbury.

Each of subareas 1 to 8 comprise sectors of the Sudbury
Igneous Complex and Onaping Formation whereas subarea

9 covers the Onwatin and Chelmsford formations (Rousell
and Everitt 1981). In the East Range (subarea 1) the set at
299/56N is subparallel to the strike of lithologic units and the
vertical set striking at 042° is parallel to a local fault. In the
North Range (subareas 2 to 5) northwest-striking and steeply
dipping fractures predominate. These are subparallel to the
strike of olivine diabase dikes (295°) and the strike of faults
of the Fecunis Lake set (320 to 336°). Faults of the Fecunis

Figure 4.4. Diagram showing the orientation of the main fracture sets in 14 subareas of the former Regional Municipality of Sudbury.
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Lake set are refracted to the north on passing from the
Sudbury Igneous Complex into Archean rocks. Fractures
which strike east-northeast and dip north-northwest are
approximately parallel to the strike and normal to the dip of
the footwall contact of the Sudbury Igneous Complex.

In the South Range (subareas 6 to 8) a strong fracture set
that strikes northwest to north-northwest and dips vertically,
is normal to the strike of the schistosity. The northeast-
striking fractures are approximately parallel to the footwall
contact of the Sudbury Igneous Complex. In the central belt
(subarea 9) the set striking 304° is subparallel to the strike of
olivine diabase dikes, and the set striking 348° may represent
cross fractures on folds. Rousell and Everitt (1981) prepared
a stereogram of poles to fractures from 9 subareas (n = 991);
in general, fractures have steep dips and variable strikes but
with a dominant north-northwest strike.

Subareas 10 to 13 embrace fracture sets in the footwall
rocks of the North and East ranges (Dressler 1982, 1984). In
the East Range, the set at 317° and the 2 northeast-striking sets
are interpreted as, respectively, tangential and radial to the
Lake Wanapitei impact crater (Dressler 1982). In subarea 12
of the North Range the dominant set (294/90N) is parallel to
the strike of the olivine diabase dikes. There are also vertical
sets which strike at 012° and 082°. Subarea 13 has several sets
striking from east-northeast to north-northeast.

Some of the fractures may be related to the Neoarchean
Matachewan dikes, which are radial and locally concentric
(East Range) about the Sudbury Igneous Complex but with
a dominant strike of 308° (Rousell et al. 1997).

A detailed study of fractures in the former City of
Sudbury (n = 1644) revealed that fractures dip steeply with
the dominant strike directions at 323° and 037° (Rousell et
al. 1998).

In summary, fractures within the former Regional Mu-
nicipality of Sudbury dip steeply and have a variable strike
but with northwest to north-northwest strike directions
dominating.

EXCAVATION AND
CONSTRUCTION IN BEDROCK

Bedrock is widely exposed in the Sudbury area and has a
relief of as much as 270 m above the level of local lakes.
Masses of bedrock are a barrier to urban development on the
one hand but add interest to the landscape and contain the
valuable mineral resources that were responsible for the
growth of the region. Exposed bedrock has effected the
alignment of roads, and there are many areas in the older
parts of the Sudbury where a road has terminated in a cul-de-
sac and, in some cases, continued on the other side of the
outcrop. The trend today is to remove the bedrock (e.g.,
Moonglo Subdivision, Sudbury) such that streets are con-
tinuous and traffic flows freely.

Bedrock excavations are generally carried out using
drilling and blasting techniques. The abundance of fractures
often results in overblasting (i.e., removal of more rock than
planned). This increases costs as concrete fill may be re-
quired. However, the cost of rectifying overblasting may be
less than the cost of controlled line-blasting. Another con-
cern with blasting is the potential for claims due to damage
caused by vibration and flying rock. Rock cuts in the
Sudbury area are stable because the rocks are strong and the
cuts are carefully scaled. Rock anchors are used where
jointing is intense.

A selection of 9 different projects, which involve either
excavation in, or use of, bedrock are described below
(see Figure 4.1 for locations). These include an open-
pit mine, a church, a private home, 2 public works projects
(road cuts and sewage tunnel), a cement plant, Science
North, Big Nickel Mine and the Sudbury Neutrino
Observatory.

Frood Open Pit

The Frood Open Pit (Photo 4.5) is located at the northern
edge of the former City of Sudbury and reaches 2713 m in
length and up to 485 m in width. Approximately 54 million
tonnes of ore were removed from the pit between 1937 and
1962. The original floor, approximately 69 m below the
surface, collapsed as a result of underground mining so that
the present depth is about 200 m (W. Dyck, Inco Limited,
personal communication, 1995).

St. Joseph Church

This attractive church was opened in Chelmsford on June 23,
1912. The main building blocks are from the Chelmsford
Formation (dark blocks, Photos 4.6 and 4.7) presumably
obtained from a long-abandoned quarry on Highway 144
near the town. Blocks are as much as 1.5 by 0.52 m on the

Photo 4.5. Oblique aerial photograph of Frood Pit looking east-northeast
(photo courtesy of Inco Limited).
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face. Quarrying of the rock was facilitated by the presence of
a rough cleavage. The church is trimmed by a delicately
layered carbonate rock, the source of which is unknown. (Fr.
J.M. Charbonneau, personal communication, 1996).

Home on the East Shore
of Nepahwin Lake

This building lot in Sudbury was originally rocky and
irregular with a steep cliff on the south side. In 1991
approximately 3000 m3 of rock were excavated in order to
level the property (S.A. Kirchhefer, personal communica-
tion, 1995). A 5.5 m high retaining wall with a 1.5 m wide
bench was built on the south edge of the property with 1 m
diameter rock fragments (Photo. 4.8). A house was subse-
quently constructed on the site.

Road Cuts

In 1994–1995 Brady Street, in Sudbury, was extended
approximately 0.54 km to provide a more direct linkage
between 2 major arteries in the city core (Paris Street and the
Kingsway). The extension is a good example of the high cost

Photo 4.6. St. Joseph Church, Chelmsford. The dark blocks are from the
Chelmsford Formation while the origin of the white blocks is unknown.

Photo 4.7. St. Joseph Church, Chelmsford, detail of south wall.

Photo 4.8. Photograph of a 5.5 m high retaining wall for private home—east
shore of Nepahwin Lake.
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of road construction in bedrock. A total of 32␣ 800 m3 of rock
was removed in 2 cuts, 4m (Photo 4.9) and 13 m high, over
a period of 5 months for a cost of $355␣ 920 (J.J. Dennis,
personal communication, 1995). The cuts were made in
Nipissing Gabbro which forms a competent rock for the cuts
despite containing a number of fractures and a prominent
fault. Several large rock cuts occur along a four-lane section
of Highway 17 located west of the intersection with the
southwest bypass. The first cut east of the intersection is the
most extensive. In the east-bound lane, it is up to 18.1 m high
and approximately 435 m long. Fractures are prominent
features (Photo 4.10).

Sudbury Sewage Tunnel

The 13.77 km long gravity fed (0.5% slope) sewage tunnel
was constructed in stages (1961–1973) in the bedrock and
transfers sewage to a treatment plant near Kelly Lake
(N. Mihelchic, personal communication, 1995). There are
2 principal branches: a main branch completed circa 1962
and a later branch along the north shore of Lake Ramsey (see
Figure 4.1). The main tunnel (Card 1962) is 7894 m long,
approximately 1.52 m wide and 2.13 m high (Photo 4.11)
and is located 15.2  to 91.4 m below the surface. It is largely
unlined, except at intersections and access shaft locations,
but does have a continuous concrete channel in the base. The
tunnel is largely in Nipissing Gabbro except locally, where
it cuts sedimentary rocks. There are numerous shear and

breccia zones, hematized quartz-carbonate replacements
and seams of gouge. The Nipissing Gabbro is generally a
massive, competent rock suitable for tunnelling except near
contacts or in shear zones where it is closely fractured and
incompetent. In contrast, the sedimentary rocks made poor
tunnelling ground as the thin bedding and closely spaced
fractures caused overbreaking during blasting.

Wavy Ready-Mix Cement Plant

This unique plant, completed in 1977, was excavated within
a prominent hill of Nipissing Gabbro. Materials such as lime
and gravel are transported by rail and dumped into bins
located beneath the structure with the disc-shaped roof on
the top of the hill (Photo 4.12). The bins are within a
cylindrical excavation that is 24.4 m in diameter and 35.6 m
high. The gravity-fed materials are first mixed, then piped
into trucks which travel along a tunnel 219 m long and 4.6 m
high whose entrance is shown in Photo 4.12. A 122 m long

Photo 4.9. Photograph of a rock cut in Nipissing Gabbro at the Brady Street
extension. Note the irregular fractures.

Photo 4.10. Prominent fractures in the first of several large rock cuts on
Highway 17 which are located west of the intersection with the southwest
by-pass. The cut is up to 18.1 m high and approximately 435 m long.

Photo 4.11. The main branch of the Sudbury Sewage Tunnel during
construction, 1961–1962 (photo courtesy of the former Regional Munici-
pality of Sudbury).

Photo 4.12. The Wavy Ready-Mix Cement Plant (photo courtesy of
Alexandra Industries Ltd.)
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service tunnel connects the truck tunnel with the mainte-
nance building (W. Friel and W. White, personal communi-
cation, 1995). Behind the plant is a quarry for excavating
aggregate that is used in concrete. It can be seen in the
background of Photo 4.13, taken from the south shore of
Robinson Lake. For reference, the structure steel communi-
cation tower which can be seen in Photo 4.12 is on the right
side of Photo 4.13. This operation is a good example of a
quarry in an urban setting.

Science North

Science North, a museum and centre of scientific education
for the general public, is situated at the west end of Lake
Ramsey and just south of the centre of Sudbury. Science
North is architecturally unique by any standards as the
unusual surface buildings and rock excavations were de-
signed to fit the topography and geology of the site. In fact,
the buildings, as well as the geological features of the site,
are part of the exhibits (Franklin and Pearson 1985). At the
site sedimentary rocks of the Ramsay Lake and Mississagi
formations are separated by a quartz diabase dike (Cochrane
1983). The dike appears as a prominent, dark ridge at the end
of the pier (see Photo 4.3). The Creighton Fault consists of
several east striking shear zones. The principal shear zone
cuts the centre of the dike and is characterized by 2.3 m of
crushed clay-coated rock (Franklin and Pearson 1985).

The exhibit building (see right side of Photo 4.3) is
shaped like a six-sided snowflake and is perched on top of a
rock hill. Beneath the “snowflake” a 10 m deep “cavern”
hewn out of rock serves as a venue for receptions and
presentations. The Creighton Fault, which is adjacent to the
steep cliff in the bay (see Photo 4.3), can be seen to good
advantage from a spiral staircase surrounded by glass win-
dows. The smaller “snowflake” (see left side of Photo 4.3)
houses visitor services with access to the larger “snowflake”
via a tunnel where fractures in the spectacularly exposed
bedrock are enhanced by suitable lighting.

To the left rear of Photo 4.3 the old Bell Grove Arena
can be seen; this has since been renovated to be part of
Science North. A structure was added to the left of the arena
to house an IMAX theatre. The IMAX theatre was depressed
partway into bedrock so that it would not overshadow the

site. The drilling and blasting resulted in an excavation that
was below the level of the adjacent Ramsey Lake. The
excavation required 3 near-vertical faces and 1 sloping face
(for the seating). The ground support required for the
3 vertical sides was limited to several rock bolts only. The
bedrock was very sound and competent with no open jointing.
Water penetration was not a problem and the facility oper-
ates with only conventional sumps removing water that
seeps in from the ground surface immediately adjacent to the
building. The third, sloping side of the excavation perchance
broke along an inclined joint plane almost at the angle and
orientation of the seating. The engineers had to take this into
account since, unfortunately, there would be very little
friction available along this surface to retain backfill.

Big Nickel Mine

The Big Nickel “mine” is situated on an elevated mass of
rocky land at the western edge of the Sudbury city core. A
feature of the site is the “Big Nickel”, a replica of the 1951
5 cent piece. Measuring 10 m in diameter and 0.6 m in
thickness, and set on a 12 ft (10.8 m) high base composed of
rock from the Sudbury area, the monument is a local land-
mark. The site was originally developed in 1964 by local
businessmen as the “Big Nickel Centennial Numismatic
Amusement Park” and featured large replicas of coins. The
property was acquired by Science North in 1981 and empha-
sis was shifted from the amusement park theme to mining.
All nonmining related items, including large replicas of
coins, were removed from the site except the Big Nickel
coin. The Big Nickel coin was refurbished and temporarily
relocated to Science North during the years 2000–2002.

The main feature of the site is the mine. Visitors descend
a  20 m shaft where they are guided along approximately
343 m of drifts. There they are introduced to various aspects
of mining including a timbered drift, a cut and fill stope, an
undercut, a blasting display, a refuge station, drilling equip-
ment and ground control methods (Photo 4.14). On the
surface a visitors’ centre houses displays of mining and
mineral exploration equipment, rocks and ore minerals and
a gift shop (Brenda Koziol, personal communication, 1998).

Photo 4.13. The Fisher–Wavy Quarry and Plant from the south across
Robinson Lake.

Photo 4.14. Underground at the Big Nickel Mine. The wire mesh on the
back of the drift is for ground control purposes (photo courtesy of Big
Nickel Mine).
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The site is being redeveloped as of the time of publication of
this book and will reopen as Dynamic Earth; however, the
underground workings will still be central on the site.

Sudbury Neutrino
Observatory

Neutrinos are infinitesimally small particles that are pro-
duced by the fusion processes which fuel all stars, including
our sun. The properties of neutrinos are not fully known.
Accordingly, a greater knowledge of these mysterious par-
ticles might lead to modifications to current models of such
fundamental topics as the forces of the universe and the
structure of matter. The availability of a site in a deep and
stable mine and the co-operation of Inco Limited, led to the
establishment of a unique underground laboratory in the
City of Greater Sudbury named The Sudbury Neutrino
Observatory, or SNO. The neutrino detector facility was
planned by an international group of 75 scientists with final
approval and funding from agencies in Canada, United
States and Great Britain. Construction began in January
1990 with the facility becoming fully operational in January
1999. The laboratory is located on the 2000 m level of
Creighton Mine and is the result of extensive excavation
including an access tunnel, office space, cleaning facilities
and a cavity 30 m high and 22 m in diameter. The cavity

houses an acrylic vessel, the only one of its kind in the world,
which is 12 m in diameter (Photo 4.15). The vessel holds
1000 tonnes of heavy water on loan from Atomic Energy of
Canada Ltd. A geodesic sphere containing nearly 10␣ 000
light sensors surrounds the vessel (Photo 4.16). The facility
includes state of the art electronics, computer data handling
and ultra-pure water filtration systems. The detector was
assembled in one of the worlds largest “cleanrooms” as dust
from the mine or from construction interferes with neutrino
measurements.

The neutrinos, almost completely unaffected by the
surrounding rock, enter the detector core. A tiny light flash
is emitted (approximately 20/day) as the neutrino is scat-
tered or stopped by the light sensors. The type, energy and
direction of the neutrinos can be determined by analyzing the
light flashes. Although there are several other neutrino
underground laboratories, the Sudbury Neutrino Laboratory
has the unique ability to detect all 3 types of neutrinos.

Approximately half of Sudbury Neutrino Laboratory’s
$75 million cost was spent in northeastern Ontario. Most of
the $3 million annual operational expenses are for work on
the site. The Sudbury Neutrino Laboratory  is a unique
northern Ontario resource and is a focus for research and
development and the training of young scientists into the
next century (E.D. Hallman, personal communication, 1998).

Photo 4.15. Artist’s conception (Garth Tietjen) of the Sudbury Neutrino
Observatory. A rock cavity 30 m high and 22 m in diameter encloses an
acrylic vessel containing heavy water. The vessel is surrounded by a
geodesic sphere (partly cut away in the figure) which houses light sensors.

Photo 4.16. Sudbury Neutrino Observatory. The geodesic sphere with light
sensors (photo courtesy of Sudbury Neutrino Observatory).
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SUMMARY

As evidenced by the foregoing discussion, the geotechnical
conditions in Sudbury can vary significantly. This poses
many challenges to the builder and planner alike. There is a
cliché about Sudbury that says that the conditions are either
rock or swamp. Although not quite true, there are extremes
that must be dealt with, sometimes on the same project. Even
those projects solely on or in bedrock have their own
peculiarities. In some cases, such as Science North and the
Sudbury Neutrino Observatory, the nature of the local bed-
rock is used to a particular advantage. Higher land costs and
need for more direct transportation corridors have driven
more developments onto bedrock or onto poorer soil. Al-
though obviously more prevalent in the former City of
Sudbury, this is also occurring in the other municipalities that
make up the City of Greater Sudbury.

New techniques to deal with the bedrock in Sudbury are
being implemented or considered. In particular, where the
previous sewage tunnel was excavated by conventional drill
and blast techniques, the potential for machine tunnel boring
a new extension to the tunnel is currently being evaluated. A
recent renovation to Marymount College required the re-
moval of a very small quantity of bedrock within the existing
building. This was effected by the use of an expanding
chemical to break the rock.

Because of the variations in soil and bedrock condi-
tions, the need for site specific investigations cannot be
overemphasized. The planner, designer or builder has to
know what is beneath the ground they walk upon.
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Chapter 5
Hydrogeology of the Sudbury Area

Peter A. Richards

Waters Environmental Geosciences Ltd., Lively

Abstract

The former Regional Municipality of Sudbury extended over an area of approximately 280␣ 000 ha, and was
one of the largest regional municipalities in Ontario. Blessed with an abundance of surface water and
groundwater resources, the seven municipalities that made up the former Regional Municipality of Sudbury
developed an infrastructure for water supply which both benefited from, and was constrained by, the
natural physical setting of the area. In addition, the influence of mining development on the region, and the
creation of satellite communities which formed part of the Regional Municipality of Sudbury, often led to
a sharing of the water resources between industry and the community at large. This paper presents an
overview of the regional water resources from a hydrogeological viewpoint.

PHYSICAL SETTING

The former Regional Municipality of Sudbury  (Figure 5.1)
spans 3 broad geological subdivisions of the Canadian
Shield (Card 1978), identified as comprising the Superior
Province (in the northwest part of the Sudbury area), the
Southern Province (in the central part of the Sudbury area)
and the Grenville Province (to the southeast). The centre of
the Sudbury area is dominated by a feature referred to as the
Sudbury Structure (Card 1978), which includes the Sudbury
Basin, a readily identified oval topographic feature which
extends southwest to northeast across 3 municipalities. The
basin, which is surrounded by a “rim” of bedrock highlands,
contains some of the thickest overburden sequences in the
Sudbury area. The area is crossed by several fault systems,
which influence the orientation of the local lakes and river
drainage patterns in the area (Gartner 1980).

Although the Sudbury area is dominated by exposed
bedrock knob topography and very thin overburden cover-
age, glacial advances and retreats in the area have resulted in
the deposition of surficial tills and associated glaciofluvial
deposits, which are often associated with depressions and
former erosional surfaces on the underlying bedrock. In
places, the reworking of the till by post-Algonquin glacial
lake action has resulted in a redeposition of finer-grained
materials over the underlying sediments.

The distribution of overburden and bedrock is presented
in Figure 5.2 and is based on surficial geology mapping by
Gartner (1978 a-d, 1980) and Burwasser (1979). As can be
seen from  Figure 5.2, bedrock (or a thin veneer of soil
overlying bedrock) dominates most of the Sudbury area, and
has strongly influenced the development and location of the
various communities that make up the City of Greater
Sudbury. The aerially extensive deposits of drainable and
tillable soils in the centre of “the Valley” has led to the
development of large-scale farms, while along the north,

east and western edge of the Valley area deeper deposits of
granular soils have supported large-scale aggregate extraction.

DRAINAGE SYSTEMS

Surface water drainage in the Sudbury area is dominated by
3 major systems, all of which ultimately drain into Lake
Huron (Card 1978). The regional drainage pattern is pre-
sented in Figure 5.3. The majority of the drainage systems in
the Sudbury area drain westward to the Spanish River
system, the main tributary being the Vermilion River, sup-
plemented by the Onaping River in the northwest, the
Whitson River across the centre of the Valley area and the
Junction Creek–Lake Ramsey–Kelly Lake system in the
downtown core area of the former City of Sudbury. In the
immediate southwestern edge of the City of Greater Sud-
bury, a rise in topography to the north of Lake Panache
creates and defines a second drainage system, which dis-
charges southwestward through the Whitefish River to the
Bay of Islands region on Lake Huron. This system is fed by
a chain of lakes beginning (at the easternmost edge) with
Daisy Lake, and carrying on southwestward through Rich-
ard Lake, McFarlane Lake and Long Lake, ultimately dis-
charging into Lake Panache. The third system is situated in
the northeastern and extreme eastern part of the City of
Greater Sudbury, and is influenced by the presence of Lake
Wanapitei and the Wanapitei River, which drains south and
then southwestward to eventually feed the Western Channel
of the French River, and on to Lake Huron.

WATER BALANCE

According to Chapman and Thomas (1968), the Sudbury
area is one of the warmest regions in northern Ontario,
distinguished by a longer and drier growing season
than other areas in the north. In terms of mean annual
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Figure 5.1. Location map.
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temperature, growing season length and frost-free condi-
tions, the City of Greater Sudbury shares similar character-
istics to the Kenora–Fort Frances region, with the exception
of mean annual water surplus which, in the City of Greater
Sudbury, is roughly twice that of the area west of Lake
Superior.

The climate of the Sudbury area, historically, was
monitored by 2 weather stations (Environment Canada 1982):
1) Sudbury (located in the downtown area, near Ramsey
Lake); and 2) Sudbury A (located at the Greater Sudbury
Airport). An analysis of the meteorological data (following

Figure 5.3. Surficial drainage systems.
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the method of Gray 1970) indicates that the Sudbury area has
a Thornthwaite Annual Heat Index value of between 28.5
and 32.6. Based on data from the 2 weather stations, the
Sudbury area has an annual total precipitation value of
between 794 and 861 mm, and by the Thornthwaite
Nomogram Method the Sudbury area has an estimated total
annual water surplus on the order of 264 to 360 mm (Figure
5.4).

The moisture budget diagrams (see Figure 5.4) are
based on published precipitation and temperature statistics,
which have been averaged over a 30-year time period. These
statistics do not differentiate between rainfall and snowfall.
Therefore, some of the identified water surplus will be held
in the snow pack during winter months, and will not imme-
diately infiltrate into the underlying ground (or aquifers). Of
particular interest is the appearance (in both diagrams) of a
peak in the precipitation curve (the solid line) in the month
of September. This peak indicates an important recharge
opportunity for the Sudbury area’s aquifers (during unfrozen
ground conditions).

Also, this water surplus calculation does not account for
soil moisture deficit, estimated by Chapman and Thomas
(1968), for this part of the province, as approximately 25 mm
annually. Therefore, the quoted water surplus should be
considered as the maximum water surplus that is potentially
available to either infiltrate the groundwater aquifer sys-

tems, or run off to the Sudbury area’s surface water bodies.
From the perspective of potential recharge, the areas mapped as
comprising  more granular soils, such as the glaciofluvial
deposits (see Figure 5.2), are considered sufficiently permeable
to accept the annual water surplus, while the remaining soils and
bedrock areas are capable of only receiving a percentage of the
available water surplus, with any excess water running off to the
previously identified surface water systems.

WATER RESOURCE USAGE

The water resources of the City of Greater Sudbury comprise
a mixture of both surface water and groundwater supplies,
and reflect the historical development of the urban land-
scape. In general, high yield water sources are required by
heavy industry and, in the absence of thick and laterally
continuous groundwater aquifers, a heavy reliance is often
placed on situating industry close to a readily available
surface water source. Within the City of Greater Sudbury,
this had the additional benefit of securing potential hydro-
electric power for use by the industry. As well, there was a
practical need to locate industrial plants close to the raw
materials  they require. As a consequence, the water supply
infrastructures within the Sudbury area have generally de-
veloped along 2 main patterns: 1) systems which are part of
the industrial supply; and 2) systems which are independent
of the industrial supply.

Since many of the communities originated as town sites
for the staff of the local mining industry, and high yield water
sources were needed for the mining, milling and smelting
operations that developed, most of the communities adjacent
to the mining centres (Levack, Garson, Copper Cliff,
Creighton–Lively and Falconbridge) were initially incorpo-
rated into the water servicing infrastructure of the adjacent
industry. Currently, Levack, the east part of Garson and
Falconbridge municipal systems are based on groundwater
supply wells, while the Copper Cliff and the Walden area
system (and the mill complex in Copper Cliff) is surface
water supplied, drawing its source from the Vermilion
River. These systems remain in-place today, and in all cases
(except for Garson), are still operated by the local mining
industry, who supply water to the City of Greater Sudbury.
The current water resource usage is displayed in Figure 5.5.

Outside of the mining centres, the heavy urbanization of
the downtown core of Sudbury has resulted in a water
servicing infrastructure that is, today, based entirely upon
surface water supply. Approximately half of the required
water is obtained from Ramsey Lake (26␣ 270 m3/day) and
the remainder from the Wanapitei River (37␣ 340 m3/day), (P.
Graham, City of Greater Sudbury, personal communica-
tion). To the north, in the Valley communities of Hanmer,
Capreol, Val Caron, Azilda, Chelmsford and Dowling, as
well as Onaping Falls and Levack, groundwater supplies are
used extensively.

The Dowling groundwater supply is based on 2 wells,
with an average water taking of 330 m3/day, Riverside Well;
and 410 m3/day, Lionel Well. The Levack groundwater

Figure 5.4. Graphs showing annual moisture budgets for stations located
(a) at the Sudbury Airport and (b) the Sudbury city centre near Ramsey
Lake.
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Figure 5.5. Municipal water systems: surface water or groundwater sources.
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supply is based on 3 wells, with a combined water taking
of 3790 m3/day (J. Howe, Inco Ltd., personal communica-
tion). The Onaping Falls groundwater supply is based on
2 wells, with a combined water taking of 1560 m3/day (J.
Joliette, Falconbridge Ltd., personal communication). The
Garson groundwater supply (referred to as the Garson East
system) is based on 3 wells, with an average water taking of
370 m3/day, Well #1; 280 m3/day, Well #2; and 1270 m3/day,
Inco Well #1. The western part of Garson (west of O’Neill
Drive and Falconbridge Road) is serviced by the Sudbury
city water system (i.e., surface water based). The Capreol
groundwater supply is based on 3 wells, with an average
water taking of 1960 m3/day, Well #6; 310 m3/day,“J” Well;
and 940 m3/day, “M” Well.

The largest groundwater system in the City of Greater
Sudbury is the Valley East well field, which supplies Hanmer,
Valley East, Azilda and Chelmsford. This supply is based on
a total of 8 wells, with an average water taking of 880 m3/day,
Kenneth Well; 1350 m3/day, Philippe Well; 920 m3/day,
Deschenes Well; 1700 m3/day, Frost Well; 940 m3/day,
Michelle Well; 1840 m3/day, Notre Dame Well; 1970 m3/day,
Linden Well; and 1190 m3/day, Pharand Well.

In addition, in areas outside of the existing urban service
lines, groundwater is relied upon as a primary water supply
source (with waterfront developments having the option of
installing surface water intakes).

The water resource usage in the City of Greater Sudbury
is summarized in Table 5.1. Approximately 88% of the
Sudbury area is provided with municipally supplied water,
with the remaining 12% of  households relying upon either
individual groundwater wells or surface water systems. Of
the municipally supplied water systems, approximately 26%
rely solely upon groundwater municipal sources. In contrast,
most of Walden is supplied from a surface water source at the
Vermilion Plant of Inco Ltd.

In total, therefore, groundwater and individual surface
water supply sources account for up to 38% of water usage
in the Sudbury area. If the former City of Sudbury, which is
almost entirely reliant upon surface water supply, is taken
out of the summaries, then the statistics change and approxi-

mately 76% of the remaining households in the Sudbury area
are provided with municipally serviced water, of which 66%
is drawn from groundwater sources. Not including the
former City of Sudbury, approximately 90% of the remain-
der of the Sudbury area relies upon groundwater and
individual surface water supply sources.

Water usage, beyond those rates typically required by a
single domestic residence, is governed in the Province of
Ontario by the “Permit to Take Water” policy, under the
Ontario Water Resources Act. Water takings above 50␣ 000 L
per day require approval from the Ministry of the Environ-
ment, and the permits issued under the policy are public
records. Data obtained from the Ministry of the Environment
are summarized in Table 5.2, and indicate the major water
takings that are permitted for the Sudbury area along with
the type of taking (either surface water or groundwater).

AQUIFER ANALYSIS

An assessment of the groundwater resources of the former
Regional Municipality of Sudbury was based on the informa-
tion contained in over 4000 individual water well records, as
well as from surficial and bedrock geology mapping. In
Ontario, water well contractors and persons engaged in the
construction of domestic water wells are required to submit a
water well log upon completion of each well construction
(Ontario Regulation 903). The logs include descriptions of the
overburden and bedrock formations encountered, their depth
and thicknesses, information on the depth to static water levels
and the depths at which water was found, as well as hydraulic
information related to the performance of the well under
actual pumping conditions. Knowledge of these well charac-
teristics can be used to assess the properties of the geological
units that were encountered, and aid in predicting the overall
aquifer resource potential on a more regional scale.

Copies of the water well records were obtained from the
Ministry of the Environment, and were reviewed for their
completeness and accuracy. Relevant hydrogeological in-
formation was obtained from the records, and was used to
produce a series of map presentations. The distribution of

Table 5.1. Water resource usage in the former Regional Municipality of Sudbury.

Municipal system Type Total number Number of Number of
of households households serviced un-serviced households

Capreol Groundwater 1502 1446 96% 56 4%
Nickel Centre Groundwater 4610 3530 77% 1080 23%
Onaping Falls Groundwater 2113 1832 87% 281 13%
Rayside Balfour Groundwater 5714 4475 78% 1239 22%
Sudbury Surface Water 40␣ 488 38␣ 413 95% 2075 5%
Valley East Groundwater 7554 5653 75% 1901 25%
Walden Surface Water 4275 2689 63% 1586 37%

Regional Total 66␣ 256 58␣ 038 88% 8218 12%

Notes: a) Total number of households data obtained from the 1997 Ontario Municipal Directory; b) Total number of households serviced for each
respective area was obtained from information published on the Sudbury Regional Development Corporation Website (for Regional Sewage Treatment
Facilities). The above table assumes that sewage and water services are twinned wherever possible in the Sudbury area.
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Table 5.2. Permit to Take Water Program water-taking summary for the former Regional Municipality of Sudbury.

Permit No. Township Lot Concession Source Daily Taking (m3/day)

61P13 Falconbridge na na GW 12␣ 723
64P302 Garson 9 1 SW 463
68P188 Dryden na na SW 32␣ 717
69P484 Levack na na SW 7861
70P443 Drury 2 2 SW 1086
72P170 Dryden na na SW 60␣ 853
73P19 Hanmer na na GW 1799
73P20 Hanmer na na GW 1799
73P21 Hanmer na na GW 1799
73P22 Hanmer na na GW 1799
73P23 Hanmer na na GW 1799
73P24 Hanmer na na GW 1799
73P89 Levack na na SW 2272
73P91 McKim na na SW 163␣ 584
73P345 Graham na na SW 3272
75P5042 Garson 3 2 GW 3817
77P5092 Waters na na SW 1136
77P5102 Drury na na SW 227
78P5106 Capreol na na GW 45
78P5119 Dowling na na GW 3635
78P5129 Broder na na SW 68
78P5131 Garson na na SW 136
79P5137 Capreol na na GW 2290
79P5138 Hanmer na na GW 1799
79P5152 Dowling na na GW 273
80P5186 Waters na na SW 2880
83P5317 Hanmer na na GW 818
83P5354 Levack na na SW 2␣ 460␣ 250
83P5357 Denison na na SW 15␣ 468
84P5365 Capreol na na GW 3272
85P5431 Dill na na SW 393
88P5676 McKim na na SW 68
88P5707 Blezard na na SW 1636
89P5717 McKim 8 5 SW 41␣ 264
90P5785 Levack na na SW 1041
91P5927 Levack na na SW 13␣ 087
91P5928 Levack na na SW 29␣ 445
92P5937 Balfour na na SW 227
93P5010 Capreol 10 5 GW 3927
93P5011 Capreol 9 5 GW 1970
93P5083 Broder na na SW 409
93P5084 Rayside na na SW 409
93P5094 Broder 8 5 SW 982
93P5103 Garson na na SW 4580
94P5048 Falconbridge 11 5 SW 20
94P5052 Hanmer 2 4 GW 785
95P5061 Denison 3 2 SW 818
95P5064 MacLennan 12 4 SW 799
96P5024 Levack 5 2 SW 19␣ 623
96P5044 Wisner 9 3 GW 1309
96P5050 Dowling 5 2 SW 954
96P5054 Neelon 3 3 SW 245
96P5055 Snider 9 3 SW 250
96P5057 Blezard 4 2 SW 135
96P5058 McKim 11 6 GW 1636
97P5002 Levack 9 1 GW 18␣ 976
97P5008 Levack 8 3 GW 327
97P5010 Creighton 1 5 SW 182
97P5015 Wisner 9 3 SW 18
97P5017 Balfour 12 4 SW 100

Notes: abbreviations: SW, surface water taking; GW, groundwater taking;  na, indicates data value not available.
a) all water takings are in units of cubic metres per day; b) permit numbers refer to Ministry of the Environment file references; c) actual water takings
may be less than the permitted values.
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Figure 5.6. Well record distribution.
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well records, on a lot and concession basis, is presented in
Figure 5.6. As can be appreciated from  Figure 5.6, a primary
difficulty in the presentation of the data was the typically
sparse distribution of water well records across the study
area, which reflects the patterns of urban growth and histori-
cal land use in the Sudbury area. Consequently, information
determined from the water well database must be qualified
by the number of records reviewed, and carries a degree of
uncertainty if used to interpret or evaluate small-scale
hydrogeological features. Also, for ease of map presentation

purposes, the relevant hydrogeological information was
averaged over a series of 1056 ha blocks, each having a
dimension of 2 concessions by 4 lots, resulting in a total
assessment grid of approximately 265 blocks for the entire
former Regional Municipality of Sudbury.

The distribution of water well types (either overburden
or bedrock) on a township-by-township basis (Figure 5.7) is
summarized in Table 5.3. Overall, approximately 67% of the
water well records came from drilled bedrock wells, with the

Figure 5.7. Township reference map.
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remaining 33% comprising overburden well constructions.
It must be cautioned that, prior to 1989, individual home
owners who installed their own wells (typically dug wells or
sand point well constructions) were not required to record
their well installations in the Ministry of the Environment’s
database; therefore, there is a probability that the number of
overburden wells in use exceeds the number of recorded
overburden wells, and the true percentage of overburden
wells is likely higher than reported in Table 5.3.

OVERBURDEN AQUIFERS

The water well database was reviewed, and information on
the thickness of overburden penetrated during drilling was
summarized. The overburden thicknesses interpreted from
these records should be considered minimum values, since
water wells are usually advanced only to a depth that yields
an adequate supply (and do not necessarily indicate the full
overburden thickness). The results are presented in terms
of a contour map (Figure 5.8) of overburden thickness. The
use of contours in this presentation is intended to show
regional trends only, and does not imply that a continuous
blanket of overburden covers the entire map area; reference

to Figure 5.2 is required to gain a fuller understanding of the
significance of this interpretation. Also, no attempt was
made, in this presentation, to differentiate between the
individual overburden units as presented in Figure 5.2.

Overall, the deepest overburden deposits are found in
the Falconbridge–Sudbury airport area, which form part of
an extensive glaciofluvial deltaic sedimentary deposit (Gartner
1980) that extends (see Figure 5.8) from Lake Wanapitei to
Garson. The depth of overburden in these areas ranges from
25  to 40 m in thickness. Other thick overburden units include
those noted in the Capreol, Dowling, Onaping Falls–Levack,
Azilda and McFarlane Lake areas, all of which indicate
potential overburden thicknesses in excess of 25 m.

Under current Ministry of the Environment water well
Regulation 903, water well drilling contractors are required
to test the well yield (or ability of the well to produce water)
following completion of the drilling. This information is
reported in the water well logs, and a primary indication of
the performance of a well during pumping is the ratio of the
pumping rate to the observed drop in water level (or
drawdown) in the well. This parameter is referred to as the
specific capacity of the well and can be readily calculated from
the water well log information. Table 5.4 summarizes the

Table 5.3. Well record summary by individual township in the former Regional Municipality of Sudbury.

Township Total number Overburden wells Bedrock wells
of records Total no. Percentage Total no. Percentage

Balfour 351 132 38% 219 62%
Blezard 353 25 7% 328 93%
Bowell 0 na na na na
Broder 751 182 24% 569 76%
Capreol 102 87 85% 15 15%
Creighton 3 0 0% 3 100%
Denison 117 23 20% 94 80%
Dieppe 18 0 0% 18 100%
Dill 177 41 23% 136 77%
Dowling 140 65 46% 75 54%
Drury 11 2 18% 9 82%
Dryden 173 19 11% 154 89%
Falconbridge 23 22 96% 1 4%
Fairbank 88 8 9% 80 91%
Garson 116 64 55% 52 45%
Graham 98 59 60% 39 40%
Hanmer 179 98 55% 81 45%
Hutton 0 na na na na
Hyman 0 na na na na
Levack 30 30 100% 0 0%
Lorne 42 4 10% 38 90%
Louise 112 6 5% 106 95%
Lumsden 0 na na na na
MacLennan 75 24 32% 51 68%
McKim 151 4 3% 147 97%
Morgan 7 7 100% 0 0%
Neelon 96 22 23% 74 77%
Norman 9 3 33% 6 67%
Rayside 482 375 78% 107 22%
Snider 17 3 18% 14 82%
Trill 2 0 0% 2 100%
Waters 358 148 42% 205 58%
Wisner 1 1 100% 0 0%

Totals 4082 1354 33% 2728 67%

Notes: water well information summarized from well log data provided to the author by the Ministry of the Environment, Sudbury office.
Abbreviation: na, not applicable.
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information on a township-by-township basis, for the over-
burden wells that contained sufficient well performance data.

As an indication of the potential short-term well yield,
the desired pumping rate divided by the unique specific
capacity of the well, produces an estimate of the total
available drawdown needed to maintain the required dis-
charge. For example, wells having an average specific

capacity of 2 m2/day would require an available drawdown
of approximately 10 m in order to support a discharge of
approximately 20 m3/day. The 20 m3/day figure is identified
as a minimum short-term well yield required by the Ministry
of the Environment for individual domestic wells in
groundwater-based developments (Ontario Ministry of the
Environment and Energy 1995).
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The recorded specific capacity value varies with the
duration of a pumping test, and depends upon site specific
features of the well construction; therefore, its direct appli-
cation in aquifer performance evaluation is somewhat limited.
Transmissivity, a second aquifer parameter, is calculated
from the specific capacity data, and is numerically equal to
the thickness of the aquifer multiplied by the average hy-
draulic conductivity (or permeability) of the aquifer material,
and has units of m2/day. In a general sense, Driscoll (1986)
offers practical guidance on the interpretation of aquifer
transmissivity values, with values less than 12.4 m2/day
being regarded as indicating that the aquifer can supply
“only enough water for domestic wells or other low-yield
uses”, and are not sufficient for communal or municipal
groundwater development purposes. Transmissivity values
in excess of 124 m2/day are generally considered adequate
for “industrial, municipal or irrigation purposes” (Driscoll 1986).

There are several methods for the determination of
aquifer transmissivity from specific capacity data (Wang
and Chin 1978; Driscoll 1986; Singer et al. 1997). In the
present analysis, the method follows that presented in Fetter
(1994) and was conducted as an iterative solution to the

Cooper-Jacob non-equilibrium well equation, using well
design data and specific capacity estimates obtained earlier.
The results are presented in Figure 5.9, and in Table 5.5.

In general, overburden aquifer transmissivities which
reflect conditions that support municipal-scale aquifer de-
velopment (i.e., transmissivities greater than 100 m2/day)
occur in 4 areas of the Sudbury area. These areas are
identified as the Garson–Falconbridge area,  the Levack area
(both having transmissivities ranging up to 1000 m2/day, or
higher),  the Valley East–Capreol area and Dowling area
(both having transmissivities on the order of 100 m2/day).
From an operational viewpoint, higher transmissivity values
indicate that the same well yield can be obtained from fewer
wells, and the observed pattern of transmissivity values is
reflected in the number and locations of some of the Sudbury
area’s higher yielding municipal wells. Of particular interest
is the observation that, despite a relatively thick overburden
sequence in the Azilda and McFarlane Lake areas, the
respective aquifer transmissivity values are not considered
sufficient for municipal groundwater applications.

Table 5.4. Specific capacity values (m2/day) for overburden aquifers in the former Regional Municipality of Sudbury.

Township No. of records Lowest value Highest value Arithmetic mean Geometric mean

Balfour 43 0.4 75 7.5 4.5
Blezard 8 1 77 23.0 7.5
Bowell 0 na na na na
Broder 70 0.2 257 14.9 4.5
Capreol 31 5 923 224.5 109.1
Creighton 0 na na na na
Denison 13 4 601 62.6 11.9
Dieppe 0 na na na na
Dill 26 0.1 172 22.7 7.5
Dowling 23 0.4 4294 455.9 31.0
Drury 1 14 14 14.3 14.3
Dryden 14 2 43 11.8 7.7
Falconbridge 6 43 17 350 4123.0 808.9
Fairbank 6 2 57 16.0 9.0
Garson 27 0.4 2684 364.2 48.6
Graham 22 0.8 16 5.6 3.9
Hanmer 32 2 1095 348.7 136.0
Hutton 0 na na na na
Hyman 0 na na na na
Levack 13 30 3221 1909.7 743.3
Lorne 1 7 7 7.2 7.2
Louise 4 2 9 5.6 4.8
Lumsden 0 na na na na
MacLennan 10 0.5 14 6.7 4.4
McKim 1 54 54 53.7 53.7
Morgan 1 24 24 23.9 23.9
Neelon 7 2 107 26.8 8.8
Norman 0 na na na na
Rayside 61 0.2 64 4.2 1.8
Snider 0 na na na na
Trill 0 na na na na
Waters 67 0.5 423 25.9 4.7
Wisner 1 3 3 3.3 3.3

Total 488

Notes: Abbreviation:  na, not applicable.
a) Water well information summarized from well log data provided to the author by the Ministry of the Environment, Sudbury office; b) Specific capacity
values are in units of m3/day per m of drawdown, or m2/day.
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BEDROCK AQUIFERS

Based on the information contained in the water well data-
base, a contour map of the bedrock depths drilled to achieve
groundwater production was developed (Figure 5.10). The
depths shown reflect the total bedrock penetration needed to
intersect water producing-zones in the bedrock plus addi-
tional drilling depth needed to provide sufficient drawdown
in the well during pumping. As was the case in the overbur-

den thickness map (see Figure 5.8), the use of contours in this
presentation is intended to show regional trends only, and no
attempt was made to differentiate between the various bed-
rock units encountered.

Overall, the deepest bedrock penetrations correspond
roughly to the southern and southeastern rim of the Sudbury
Basin, exceeding 60 m at locations east of Azilda, east of Val
Caron and northwest of Lively (see Figure 5.1). As well, the
bedrock penetration exceeds 60 m south and east of Boland’s

Figure 5.9. Contour map of overburden transmissivity (in m2/day).
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Bay, and in the extreme southwest corner of the Sudbury
area it exceeds 80 m. These areas also correspond to the
topographic highlands that help define the surficial drainage
basins in the City of Greater Sudbury, and typically reflect
ground surface elevations of 300 m or more above mean sea level.

The information on the water well records was re-
viewed and the specific capacities of the bedrock wells were
calculated. This information is summarized on a township-
by-township basis, for the bedrock wells, in Table 5.6.
Similar to the overburden well analysis, estimates of the
bedrock transmissivities were made by applying an iterative
solution to the Cooper-Jacob non-equilibrium well equa-
tion, using well design data and specific capacity estimates
obtained earlier. The results are displayed in Figure 5.11,
and in table format in Table 5.7.

In general, the bedrock transmissivities across the Sud-
bury area were considerably lower than those observed for
the overburden units, and were generally less than 5 m2/day.
The highest bedrock transmissivities were noted in isolated
areas south of Chelmsford, at McCrea Heights and southeast
of Sudbury (all indicating bedrock transmissivities of greater

than 10 m2/day), and an area south of the community of
Wahnapitae (which indicated a bedrock transmissivity of
greater than 15 m2/day). There is no strong geological
correlation between the observed pattern of elevated
transmissivity values in the bedrock and the bedrock type .
Overall, and despite the observed slightly elevated
transmissivity areas, the bedrock in the Sudbury area does
not appear to have sufficient transmissivity to support large-
scale municipal supply wells, although mini-communal well
systems (for several residential units) may be possible.

GROUNDWATER FLOW

A groundwater flow map (Figure 5.12) was developed for
the former Regional Municipality of Sudbury, using the
static water elevation data contained in the water well
database. In this presentation, the groundwater elevation
data were averaged for both overburden and bedrock wells,
with the assumption that, on a regional scale of mapping, the
vertical groundwater elevation differences between the over-
burden and bedrock units (i.e., the vertical groundwater flow
gradients) were small in comparison to the horizontal flow

Table 5.5. Transmissivity values (m2/day) for overburden aquifers in the former Regional Municipality of Sudbury.

Township No. of records Lowest value Highest value Arithmetic mean Geometric mean

Balfour 43 0.4 122 11.0 5.7
Blezard 8 0.8 77 22.7 7.0
Bowell 0 na na na na
Broder 70 0.2 385 17.8 4.5
Capreol 31 2 1606 311.5 131.8
Creighton 0 na na na na
Denison 13 2 600 68.9 13.0
Dieppe 0 na na na na
Dill 26 0.1 174 26.1 7.7
Dowling 23 0.4 6881 729.5 31.9
Drury 1 21 21 21.2 21.2
Dryden 14 2 70 17.8 11.0
Falconbridge 6 41 23 378 5234.2 889.8
Fairbank 6 3 76 21.2 11.9
Garson 27 0.2 4753 492.3 50.1
Graham 22 0.6 26 6.4 3.9
Hanmer 32 3 1709 533.6 185.6
Hutton 0 na na na na
Hyman 0 na na na na
Levack 13 44 13 142 2629.4 1005.0
Lorne 1 10 10 10.0 10.0
Louise 4 2 11 5.5 4.6
Lumsden 0 na na na na
MacLennan 10 0.1 7.5 3.4 1.9
McKim 1 76 76 75.9 75.9
Morgan 1 32 32 32 32
Neelon 7 2 159 32.1 8.8
Norman 0 na na na na
Rayside 61 0.2 101 6.2 2.4
Snider 0 na na na na
Trill 0 na na na na
Waters 67 0.4 739 38.2 4.8
Wisner 1 1.3 1.3 1.3 1.3

Total 488

Notes: Abbreviation: na, not applicable.
a) Water well information summarized from well log data provided to the author by the Ministry of the Environment, Sudbury office; b) transmissivity
is a measure of the water transmitting capability of an aquifer, and  values are in units of m3/day per m of aquifer thickness, or m2/day.
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gradients across the study area. Although this method does
not permit the identification of localized groundwater re-
charge and/or groundwater discharge areas, the flow pat-
terns which emerge on Figure 5.12 clearly demonstrate the
role of the topographic uplands areas (associated with the
rim of the Sudbury Basin) in defining the groundwater
basins for the former Regional Municipality of Sudbury.

The groundwater flow systems appear to parallel the
surficial drainage features across the Sudbury area, with a
dominant discharge being directed to the Vermilion River
system (in the central and north half of the map), the
Wanapitei River system (on the eastern portion of the area)
and the Whitefish River system (on the southern flank of the
study area).

Figure 5.10. Contour map of bedrock penetration (in metres).
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A second presentation of the water level data is dis-
played in Figure 5.13, which indicates the reported depth to
the static water levels in the underlying aquifers. This
presentation indicates several broad areas over which the
reported depth to water is relatively shallow, offering a
potential for groundwater development without the need for
high lift well pumps (i.e., if the transmissivity is sufficient
for the intended use). Areas of shallow water table condi-
tions could require mandatory dewatering (or other
groundwater controls) during excavation activities, as well
as those areas having a high susceptibility to groundwater
contamination, particularly if the overlying soils are moder-
ately permeable (Aller et al. 1985).

GROUNDWATER
GEOCHEMISTRY

Groundwater geochemical analysis is included in the data-
base developed by the Ontario Ministry of the Environment
and has, historically, been collected routinely as part of the
water well record verification program and well contamina-
tion investigations. The former Regional Municipality of
Sudbury required land severance applications in unserviced

areas to be accompanied by water well test data, including
chemical analysis of selected parameters. Furthermore,
municipalities are required to collect periodic water quality
chemical analyses from municipal water supplies, as part of
the conditions imposed by the Ministry of the Environment
on their permit to take water. Other information sources
include the Ministry of the Environment’s Drinking Water
Surveillance Program, for which summary reports are issued.

If sufficient analyses are performed, the groundwater
chemistry can be described from a review of the geochemical
concentrations of the major ions in solution, following the
method of Piper (1944). The major ions used in this analysis
include calcium (Ca), magnesium (Mg), sodium (Na), potas-
sium (K), chloride (Cl), sulphate (SO

4
), carbonate (CO

3 
) and

bicarbonate (HCO
3
), and the relative percentages of each ion

to the total (i.e., cation total and anion total) provide a
convenient method for graphically displaying water quality
information on a tri-linear diagram. By this method,
groundwaters having a similar origin (i.e., from a similar
geological environment) are expected to show similar
geochemical fingerprints, and will plot in the same region of
the tri-linear diagram (Freeze and Cherry 1979; Fetter 1994;
Walton 1985).

Table 5.6. Specific capacity values (m2/day) for bedrock aquifers in the former Regional Municipality of Sudbury.

Township No. of records Lowest value Highest value Arithmetic mean Geometric mean

Balfour 141 0.006 572 7.9 1.4
Blezard 273 0.1 258 7.2 3.1
Bowell 0 na na na na
Broder 341 0.01 129 7.1 2.2
Capreol 7 0.7 9 2.8 2.0
Creighton 2 3 4 3.6 3.5
Denison 62 0.06 43 3.8 0.8
Dieppe 7 0.2 2 1.2 0.9
Dill 67 0.01 128 6.9 0.9
Dowling 52 0.03 36 3.0 1.3
Drury 3 1 4 2.2 1.9
Dryden 100 0.01 86 6.8 1.9
Falconbridge 0 na na na na
Fairbank 47 0.02 57 7.2 2.0
Garson 28 0.05 32 5.6 2.2
Graham 42 0.01 57 4.2 0.8
Hanmer 52 0.06 1031 32.5 4.0
Hutton 0 na na na na
Hyman 0 na na na na
Levack 0 na na na na
Lorne 25 0.01 11 1.6 0.6
Louise 58 0.01 515 13.2 0.9
Lumsden 0 na na na na
MacLennan 31 0.01 8 1.6 0.6
McKim 82 0.01 64 4.3 1.6
Morgan 0 na na na na
Neelon 51 0.02 66 4.9 1.3
Norman 3 0.9 22 8.0 3.2
Rayside 76 0.02 43 5.2 1.3
Snider 12 0.2 107 13.8 2.1
Trill 3 2 22 13.9 9.4
Waters 136 0.02 107 9.4 1.5
Wisner 0 na na na na

Total 1701

Notes: Abbreviation: na, not applicable.
a) Water well information summarized from well log data provided to the author by the Ministry of the Environment, Sudbury office; b) Specific capacity
values are in units of m3/day per m of drawdown, or m2/day.
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The Ministry of the Environment database was reviewed,
and relevant information was obtained (K. Hawley, Ministry
of the Environment, personal communication) for a range of
well locations across the study region. In addition, published
water quality statistics were obtained from the former Re-
gional Municipality of Sudbury, and the relevant statistics
were incorporated into this study. The results are presented in
Table 5.8, and are summarized in graphical form in Figure
5.14. Alkalinity and pH values were used to determine the
respective concentrations of CO

3
 and HCO

3
, following the

method outlined in Standard Methods for the Examination of
Water and Wastewater (American Public Health Association
1989).

The data contained in Table 5.8 indicate a wide range of
variability in water composition across the Sudbury area,
and several “road salt” contaminated wells can be noted by
their high chloride levels (up to several hundred milligrams
per litre chloride) and associated elevated sodium and cal-
cium levels. Depending on the soil exchange reactions
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Table 5.7. Transmissivity values (m2/day) for bedrock aquifers in the former Regional Municipality of Sudbury.

Township No. of records Lowest value Highest value Arithmetic mean Geometric mean

Balfour 141 0.02 993 12.2 1.6
Blezard 273 0.08 430 10.8 4.0
Bowell 0 na na na na
Broder 341 0.006 212 10.4 2.6
Capreol 7 0.7 12 3.7 2.6
Creighton 2 2 6 4.0 3.8
Denison 62 0.04 60 4.9 0.8
Dieppe 7 0.3 3 1.7 1.4
Dill 67 0.01 204 10.3 1.0
Dowling 52 0.02 50 4.0 1.4
Drury 3 0.9 4 2.4 1.9
Dryden 100 0.005 138 9.9 2.3
Falconbridge 0 na na na na
Fairbank 47 0.01 94 9.8 2.2
Garson 28 0.3 46 7.6 2.5
Graham 42 0.002 88 5.9 0.9
Hanmer 52 0.03 212 12.5 4.2
Hutton 0 na na na na
Hyman 0 na na na na
Levack 0 na na na na
Lorne 25 0.006 9 2.0 0.6
Louise 58 0.007 906 21.6 1.0
Lumsden 0 na na na na
MacLennan 31 0.003 9.6 1.6 0.5
McKim 82 0.008 99.9 6.2 1.9
Morgan 0 na na na na
Neelon 51 0.02 103 7.3 1.6
Norman 3 1 37 13.4 4.3
Rayside 76 0.01 100 7.2 1.4
Snider 12 0.1 167 20.3 2.3
Trill 3 26 36 30.8 30.4
Waters 136 0.01 1174 15.4 1.8
Wisner 0 na na na na

Total 1701

Notes: Abbreviation: na, not applicable.
a) Water well information summarized from well log data provided to the author by the Ministry of the Environment, Sudbury office; b) transmissivity
is a measure of the water transmitting capability of an aquifer, and  values are in units of m3/day per m of aquifer thickness, or m2/day.

available in the aquifer materials themselves, sodium
concentrations are often lower than expected in  salt-impacted
groundwater, due to cation exchange reactions and the release
of calcium ions into the groundwater solution from the soil.

The data (see Figure 5.14) span several dominant ion
fields and indicate no distinct difference between the overbur-
den and bedrock water quality types. In general, the results
suggest a calcium carbonate to calcium chloride water type as
the dominant groundwater composition. Again,  water with a
high chloride content is  interpreted to be the result of road salt
contamination, and there are no known natural sources of
water with high salinity content  in the Sudbury area (i.e., at
the depths commonly encountered in domestic well construc-
tion).

Overall, the groundwater quality in the Sudbury area is
good, as reported (for the municipal systems) in the Ministry
of the Environment’s Drinking Water Surveillance Program.
As is common in many northern Ontario settings, aesthetic
water quality problems are occasionally encountered due to
elevated mineralization (mainly iron and manganese). Spo-
radic elevated arsenic levels are encountered in private well

supplies (attributed to the weathering of arsenopyrite min-
erals present in the soils and bedrock), and are checked (by
the City of Greater Sudbury) as part of the approval process
for new groundwater-based development. Finally, areas
that have high winter motor vehicle traffic occasionally
suffer from the impact of road salt.

SUMMARY

The City of Greater Sudbury relies upon a combination of
groundwater and surface water supplies, with up to 38% of
the residential use being attributed to groundwater sources
(and individual domestic surface water takings). Although
bedrock highlands and rock knob topography dominate the
physiography of a majority of the Sudbury area, the bed-
rock is not considered a primary aquifer for large-scale
groundwater development, and the municipal groundwater
supply systems (focussed mainly in the northern half of the
Sudbury area) rely upon the existence of relatively thick,
permeable overburden deposits. In contrast to this, approxi-
mately 67% of the recorded domestic groundwater wells
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Table 5.8. Groundwater chemistry summary for selected wells in the former Regional Municipality of Sudbury.

Township I.D. Type   Chemical Analysis
Ca Mg Na K Cl SO4 Alk. pH

Balfour 4170 B 46 12 45 2.9 58 2 183 8.0
Broder 3863 B 75 6 94 2.2 198 32 11 6.2
Broder 3950 O 21 8 7 2.3 33 27 26 6.3
Broder 4018 B 184 34 310 8.7 820 105 122 7.3
Broder 4177 B 13 3 105 1.1 131 5 75 7.4
Broder 4178 B 27 11 31 3.4 74 61 6 5.6
Broder 4183 B 29 8 3 2.8 4 37 73 7.2
Broder 4186 B 19 6 8 2.5 19 43 10 6.5
Broder 4607 O 11 2.8 37.3 0.6 3 31.0 87.2 8.27
Broder 4763 B 69 22 44.5 1.4 139 40 123.4 7.20
Broder 4932 O 95 36 161 5.5 410.2 50.0 137.4 6.80
Broder 4959 O 28.3 10.5 10 4.98 55.2 40.5 29.4 6.54
Broder 5216 O 28.4 8.1 25 2.2 17.6 0.2 134.9 8.33
Broder 5217 O 107 32.3 6.6 1.4 0.65 22.2 386.1 7.67
Broder 5228 O 32.6 14.7 8.5 2.95 6.80 37.1 111.1 7.29
Broder 5238 B 7.6 1.8 3.2 1.05 2.7 19.0 18 6.60
Broder 5315 B 17.8 5.6 4.4 1.65 0.55 25.7 55.8 6.71
Broder 5340 O 31.6 10.4 6.8 2.5 24.7 48.3 53.9 7.03
Capreol 4040 B 27 4 13 1.1 20 10 76 8.4
Capreol “J” O 21.2 5.4 9 1.25 15.2 17.5 62 7.84
Capreol “M” O 26.4 5.1 9 1.15 12.2 17.5 77 8.07
Capreol “6” O 41.2 9.2 30.8 3.05 53.8 13.5 122 7.93
Dill 4696 B 27.4 10.5 4.5 3.20 0.5 42.0 88.0 7.86
Dowling 4122 B 39 14 34 2.9 9 4 217 8.0
Dowling 4250 B 74 11 19 2.0 28 36 197 7.3
Dowling 4933 B 42 9.75 27.5 1.05 64.4 38 92.6 7.00
Dowling “L” O 24 6.2 18.8 2.4 40.2 18.5 59.5 7.57
Dowling “R” O 23.6 5.85 22.4 2.25 47.2 22.5 48 7.88
Drury 4220 O 15 2 21 0.9 0.5 11 84 8.6
Dryden 4794 O 58 18.5 16.0 2.95 17 46 183.2 7.30
Dryden 5355 B 27.8 8.7 2.8 1.7 0.4 19.9 89.7 7.66
Dryden 5357 O 36.8 16.7 8.4 3.15 32.1 45.4 87.1 7.47
Fairbank 3758 B 118 41 75 2.9 163 115 280 6.8
Garson 4616 B 105 34.5 76 2.2 245.4 78 127 6.56
Garson “1” O 40.4 10.8 10 0.8 22.6 39 95.5 7.94
Garson “3” O 44 11.7 16.4 0.85 37 39.5 99 7.99
Garson “I” O 58 16.4 43 1.1 92 68.5 106 8.02
Graham 4038 O 66 39 51 3.0 64 69 235 6.6
Hanmer “D” O 39.2 5.2 24 0.75 38 18.5 99.5 8.24
Hanmer “F” O 44.8 7.25 15.2 1.05 32.6 22.5 111 8.25
Hanmer “K” O 60.2 16 17.2 0.85 37.2 26.5 172 8.15
Hanmer “L” O 21.4 3.75 8 1.2 24.4 17 39.6 7.95
Hanmer “N” O 22.8 3.8 18.4 1 31.4 17 51 7.9
Hanmer “P” O 50.5 7.84 66.6 1.84 121 23.1 103 7.88
Louise 3991 O 53 8 7 1.3 8 31 139 7.7
Louise 3996 B 40 15 6 3.3 50 3.3 95 6.8
McLennan 4848 B 46.0 9.4 8.5 1.95 12.6 26.0 67.4 7.82
Neelon 3326 B 90 25 60 3.4 237 4 117 8.0
Neelon 5007 B 11.5 3.9 2.5 1.9 0.2 35 18.2 6.36
Rayside 3942 O 44 14 29 2.4 62 10 133 8.0
Rayside 3942 O 45 14 28 2.3 63 10 134 8.1
Rayside 3972 B 46 16 23 4.0 34 30 155 8.0
Snider 3952 B 87 10 5 4.5 17 50 199 7.3
Waters 3765 B 34 12 6 1.5 24 53 60 7.6
Waters 3765 B 116 32 26 2.3 237 90 38 6.9
Waters 3859 B 49 17 7 2.2 12 73 116 7.9
Waters 4140 B 84 9 11 3.7 68 47 132 7.4
Waters 4714 B 132 45.5 62.0 5.5 137.2 310 132 7.88
Waters 4715 B 23 10.35 16.3 5.2 33.0 57 39.2 6.90

Notes: a) I.D. refers to the sample identification, reflecting either an MOE water well record number, or a sampling identification cross-referenced to
identification used by the former Regional Municipality of Sudbury; b) Type, refers to the well construction type, B, indicating a bedrock construction,
and O indicating an overburden construction; c) Alk.  indicates alkalinity, as CaCO

3
; d) all concentrations reported as mg/L , except pH; e) multiple entries

for the same location reflect different sampling events; f) the above values were used in the preparation of Figure 5.14.
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are in bedrock and have sufficient yield for individual
residential usage. The regional groundwater flow systems
support (and parallel) the surface water drainage patterns,
and reflect the strong influence of the physiography of the
Sudbury area on the local water resources.

ACKNOWLEDGMENTS

This chapter was made possible by the assistance of several
individuals, to whom the author is indebted. The primary
data collection and analysis was carried out by Noreen Dolan
and Christa Domchek, who provided valuable input and

tireless co-operation. The technical assistance of Bill Tanos
(City of Greater Sudbury) and Kip Hawley (Ontario Minis-
try of the Environment) was greatly appreciated, as were the
review comments received from Paul Graham (City of
Greater Sudbury) and Al Sobanski (Retired, Dames and
Moore Canada). The author also thanks Trow Consulting
Engineers Ltd., and the late Ian Gore in particular, for their
encouragement and co-operation in allowing the time and
resources to complete this project. Finally, the assistance of
the editors, Don Rousell and Karlis Jansons, and their input
in obtaining funding from Laurentian University and the
former Regional Municipality of Sudbury to support this
work, is gratefully acknowledged.
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Abstract

In this project geotechnical borehole data and water well data for the Sudbury area were organized into
useful databases and geographic information system projects for use on a personal computer. Geotechnical
boreholes are drilled to test soil conditions before construction or road building; water wells are drilled to
obtain potable water. Geotechnical boreholes are concentrated in the urban parts of the Sudbury area, while
water wells are quite evenly distributed in the more rural areas as well as in some urban areas. Records
of both geotechnical boreholes and water wells provide valuable geological information about surface and
subsurface materials.

The geotechnical borehole and water well databases provide useful background information for
geological and hydrogeological studies in the Sudbury area. They may also prove useful in land-use planning,
and have proven useful in mapping the Quaternary geology of the Sudbury area.

The Sudbury borehole database incorporated computer text files of data from a borehole database
that was formerly maintained by the federal government, and data from files formerly maintained by the City
of Sudbury and the Regional Municipality of Sudbury. The Sudbury water well database incorporated digital
water well data that was obtained from the Ministry of the Environment. The data were organized into
carefully designed relational databases, each of which contains several tables of data.

Forms-based software applications were built to enable convenient viewing and editing of the
databases. Data can be printed out with “reports” which have been created using the database management
software. Queries can be performed on the data, for example “from all boreholes select the geological material
of horizon 2 and the geographical coordinates of each borehole”.

Query results were graphically displayed in maps together with the Quaternary geology in a desktop
geographic information system. These maps were generated on screen for the entire Sudbury area, but maps
of small areas were plotted for this paper due to page size limitations. In both the borehole and water well plots
there is good agreement between the subsurface materials and the geology.

Geotechnical borehole materials for the second layer from the top (horizon 2) were plotted on a map.
Compared with horizon 4, which was also plotted, horizon 2 contains a lot of “fill”. Map plots of water well
geological materials at 5 and 30 m depths in the Hanmer area exhibit an upward coarsening which is
consistent with the materials’ geological origin in glaciolacustrine and deltaic environments. Graphical logs
of materials in 3 water wells in the Hanmer area were plotted using borehole logging software; these logs also
display upward coarsening of the materials.

Generating regional data summaries and maps using the databases and geographical information
systems is fast and reliable. In contrast, creating similar data summaries and maps by hand from paper files
of data would be very time consuming, error-prone and impractical except for small areas. The data handling
techniques discussed in this paper may prove useful in other geoscience projects.

INTRODUCTION

Valuable information on the nature of surficial materials can
be gathered during the completion of boreholes for
geotechnical studies and from completion of water wells.
Geotechnical boreholes are drilled for engineering pur-
poses. Logs of these boreholes record geological units, their
materials and the results of testing (e.g., the “blows per foot”
penetration test that helps determine soil strength).

During the completion of water wells, logs of subsur-
face conditions are recorded. Water well records are submit-
ted to the Ministry of the Environment by well drillers for
incorporation into a central database.

The purpose of this project was to organize available
data about boreholes and wells from the Sudbury area into
useful computer databases and geographic information sys-
tem (GIS) projects. Once compiled, questions called “que-
ries” may be asked of the computer databases. A typical
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query might ask “from all boreholes select the geological
material of horizon 2 and the geographical coordinates of
each borehole”. The boreholes can then be plotted in a
geographic information system and symbolized by their
horizon 2 material. The geographic information system can
also display information about individual boreholes by us-
ing a computer mouse to select the map symbol for each
particular borehole. For example, Figure 6.1 shows a GIS
map plot of boreholes from the database, symbolized to
indicate the geological materials found near surface in
downtown Sudbury, along with the surficial geology as
compiled by Barnett and Bajc (1999). Table 6.1 shows part
of a database report from the borehole database.

This paper also discusses the data and the data handling
techniques that were used in compiling the databases and
geographic information system projects. The techniques
may prove useful in other geoscience projects, and they
include data modelling, data import, application develop-
ment, queries and the application of geographic information
systems. The section “Portraying the Data using Geographic
Information Systems” shows examples of how the water
well and borehole data were used in studying the geology of
the Sudbury region.

USEFULNESS OF THE DATA

Computer query and analysis of databases can be done much
more quickly, accurately and comprehensively than manual
file searches of paper records. The computer data have
proven useful because of the speed and flexibility with
which database queries and automated map generation can
be completed.

The geotechnical borehole and water well data provide
useful background information for geological and
hydrogeological studies in the Sudbury area. They may also

prove useful in land-use planning studies because surface
and subsurface conditions may help determine the best uses
for areas of land. For example, the data have been used to
prepare illustrations of subsurface conditions for the Quater-
nary geology of the Sudbury area (see Barnett and Bajc,
Chapter 3, this volume). The databases also include compu-
ter applications that could be used to maintain the region’s
water well and borehole data.

The accuracy of the computer databases is currently
such that the data have proven to be very useful for areal
studies; however, in site-specific studies results should be
checked against the paper files, because site-specific studies
would typically only use data from a few boreholes or water
wells. Site-specific studies would, therefore, be more vul-
nerable to possible errors in the source data, errors in data
conversion to the current database or incorrect generaliza-
tion of geological materials.

The geotechnical boreholes were drilled for engineer-
ing purposes and logged by engineers or technicians. They
provide a reliable source of subsurface data. In contrast, a
well driller’s primary objective is to obtain drinking water,
not to record the material encountered in drilling, and most
water well drillers are not trained geological engineers or
technicians. Therefore, although still useful, the geological
and location data of water well records is of a lower calibre
than the geotechnical boreholes. Accordingly, because of
their different natures, the boreholes and water wells have
been treated as separate databases. The databases, documen-
tation and digital source data have been supplied to the City
of Greater Sudbury on a CD-ROM for their use.

Figure 6.2, plotted from the geographic information
system projects, shows the geographic distribution of
geotechnical boreholes and water wells in the Sudbury area.
The boreholes are concentrated in the built-up urban core,
and the wells are more evenly distributed across the Sudbury
area but are sparse in the urban core.

Table 6.1␣ Sample report from the geotechnical borehole database.

Bore Hole Database Report

Station 1000 Comments

Easting 500730 Elevation (m) 256.9 Bedrock Depth (m) 11.86
Northing 5148800 Water Level (m)

Horizon Depth (m) Material Stratigraphy
1 0 to 2.71 gravel
2 2.71 to 11.86 silty-clay
3 11.86 bedrock

Station 1001 Comments

Easting 500270 Elevation (m) 262.88 Bedrock Depth (m)
Northing 5148810 Water Level (m)

Horizon Depth (m) Material Stratigraphy
1 0 to 4.27 fill
2 4.27 to 5.18 silty-sand
3 5.18 to 5.79 sandy-clay
4 5.79 to 6.4 silty-sand
5 6.4 to 9.14 silty-sand layered
6 9.14 to 9.45 silt
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Figure 6.1. Map of horizon 2 materials in Sudbury’s downtown, from the geotechnical borehole database.
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Figure 6.2. Distribution of geotechnical boreholes and water wells in the region.
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COMPUTER SOFTWARE
AND HARDWARE

Today’s desktop computers have ample power to handle
geoscience databases and do automated map generation and
analysis. This project used a personal computer with an Intel®

Pentium® processor, and as the main software it used the
Microsoft® Access 97 relational database management sys-
tem and the ESRI® ArcView® 3.1 geographic information
system. MapInfo Professional® v.4.5 geographic information
system software, together with Northwood Geoscience Lim-
ited’s BoreHole MapperTM Version 1.01 were used to plot
water well logs. Microsoft® Excel  and Word software were
also used in the project. The Quaternary geology map, com-
piled by Barnett and Bajc (1999) and used in this project’s
geographic information system, was created using
MicroStation® 95 computer-aided drafting software and ESRI®

ArcInfo® geographic information system software. All the
applications except ArcInfo® ran under the Microsoft® Win-
dows® 95 and NT® operating systems. ArcInfo® was used on
a SunTM SPARCstationTM 10 system computer running the
UNIX® operating system.

DATA SOURCES

Upon completion of a drilled water well, the driller submits
a well record to the Ontario Ministry of Environment. The
Ministry of Environment maintains the paper records on file,
and also records the information in a computer database. A
computer file of water well records for the Sudbury area was
obtained from the Ministry of Environment in order to
provide the water well data for the project database. See
Singer et al. (1997) for a brief description of the Ministry of
Environment water well information system.

Geotechnical boreholes are drilled for, and logged by,
engineering firms in conjunction with construction projects.
The former Regional Municipality of Sudbury and the City
of Sudbury each maintained files of geotechnical borehole
logs. Most of the boreholes are associated with municipal
construction projects such as road building. Prior to this
project, students working for Laurentian University
summarized the municipal borehole files and some
geotechnical borehole data from mining and engineering
companies in the Sudbury area into word processor docu-
ments. These word processor files were used as a data source
for the borehole database.

The other digital data source for the geotechnical
borehole database is the Urban Geology Automated Infor-
mation System (UGAIS) digital data for Sudbury. The
UGAIS data was set up by the Geological Survey of Canada
in the early 1970s (Bélanger 1974, 1998) as a database of
110␣ 000 borehole logs for 28 urban communities throughout
Canada but was discontinued. Digital data from the UGAIS
project resides with the provinces and was used in this
project. Print-outs of the word processor files, and a 1970s-
era computer print-out from the UGAIS database were
available for data checking of the completed Sudbury
databases.

As of November 1999, the project had created the
following database for the Sudbury area: 1) 3166 borehole
records and 2) 3207 water well records. Borehole data are
mainly from the 1950s to the 1990s but there are 3 records
from 1929. Water well data are mainly from the 1950s to
1984 but 1 well is from 1930.

Most source data for this project were already in digital
form as computer files; however, they were in difficult-to-
use formats. A goal of this project was to convert the data to
more user-friendly relational databases.

DATABASE DESIGN

The databases were structured as relational databases using
the Microsoft® Access relational database management sys-
tem. Relational database management systems are currently
the most common type of database management system and
in these systems, data are stored in one or more tables which
can be related on key fields. Each table has fields or columns
and rows or records.

Figure 6.3 shows the logical database design of the
geotechnical borehole database. Developing a suitable data-
base design is a critical early step in building a computer
database. The design should reflect the real-world entities
recorded in the database and their relationships. A good
design will have minimal duplication of data, will allow the
database management system to check for valid data and
relationships as data is added to the database, and will allow
ready querying of data. Database design is addressed in
many computer books (e.g., Chen 1977; Robbins and Braly
1985; Fleming and von Halle 1989; Jennings 1997).

The “station data” (borehole location) table is the main
table of the borehole database (see Figure 6.3). It contains
unique data for each borehole such as the location in metres
east and north within the UTM grid zone, the surface
elevation, and the length of the hole. The “horizon” table is
related to the station table in a “many-to-one” relationship so
that for each station (borehole) there can be a range of zero
to many geological layer or horizon descriptions. These
descriptions include information such as the depth of the top
of a horizon, horizon thickness and a “general material code”
(summary material description). The “materials” table has a
many-to-one relationship to the horizon table; it has a record
for each specific geological material found in a horizon,
noting the material type, its relative abundance, colour and
other information.

The “core” table has a many-to-one relationship to the
station table and notes any cores obtained during boring. The
“tests” table has a many-to-one relationship to the core table,
because tests may be carried out on several samples taken
from a core.

The database relationships thus far described require
that relational integrity be maintained. In other words, a
child table record may not exist without a corresponding
parent table record.
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A top-level “project” table was also created in the
borehole database. It is the parent of the station table but a
project is not required for each station (borehole). The word
processor files of municipal borehole data generally listed a
construction project to which each borehole belonged. Each
construction project could have many boreholes; hence,
there is a one-to-many database relationship between project
and station (borehole). The UGAIS source data had no
project information, and so the project-station relationship is
not mandatory.

Figure 6.4 shows the logical database design of the
water well database, and illustrates 2 different ways of
relating tables. The database was initially constructed and
related using the “primary key” field which contained se-
quential numbers assigned by the Access database manage-
ment system. The authors later realized that in the future it
might be desired to assemble 2 databases into one. Accord-
ingly, the authors found that the “header” table’s county
code and sequential number fields together provide a unique
key within the water well database. Therefore the county

code and sequential number fields were created and popu-
lated in all the database tables. The “primary key” was
retained because the database application and the data integ-
rity rules of the database depend on it.

Similarly, in the borehole database, keys within the data
such as station identification and horizon, were copied to
lower-level tables for possible use in working with the data.
If the databases are revised in the future it might be best to
use keys found within the data for linking tables.

A number of design features of the databases were
adopted from a Quaternary geology “stations” database that
was developed by the Geological Survey of Canada for the
Oak Ridges Moraine project. The structure of the Earth
Resources and Land Information System drill hole database
was also examined and considered. The Earth Resources
and Land Information System drill hole database is main-
tained by the Ministry of Northern Development
and Mines.

Figure 6.3. Logical database design of the geotechnical borehole database.
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BUILDING THE DATABASE
USING MICROSOFT® ACCESS

Tables were built for each database as specified in the logical
database designs, and their relationships were established
and enforced. Allowable entries for many fields were re-
stricted through lookup tables in the database. For example,
in the horizon table (geotechnical borehole database) gen-
eral material field data are restricted by a general material
lookup table containing entries such as bedrock, clay, clayey-
sand, clayey-silt and diamicton. These allowable entries also
appear on a pull-down menu when data is entered or edited;
that is, materials can be chosen from a list to fill in a field
without typing.

Once the tables were fully built, the Access database
management system’s form building tools were used to
create a set of linked forms that can be used for data browsing
and editing.

Finally a Startup form was created, which automatically
starts up when the database is opened in Access. In the
borehole database this startup form is a graphical menu of
the available operations in the database application. The
water well database starts up with a form that displays most
of the data for a single well. The borehole Startup form is
shown in Figure 6.5 and the borehole Station Data form in
Figure 6.6.

Figure 6.4. Logical database design of the water well database.
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DATA IMPORT

The UGAIS data and the Ministry of the Environment water
well data were available as large flat-file text databases. The
municipal borehole data were available as word processor
files that were not highly structured. All 3 data sets were
converted into structured spreadsheets with rows (records)
and columns (fields) using Excel spreadsheet software.
Subsequently the Excel data were imported into the Access
databases. Some fields could not be automatically converted
and were filled in by typing. The “general material code”
field was populated using an automated routine in Access,
thus generalizing the very variable material descriptions of
the source data into a standard geological classification for
each geological horizon or “formation”.

Location coordinates were provided in the UGAIS and
Ministry of the Environment data files. The word processor
files of municipal data contained no coordinates, but they
were accompanied by 1:50␣ 000 scale topographic maps on
which the borehole locations had been plotted. In this project
the borehole locations were visually plotted onto a digital
base map and tagged with their borehole numbers, using
MapInfo® GIS software. The borehole numbers with coordi-

nates were subsequently exported from MapInfo® and used
to populate the database UTM co-ordinate fields.

Quality control was carried out on the databases by
picking various printed pages of source data, using the
database applications to locate the appropriate records, and
checking to see that the data matched. A few systematic
errors, resulting from faulty data import procedures, were
found in this manner in the borehole database, and they were
corrected by properly re-importing data. Another error oc-
curred in automatically populating the “general material”
field in the water well database. “Rock” was incorrectly
generalized to gravel although specific rock types such as
granite and quartzite were correctly generalized to bedrock.
This error in generalization was obvious when the data were
plotted on a map because gravel was portrayed at depths
where bedrock was expected, and a global update in the
Access database management system was used to correct
this error.

After the data were imported a number of queries were
done using the Access query builder. These queries were
done to test the utility of the database and to create data sets
to visualize on a map using a geographic information sys-
tem. Reports were created for both databases using the

Figure 6.5. Geotechnical borehole database main menu.
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Access reports tool. These reports may be run to summarize
data in a format suitable for printing (see Table 6.1).

PORTRAYING THE DATA
USING A GEOGRAPHIC
INFORMATION SYSTEM

The Access database tables can be used in ArcView® through
the Open Database Connectivity feature of the Windows®

operating system. Subsequently, points can be plotted for all
the water wells or boreholes using their geographic coordi-
nates. Symbols can be plotted to show the geological classi-
fication of each well or borehole at a specific horizon
number counted from surface or at a particular depth. In the
examples discussed below, the data were plotted in ArcView®

on a base map that was assembled from 1:20␣ 000 scale
digital Ontario Basic Mapping base maps. The map plots
also include a Quaternary geology theme that was provided
by Barnett and Bajc (1999). The standard legend used in the
plots lists general descriptions of all geological materials
that are noted in the databases.

To prepare certain data from the borehole database for
plotting, a database query in Access was used to create a
database table that contains the geographic coordinates of
each borehole and the generalized geological classification
of horizon 4. The data were displayed in the ArcView®

geographic information system for the entire Sudbury re-
gion, and a page-sized map for the downtown area was
plotted in Figure 6.7. There is no “fill” or “unknown”material
plotted for horizon 4, which contrasts with the abundant
“fill” or “unknown” material plotted for near-surface hori-
zon 2 (see Figure 6.1). The borehole geological materials in
both Figures 6.1 and 6.7 correspond well with the Quater-
nary geology.

Database queries were performed to portray GIS maps
of borehole horizons 1, 2, 3 and 4. The geology of boreholes
was also queried and portrayed for specific depths below
surface: 1, 2 and 5 m.

The water well geological material data were queried
and displayed for “formations” 1 to 8 and also for various
depths ranging from 1 to 50 m below surface. Two map plots
of the Hanmer–Capreol area show water well materials at
5 m and at 30 m depth (Figures 6.8 and 6.9). Within the area

Figure 6.6. Geotechnical borehole database Station Data form.



138

Physical Environment–Sudbury; OGS Special Volume 6

Figure 6.7. Map of horizon 4 materials in Sudbury’s downtown, from the geotechnical borehole database.
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Figure 6.8. Water well materials of the Hanmer area at 5 m depth.
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Figure 6.9. Water well materials of the Hanmer area at 30 m depth.
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Figure 6.10. Logs of Ministry of the Environment test holes southwest of Greens Lake (see Figures 6.8, 6.9).
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of outwash deposits there is a clear upward coarsening of the
materials. This upward coarsening corresponds to the geo-
logical setting which is that of fine-grained glaciolacustrine
sedimentation followed by the building of a delta of coarser
material by debris-laden water flowing from the glacial ice
margin which stood to the north.

Figure 6.10 shows material logs of 3 Ministry of the
Environment test holes from the water well database. These
wells are indicated in Figures 6.8 and 6.9. The logs were
plotted using BoreHole Mapper™ software within the
MapInfo® geographic information system. Tables specifi-
cally suitable for BoreHole Mapper™ were created using
queries in the Access database management system and logs
were plotted of 1) individual wells, 2) groups of wells, and
3) wells along a line to create a cross section. The capability
of instantly plotting such well logs can aid greatly in inter-
preting an area’s geology. A geological cross-section of
selected water wells between Chelmsford and Capreol is
shown in Barnett and Bajc (Chapter 3, this volume).

CONCLUSIONS

In this project available borehole and water well data for the
Sudbury area were organized into useful computer databases
using readily available desktop computers and software.
With database and GIS software it was possible to rapidly
create various data summaries and map plots of the data,
symbolizing the wells and boreholes by attributes such as
geological material. Generating these regional data summa-
ries and maps from the digital data is very fast and reliable.
In contrast, creating similar data summaries and maps by
hand from paper files of data would be extremely time
consuming, error-prone and impractical except for small
areas.

The data handling techniques discussed in this paper
may prove useful in other geoscience projects. These tech-

niques include data modelling, data import, application
development, queries and the use of geographic information
systems.
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Chapter 7
The Effects of the Mining and Smelting Industry

on Sudbury’s Landscape

K. Winterhalder

Laurentian University, Sudbury

Abstract

Approximately 20␣ 000 ha of barren land and 80␣ 000 ha of stunted woodland exist in the Sudbury mining
and smelting region, as the result of many decades of smelter emissions, fire, soil erosion and enhanced frost
action. The acidic, metal-contaminated soils are toxic to all but certain native plant species that have evolved
metal tolerance. The soil can be detoxified by the surface application of pulverized limestone. Between 1978
and 2000, this technique has been used to establish a grass-legume cover on more than 4000 ha of barren
land. Native woody plants such as birch, poplar and willow rapidly colonize the grassed land and more than
5 million trees, mostly pine, have been planted.

SUDBURY’S PRE-INDUSTRIAL
LANDSCAPE

Sudbury is situated at the northern limits of the Hemlock–
White Pine–Northern Hardwoods Region of eastern North
America (Nichols 1935, Braun 1950), referred to by Rowe
(1959) as the Great Lakes–St. Lawrence Forest Region. The
Sudbury area was once characterized by extensive stands of
red and white pine (Pinus resinosa and P. strobus), some-
times mixed with tolerant hardwoods such as sugar maple
(Acer saccharum) and yellow birch (Betula alleghaniensis).
Evidence of the former white pine forests can still be seen on
bare, stony slopes (Photo 7.1), while stumps of white cedar
(Thuja occidentalis) often remain on barren peatlands
(Photo 7.2).

Following the establishment of a fur-trading post by the
Hudson’s Bay Company in 1824, the area was opened up to

lumbering in 1872. The larger red and white pines were cut
and floated down rivers to Georgian Bay and Lake Huron,
then rafted to sawmills in the northern United States. By the
turn of the century, black and white spruce (Picea mariana
and P. glauca), balsam fir (Abies balsamea) and later jack
pine (Pinus banksiana) were also being harvested, and more
than 11␣ 000 men were employed in the mills and in the forest
around Sudbury. Lumbering continued to be the dominant
industry in the wider Sudbury area as late as 1927, despite the
emergence of mining after 1886 (Winterhalder 1996).

LANDSCAPE DEGRADATION
PROCESSES

In the early days of logging, the larger red and white pine
were removed selectively, and rapidly growing successional
species such as white birch (Betula papyrifera) and

Photo 7.1. Barren, stony slope with white pine stumps, 3 km northeast of
the Copper Cliff smelter.

Photo 7.2. Barren peatland, originally a cedar swamp, 1 km south-southeast
of the Falconbridge smelter.
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trembling aspen (Populus tremuloides) colonized quickly,
leading to normal forest succession. Later, less-selective
logging for railroad ties, locomotive fuel, pit timbers and
pulpwood occurred. Normally this would not have led to
permanent denudation of the landscape; however, the con-
struction of the Canadian Pacific Railway brought with it a
need for wood to fuel the locomotives, and a greater fre-
quency of fires caused by escaping sparks. Furthermore,
prospectors were said to have exposed the bedrock by
burning the plants and humus concealing it. The wood waste
or “slash” left behind as logging became less selective
created an ideal fuel for forest fires. Later, sulphur dioxide
damage led to the death of leaves on the trees, creating tinder.
The rich blueberry crop (Vaccinium angustifolium) in the
Sudbury area was and is, to some extent, initiated and main-
tained by recurring fire, often set accidentally by the pickers
themselves.

Sulphur Dioxide Emissions—
Open Bed Roasting

The first step in the processing of sulphide ore is called
“roasting”. The ore is heated in the presence of air so that the
more reactive sulphide minerals, such as pyrrhotite (Fe

1-x
S)

in the case of Sudbury ore, are oxidized. In 1888, when the
first roast yard and smelter were set up in Copper Cliff,
roasting was carried out by piling coarsely crushed ore on
beds of wood in the open (Photo 7.3), covering them with
finely crushed ore to prevent open flames, and igniting. The
heat provided by the burning wood led to ignition of the
pyrrhotite in the ore (Boldt 1967). After burning for two or
more months (Photo 7.4), the “calcined” ore was loaded onto
rail cars and transported to furnaces for the next stages of the
process—smelting and conversion. In the vicinity of the
roast yards, even the smallest timber was removed as fuel,
and between 1913 and 1916 the Mond Nickel Company
removed all of the woody vegetation and tree stumps from
the Coniston area to provide fuel for the roasting process
(Watson and Richardson 1972).

Eleven roast yards, each consisting of various numbers
and sizes of roast beds or heaps, existed in the area between
1888 and 1929. In 1904, there were 65 roast heaps burning
in No. 1 yard and 100 in No. 3 yard at Canadian Copper’s

operation in Copper Cliff, but in 1916 they were replaced by
a very large and highly mechanized roast yard at O’Donnell,
20 km west-southwest of Sudbury. This removed the source
of human discomfort further from the main agricultural and
urban centres. Open-bed roasting was not abandoned until
1929, although in the latter years of heap-roasting at Conis-
ton, the Mond Nickel Company followed the Norwegian
example by not operating its roast beds in the summer,
thereby reducing damage to crops and other vegetation
(Wallace and Thompson 1993).

The open bed roasting process is frequently cited as the
primary cause of widespread degradation of the Sudbury
landscape. It is certainly true that the dense sulphur dioxide
fumes emitted from roast beds at ground level killed plants
and acidified soils in their path. Nevertheless, the effects of
the roast beds on vegetation were neither as severe nor as
permanent as is popularly believed. Rather, the permanent
and widespread poisoning of the soil was caused later by
smelter fumes, which contained copper and nickel particles
as well as sulphur dioxide. Turcotte (1981) has shown that
the only roast bed sites that are currently surrounded by
denuded land are those where there is also a smelter site
nearby. It is clear that the roast beds produced large amounts
of sulphur dioxide, but relatively little particulate metal. For
example, the Victoria Mine roast bed, which was distant from
smelter activity, did little to contaminate the surrounding
landscape with metals except in the immediate vicinity of the
roast yard, and vegetation has shown excellent recovery. The
Coniston roast yard, in contrast, is still surrounded by barren,
metal-contaminated soils, but almost certainly only because
of its proximity to the Coniston smelter, a source of copper and
nickel particulates until it closed in 1972.

Struik (1974) studied a series of air photographs that
showed the changes occurring in the vicinity of the isolated
O’Donnell roast yard, following its closure in 1929. By
1946, there was a patchy cover of shrubs, while by 1959
pioneer trees such as poplar and birch had begun to colonize,
again in a patchy manner. By 1973, a mosaic of forest cover
had developed, but still with intermittent openings. Now, the
birch forest grows right to the edge of the old roast yard.
Nevertheless, according to Hutchinson and Symington
(1997), some metal stress still exists in the adjacent forest.
They found that copper and nickel levels in surface soils up

Photo 7.3. O’Donnell roast yard, 7 km southwest of Creighton Mine, with
stacked wood and ore (Inco Ltd. archives).

Photo 7.4. Ore being roasted at O‘Donnell (Inco Ltd. archives).
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to 300 m from the roast bed were 115 to 667 µg/g Ni and 149
to 1621 µg/g Cu (ten times the “normal” values or more),
while pH values were between 3.6 and 5.7. Currently, the
only woody species close to the roast bed are white birch and
a dense cover of sheep laurel (Kalmia angustifolia). Further
from the roast bed is an open white birch woodland with an
understory of wavy hair grass (Deschampsia flexuosa) and
scattered spruces and pines. Hutchinson and Symington (1997)
found elevated copper and nickel levels in the leaves of birch
within 10 m of the roast bed (100 µg/g Ni and 7 µg/g Cu).

Sulphur Dioxide Emissions—
The Smelters

Early investigations of the Sudbury environment concen-
trated on the direct effects of sulphur dioxide on vegetation.
In 1945, a subcommittee of government and industry repre-
sentatives investigated alleged damage to vegetation by
sulphur dioxide in the Sudbury area. Their report (Murray
and Haddow 1945) indicated that “severe burns” of tree
foliage had occurred as far away as 35 km to the northeast,
20 km to the north and 20 km to the south of the smelters. A
lichen study indicated that only crustose lichens and rock-
encrusting Stereocaulon sp. (probably S. saxatile or S.
paschale) were to be found within the most highly polluted
area, although Parmelia physodes (= Hypogymnia physodes)
and P. saxatilis occurred near the edge of this zone. At a
greater distance from the smelters, where effects of atmos-
pheric pollution were less severe, it was possible to find
more sensitive lichen species, such as Parmelia conspersa
and the caribou lichen (Cladonia rangiferina = Cladina
rangiferina). LeBlanc and Rao (1966, 1973) found that
lichens transplanted onto trees in the polluted zone did not
survive for long. LeBlanc et al. (1972) used indexes of
atmospheric purity based on the occurrence of corticolous
lichens on balsam poplar bark (Populus balsamifera) to
prepare a map of pollution zones in Sudbury. They found a
close correspondence with atmospheric pollution as deter-
mined by direct measurement (Dreisinger 1965).

A similar pattern of zones of damage to higher plants
was noted by Linzon (1958), who emphasized the extreme
sensitivity of white pine to sulphur dioxide. Gorham and
Gordon (1960a, 1960b) reported the absence of white pine
and velvetleaf blueberry (Vaccinium myrtilloides) within
24 km of the Falconbridge smelter, and a sharp drop in
species numbers 6.4 km from the smelter.

In 1964, Dreisinger and McGovern showed that, under
Sudbury field conditions, acute SO

2
 injury to vegetation

could occur when the following atmospheric concentrations
were equalled or exceeded:

• 0.95 ppm SO
2
 for 1 hour

• 0.55 ppm SO
2
 for 2 hours

• 0.35 ppm SO
2
 for 4 hours

• 0.25 ppm SO
2
 for 8 hours

If any one of these conditions was met in daylight hours from
mid-May to mid-October, then the occurrence was termed a
Potentially Injurious Fumigation (PIF). Later, Dreisinger
and McGovern (1969) drew pollution zones onto a map of
the Sudbury area, based on mean levels of SO

2
 from 1953–

1967 (Figure 7.1). The most severely impacted zone formed
an ellipse running from southwest to northeast of the Falcon-
bridge smelter, surrounded by a less severe elliptical zone
that encompassed the Coniston and Copper Cliff smelters.
Dreisinger (1970) reported that during the period 1964–
1968, an area of 5600 km2 was impacted by SO

2
 levels

averaging 0.005 ppm, while 630 km2 experienced mean
levels of 0.02 ppm or more.

Inco Limited has undertaken 2 major strategies over the
years to reduce sulphur dioxide emissions from the smelting of
copper and nickel ores (Bouillon 1995). Improvements in the
milling and flotation processes have led to the more complete
rejection of the iron sulphide  minerals such as pyrrhotite, and
the recovery of the sulphur dioxide has led to the production of
marketable products such as liquid sulphur dioxide and sul-
phuric acid. The proportions of the rejected pyrrhotite being
roasted for sulphuric acid production, stockpiled, or mixed into
the tailings stream has varied, with the latter strategy being the
one most recently favoured.

The development of sulphuric acid production by Inco
began in the 1930s. The recent development of an oxygen
flash furnace for smelting a combined nickel-copper con-
centrate has allowed for the production of a concentrated
sulphur dioxide stream, facilitating the conversion of an
even higher proportion of the waste gas into liquid sulphur
dioxide or sulphuric acid. The rejection of the pyrrhotite to
the tailings stream involves a decommissioning strategy of
ultimately covering the pyrrhotite-rich tailings with water to
eliminate oxygen and consequent acid drainage. By 1994,
using these combined strategies, Inco reduced its sulphur
dioxide emissions by 90% from the peak 1960 value to meet
government limits of 265␣ 000 tonnes per annum overall
emission, as well as satisfying a 0.5 ppm hourly ground level
average for stack emissions, and a 0.3 ppm half-hourly
ground level average on fugitive emissions from the smelter
complex (Bouillon 1995).  Currently, 10% of the ore’s
sulphur content is  released into the atmosphere.

Company documentation indicates that Inco’s sulphur
dioxide emissions peaked at 5600 tonnes/day in the early
1960s (Bouillon 1995), but inferred pH trends obtained
from the observation of lake sediments (Dixit et al. 1992,
1995) support Potvin and Negusanti’s (1995) conclusion
that SO

2
 fumigation and consequent lake acidification peaked

in the early 1970s. According to Dixit et al. (1992), the pH
of Baby Lake, located 1 km southwest of the Coniston
smelter, decreased from about 6.5 in 1940 to 4.2 in 1975. By
the end of the decade, the Ministry of the Environment
concluded (Chan et al. 1982) that, within 50 km of the Inco
smelter, only 10 to 20% of the total wet deposition of acids,
sulphur and trace metals (minus copper and nickel) came
from Sudbury, the remainder originating in southern
Ontario and the United States.
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The Ontario Ministry of the Environment not only
monitored air quality in isolation (Potvin and Balsillie 1976),
but also published a series of reports on direct SO

2
 damage

to such species as poplar and birch, as well as cultivated
plants (Dreisinger and McGovern 1969, 1971; McGovern
and Balsillie 1972, 1973, 1974, 1975; McIlveen and Balsillie
1978; Ontario Ministry of the Environment 1982). Damage
was often reported at a considerable distance from Sudbury,
including to trembling aspen 110 km  east of Sudbury, and
77 km  southwest. Hutchinson and Whitby (1974a) esti-
mated that vegetation damage covered more than 5180 km2.
Photographic evidence of the sensitivity of white pine to
sulphur dioxide was obtained by the Department of Lands
and Forests in August 1968, when sulphur dioxide fumes
drifted further southwest than usual, and “burned” stands of
white pine in the Lake Panache area.

In 1969, the Laurentian University–Ontario Depart-
ment of Lands and Forests Sudbury Environmental Pro-
gramme (SEEP) set up experimental transplants of potted
white pine in areas of high SO

2
 pollution, in order to test the

hypothesis that high SO
2
 fumigation was the factor limiting

tree growth; however, the results did not support the hypoth-

esis, since the trees remained healthy (Department of Lands
and Forests 1973).

The deleterious effect of sulphur dioxide emissions on
aquatic environments in the wider Sudbury area have been
clearly demonstrated (e.g., Beamish and Harvey 1972; Keller
1992), but it is much more difficult to monitor effects on the
terrestrial environment, especially when an area is already
denuded. Even where vegetation exists, the “subtle” effects
of atmospheric sulphur dioxide are extremely difficult to
monitor (J. Negusanti, Phytotoxicology Section, Ontario
Ministry of the Environment and Energy,  personal commu-
nication, 1985), The Ministry of the Environment, therefore,
turned its attention to measuring the effects of acid precipi-
tation on vegetation by the use of long-term monitoring plots
through the “Acidic Precipitation in Ontario” study (McIlveen
1990, 1991). One approach was to use wet and dry deposi-
tion data from summer smelter shutdown periods to estimate
the contribution by Sudbury smelters at distant monitoring
stations (Tang et al. 1984; Yap 1984; Yap and Kurtz 1984).

The indirect effects of atmospheric sulphur dioxide or
acid precipitation on plants, such as soil acidification, are
often more damaging than the direct effects, such as “burn-

Figure 7.1. Zones of mean atmospheric sulphur dioxide concentrations in parts per million, 1953–1967, based on Dreisinger and McGovern (1969).
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ing” of leaf tissues. In a highly acidic soil that contains
alumino-silicate minerals such as clays, aluminum ions will
be present at a phytotoxic concentration. For example,
Roshon (1988) found total “available” Al levels of around
400 µg/g in several acidic Sudbury-area soils. Indeed, Whitby
and Hutchinson (1974), Hutchinson and Whitby (1977) and
Cox and Hutchinson (1981) have suggested that aluminum
may act as a major selective factor in plant establishment on
Sudbury soils. Nevertheless, the acidity of the soil also
solubilizes the copper and nickel that has accumulated in the
soil from atmospheric fallout, contributing to its phytotoxic-
ity. Cox and Hutchinson (1981) suggested the possibility of
some direct effects of directly deposited particulate metals
on plant foliage through foliar absorption.

Metal Emissions and Deposition

During the late 1970s, Sudbury contributed 40% of the total
copper and nickel in wet deposition within 50 km of the Inco
smelter (Chan et al. 1982). McIlveen (1990) plotted isopleths
of surface concentrations of copper and nickel in 300 undis-
turbed soils across southern and northeastern Ontario be-
tween 1980 and 1984; the Sudbury complex dominated the
distribution pattern of these 2 elements. According to Jeffries
(1984), when smelting operations were shut down, deposi-
tion rates of zinc, nickel and copper north of Sudbury
dropped to levels typical of south-central Ontario.
Paleolimnological studies by Dixit et al. (1992) in the
vicinity of the Coniston smelter indicated that nickel inputs
increased from the 1920s to a peak in the 1960s, then
declined with smelter closure in 1972.

An excellent bibliography of reports on Sudbury’s
contribution to wet and dry deposition of pollutants in
Ontario can be found in the 1989–1990 report on the Acidic
Precipitation in Ontario Study (Ontario Ministry of the
Environment 1991).

Soil Erosion and
Bedrock Weathering

The combined action of frost-heaving and erosion on the
glacial till-derived soil has given rise to a stony mantle
covering the soil that remains. Stony slopes and associated
rock outcrops with shallow pockets of soil characterize much
of the Sudbury landscape (see Photo 7.1). Lighter coloured
patches on the blackened rocks show that physical weathering
through exfoliation is in progress. According to Pearce (1976a),
the rate of bedrock weathering in the Sudbury area (50 to
170 m3/km2/y) is of same order of magnitude as that for vege-
tated areas of similar climate and relief (20 to 65 m3/km2/y),
whereas the rate of soil erosion (6000 m3/km2y) is 2 orders of
magnitude higher than in comparable vegetated areas. Much
of the annual soil erosion takes place on slopes, interfluves
and small rills during late August, September and October
(Pearce 1976b), whereas substantial erosion occurs from
the beds of large channels during the latter part of the snow
melt period.

In the drier valleys, areas of silty clay alternate with a
silty fine sand alluvium, while in wetlands that once sup-
ported spruce bogs or a cedar swamps, a barren peat land-
scape remains (see Photo 7.2).

Frost Action

The physical effects of frost are enhanced on landscapes that
are denuded of vegetation and associated leaf litter. The soil
surface lacks insulation, and suffers from such cryogenic
phenomena as needle ice and frost boil formation, leading to
breakage of roots and seedlings being heaved out of the soil.

Factor Interaction

The many environmental factors impinging upon the Sud-
bury ecosystem do not act independently, but “holo-
coenotically”, that is, in an interactive and holistic manner.
The most obvious example of this is the interaction between
soil acidity and elevated metal levels. Neither of these
factors in isolation limits plant growth, but in combination
they are lethal. A more complex example would be the way
in which the detoxification of the soil through pulverized
limestone application leads to the establishment of vegeta-
tion, thereby producing leaf litter which insulates the soil
and moderates frost effects.

EFFECTS ON VEGETATION

The “Barrens”

The extensive barren land that formed concentric zones
around the region’s 3 smelters is the result of a hundred years
of logging, fire, sulphur dioxide fumigation and copper,
nickel and iron particulate fallout. These effects have been
exacerbated by soil erosion and enhanced frost action.
DeLestard (1967) estimated that 10␣ 000 ha of the Sudbury
landscape had been rendered severely barren, while 36␣ 000
ha supported only herbaceous, shrub and small tree growth.
These estimates were later amended (McCall et al. 1995) to
20␣ 000 and 80␣ 000 ha, respectively. DeLestard (1967) also
estimated that the negative effects of industry on vegetation
growth had been felt over an area of 440␣ 000 ha. The barren
zone is clearly visible in remote-sensing images from space
(Pitblado and Amiro 1982; Conroy and Kramer 1995;
Lynham and Pierce 1997).

Figure 7.2 (Struik 1973) shows “zones of site and
vegetational stability”, and is based on an interpretation of
air photographs. The map shows concentric zones of land-
scape degradation around the 3 smelters, and bears a striking
resemblance to the Dreisinger and McGovern (1969) map of
pollution zones (see Figure 7.1), except that in Figure 7.2,
each of the 3 smelters is surrounded by its own ellipse of
barren ground. Pitblado and Amiro (1982) derived a vegeta-
tion index of relative biomass from the red and near infrared
ratio from remote sensing (LANDSAT) digital data, and
showed a pattern similar to Struik’s (1973). Lynham and
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Pierce (1997) used 50 m resolution Advanced Very High
Resolution Radiometer data to calculate normalized differ-
ence vegetation indexes for the Sudbury area, and showed a
pattern similar to that of Struik (1974); however, imagery for
1980 and 1991 showed a progressive increase in greenness,
presumably the combined result of atmospheric improve-
ment and revegetation measures.

Amiro (Amiro 1979; Amiro and Courtin 1981) classi-
fied the vegetation of the smelter-affected portion of the
Sudbury area into 9 major plant communities, based on the
composition of the tree stratum, by means of a hierarchical
cluster analysis. Amiro concluded that 3 of these communi-
ties were unique, and directly attributable to the long-term
effects of pollution. The first unique community was desig-
nated as “Barren”, and was essentially devoid of trees. It
broadly coincided with Struik’s (1973) “unstable” zone, and
was characterized by a soil pH of 4.0 and below. The second
community, the “Birch Transition”, was dominated by widely
spaced white birch, while the third, the “Maple Transition”,
had red maple (Acer rubrum) as the most plentiful tree
species, accompanied by large-toothed aspen (Populus
grandidentata), red oak (Quercus borealis = Q. rubra)) and
white birch. Sinclair (1996) re-evaluated Amiro’s sites ap-
proximately 15 years later, and found that the “maple tran-
sition” community no longer existed, as a result of continuing
red maple dieback.

With respect to understory species, Freedman and
Hutchinson (1980a) found that, south-southeast of the Cop-
per Cliff smelter, the number of forest floor species peaked
at 15 to 20 km from the smelter, although the number of tree
species continued to increase up to a distance of 30 km.

More recently, metal-tolerant plants have begun to
colonize the barrens. Nevertheless, there are still extensive
barren areas that support no plant growth, or where growth
is limited to metal-tolerant species.

Woody Residuals on the Barrens

Until recently, the only plants found on the barren sites were
highly depauperate relict or residual individuals of woody
species that had survived the stresses responsible for the loss
of the original vegetation. Clements (1916) referred to such
individuals that survived a nudation process as “residuals”,
which is probably a better term than “relicts”, which was
previously used by the present author (e.g., Winterhalder
1995a, 1995b, 1996). Tree species falling into this category
are mostly white birch, red maple and red oak (Photo 7.5) on
drier sites, and trembling aspen in moister areas (Photo 7.6).
The former 3 species take on a coppiced form, with suckers
arising from the base of a stool, whereas  aspen exist as clonal
stands arising from root suckers.

The residual red maples show a phenomenon that has
been described as “regressive dieback”, in which the foliage
becomes reddened prematurely and the amount of living
biomass produced each year gradually decreases, so that the
individual is ultimately surrounded by dead limbs of various
sizes. Even in low, moist meadows of tufted hair grass
(Deschampsia caespitosa), the red maples have the same
appearance, making it clear that moisture is not the limiting
factor. In contrast, residual white birch shows premature
yellowing of the margins of spur shoot leaves in early summer

Figure 7.2. Zones of “vegetational stability” (Struik 1973). Zone 1 repre-
sented terrain that was virtually barren of vegetation, while the vegetation
of Zone 2 consisted of stunted, open woodland and Zone 3 appeared to be
relatively unaffected by smelter impact.

Photo 7.5. Residual or relict red oak on a barren slope, 3 km east-northeast
of the Coniston smelter.

Photo 7.6. A clonal stand of residual trembling aspen on a moist, silty-clay
lowland, 3 km north of the Coniston smelter.
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(McIlveen and Negusanti 1984), followed by the production
of totally green long shoot leaves later in the season.

Residual shrubs include common blueberry, wild raisin
(Viburnum cassinoides) and red elderberry (Sambucus pubens
= S. racemosa). The moss Pohlia nutans can be found in
seepage areas on north-facing slopes, and 2 pollution-tolerant
lichens Stereocaulon paschale and Cladonia deformis (Nieboer
et al. 1972) sometimes colonize senescent moss patches or
pockets of residual organic matter on blackened rock outcrops.
In the Sudbury area, the barren soil surface is often covered by
a cryptogamic mat, but this is typically composed of moss
protonemata (especially those of Pohlia nutans), rather than
the filamentous algae found in non-toxic sites.

The “Semibarren Woodlands”

Most of the open, stunted, semibarren woodland that sur-
rounds the barrens, referred to as “Birch Transition” and
“Maple Transition” by Amiro and Courtin (1981), is charac-
terized by multistemmed white birch, red maple and red oak
and a sparse understory. Both the “Birch Transition” (Photo
7.7) and the “Maple Transition” contain white birch and red
maple, the relative importance of each of the 2 species
defining the community.

The coppiced birch rarely reaches a height of more than
6 m and a diameter of 12 cm, and few individual stems
exceed 30 years of age (James and Courtin 1985; Trépanier
1985). It is generally agreed that these stunted and depauperate
woodlands are relict (residual) stands. According to Courtin
(1995), stools from which the individual coppices arise are
considerably older than those in traditional European cop-
pice woodlands, but attempts to age the stools have been
unsuccessful as a result of the chaotic ring pattern arising
from the cyclic regrowth of suckers.

On hilltops and freely drained, gravelly soils, red oak
dominates, giving a third semibarren community known as
the “Red Oak” community.

The understory of the “Transition” communities con-
sists of acid- and fire-tolerant species such as blueberry,

sweet fern (Comptonia peregrina = Myrica asplenifolia)
and bracken (Pteridium aquilinum), alternating with exten-
sive bare areas. In damp depressions, hair moss (Polytrichum
commune) forms dense carpets.

In the boreal forest zone, white birch usually plays the
role of a pioneer species following disturbance such as fire,
logging or windthrow, but in Sudbury’s semibarren sites it
takes on the role of a climax (or subclimax) species. Pollen
studies on sediment cores from a lake near the Coniston
smelter suggest that the replacement of pine and spruce by
birch did not occur until around 1940 (Dixit et al., unpub-
lished data).

REACTIONS OF INDIVIDUAL
TREE SPECIES

Red Maple

The residual red maples show distinct foliar symptoms of
stress, in the form of premature reddening and “regressive
dieback”, in which a reduced amount of leaf biomass is
produced each year. As the stems surrounding the base or
“stool” die, they are replaced by smaller stems. Ultimately no
living tissue remains for sucker formation (Photo 7.8), and
the individual dies. Seed production continues throughout
the dieback period, which can last several decades, and seeds
germinate normally. Nevertheless they quickly become red
and sickly, and do not develop beyond the first foliar-leaf
stage, even near the inactive Coniston smelter where birch
seedlings are now able to thrive. One hypothesis for which
there is some preliminary evidence (James 1982; McIlveen
and Negusanti 1984) is that magnesium-calcium imbalance
is a factor in regressive dieback of red maple. Other possible
causes, such as a lack of vesicular-arbuscular mycorrhizal
infection, are also receiving attention (Contant 1997).

Watmough and Hutchinson (1997) have grown callus
tissues from Sudbury red maples, and have shown a signifi-
cant positive linear relationship between the nickel tolerance

Photo 7.7. A semibarren community with regressive red maple (centre) and
white birches with chlorotic leaf margins, 6 km southwest of the Falcon-
bridge smelter.

Photo 7.8. Remains of a red maple stool, 3 km east-northeast of the
Coniston smelter.
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of the tissues and the total extractable nickel level of the soil
at the base of the tree from which each was taken. Although
this suggests that red maple is able to produce an adaptive
response to metal exposure, the fact that mature trees con-
tinue to undergo regressive dieback, and that seedlings of red
maple are unable to survive more than a few months on
metal-contaminated soils, suggests that this adaptive re-
sponse is not an effective protection mechanism.

Red Oak

Residual red oaks are common on the barrens, and show mild
symptoms of dieback, similar to those found in red maple,
but less regressive. Red oaks in the semibarren communities
on ridges or on well-drained gravelly soils also show some
dieback, often due to drought or to fire. Regeneration of red
oak from seed is common within oak stands, but has not been
seen on the barrens. It is hypothesized that the large, rodent-
dispersed acorns are not being spread outside of existing oak
stands; however, red oak is one of the tree species success-
fully planted by the Sudbury Regional Land Reclamation
Program, and once an oak canopy is formed, it is expected
that regeneration of oaks will recommence.

Trembling Aspen

Trembling aspen survives as a residual through its ability to
form root suckers. The trees usually occur as clonal patches
on lowland sites, rather than as individuals. They do not
display conspicuous foliar symptoms of stress, although
they are said to be susceptible to sulphur dioxide damage
(McGovern and Balsillie 1972, 1973). They produce copi-
ous seeds, but these do not germinate unless the soil is limed.

White Birch

The mid-season marginal yellowing, or chlorosis, in the
earlier (short-shoot) leaves (McIlveen and Negusanti 1984)
has been described earlier. This marginal chlorosis is most
severe on shallow soils and on exposed ridge sites (James
1982; DeClerck 1984). Chlorotic portions of the affected
leaves contain higher concentrations of copper and nickel
and lower concentrations of calcium and magnesium than
green portions, and limestone application to the soil allevi-
ates the symptoms, especially by the second year after
liming (McIlveen and Negusanti 1984). Many of the copious
seeds that are produced by white birch germinate and be-
come established, whether or not the soil has been limed,
especially near the inactive Coniston smelter.

Red and White Pine

Occasional individuals of apparently residual red pine can
be found scattered in semibarren communities, where they
usually appear to be quite healthy. In this regard they are
unlike sulphur dioxide-sensitive white pine, which is rarely
found in such situations. Nevertheless, following the im-
provement in atmospheric purity, young white pines are

occasionally found in remote areas of the barrens; however,
they are always found at the base of rock outcrops or
boulders, where they are rooted in rock rubble formed by
physical weathering, rather than in the metal-contaminated
soil below.

PRIMARY LIMITING FACTORS—
SOIL pH AND METAL CONTENT

As the 3 smelters are approached, soils show a pattern of
decreasing pH. Soil samples taken in 1969 from each of the
Dreisinger and McGovern (1969) pollution zones showed a
mean pH of approximately 4.0, 4.5 and 4.8 in the heavily
fumigated zone, the “medium” zone and the “light” zone,
respectively. In the early 1970s, the pH of mineral soils
collected from hilltops and slopes in a south-southeast
transect from the Copper Cliff smelter ranged from 3.3 at
2 km distance to 3.9 at 34 km (Freedman and Hutchinson
1980b). Extremes of soil acidity that have been recorded
near the Coniston smelter include a pH of 2.4 (Hazlett et al.
1983) and a pH of 2.2 (Hutchinson and Whitby 1974b).
Within any broad pH zone, there is inevitably a pattern of
variability resulting from differential parent material, clay
and/or humus content, degree of erosion, etc., as shown by
Pitblado and Gallie (1995) on a broad scale using simple GIS
(Geographic Information Systems) technology, and by Awrey
(1999) using small-scale soil sampling.

Soil copper and nickel levels also show the expected
trend in relation to fumigation zones, both in wetland (Taylor
and Crowder 1983a) and upland sites. The effects of smelters
in general on the metal levels in nearby soils are well known
(Hutchinson 1979). In most “normal” soils, the average total
Cu content ranges from 15 to 40 µg/g (average = 20 µg/g)
(Aubert and Pinta 1977), whereas Hazlett et al. (1983) found
a Cu content of 9700 µg/g in a soil 0.4 km from the Coniston
smelter. Even as far as 3 km from the Copper Cliff smelter,
Freedman and Hutchinson (1980b) described a soil contain-
ing 3700 µg/g Cu in the organic horizon. Phytotoxic symp-
toms normally appear at “available” Cu levels between
25 and 50 µg/g, the symptoms becoming more severe as the
pH decreases, but Roshon (1988) found Sudbury-area soils
with available Cu ranging from 300 to 900 µg/g.

Elevated nickel levels are also widespread in Sudbury
soils. In most temperate and boreal soils, the total Ni content
ranges from 20 to 30 µg/g, whereas Roshon (1988) found
Sudbury-area soils with available Ni ranging from 300 to
900 µg/g, Hazlett et al. (1983) found a total Ni content of
6960 µg/g in a soil 0.2 km from the Coniston smelter, and
Freedman and Hutchinson (1980a) described a soil contain-
ing 3000 µg/g Ni in its surface horizon 3 km from the Copper
Cliff smelter. In a study southeast of the Coniston smelter,
Rutherford and Bray (1979) found the highest total soil
copper and nickel concentrations in depressions in summit
areas and in valley basins. Furthermore, poorly drained soils
showed a higher level of available (pH3 NH

4
OAc extract-

able) copper and nickel. The Ministry of the Environment
also published a series of reports showing elevated metal
levels in both soil and vegetation (McGovern and Balsillie
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1973, 1975; McIlveen and Balsillie 1978; Ontario Ministry
of the Environment 1982).

More recent studies (Gundermann and Hutchinson 1993;
Dudka et al. 1995; Negusanti 1995; Sargent 1996) have
shown that a decline in copper and nickel levels is in progress
in Sudbury area soils. Possible mechanisms of reduction
include erosion, acid leaching (Hutchinson 1980) and in-
creased rate of organic matter mineralization as soil pH is
ameliorated with limestone during the revegetation process.
A reduction in the bioavailability and phytotoxicity of cop-
per and nickel has also occurred (Gundermann and
Hutchinson 1993; Sargent 1996). Contrary to expectations,
Adamo et al. (1996) have shown that copper is more mobile
in Sudbury soils than nickel, because it tends to be associated
with organic matter, whereas much of the nickel is still in the
form of sulphide or oxide minerals. Daniel (1997) found a
similar association of copper with organic matter in soils
formed on revegetated Sudbury mine tailings.

Lozano and Morrison (1981) suggested, on the basis of
leaf analysis, that manganese might ultimately become limit-
ing in Sudbury soils as a result of leaching. Nevertheless,
manganese deficiency is unlikely to occur, because of the
presence of this element in the particulate matter emitted by
the stacks. Lozano and Morrison (1981) also suggested that
zinc might eventually become deficient as a result of nickel-
zinc antagonism, a hypothesis that merits investigation.

As might be expected, sulphur levels in Sudbury area
soils are elevated. This is of particular concern in wetlands
where, during drought periods, the organic sediment can be
exposed and the store of sulphide minerals and organic
sulphur compounds oxidized, giving rise to a flush of acidic
water on rewetting. In the Daisy Lake experimental area, the
liming of small wetlands feeding creeks entering the lake has
improved water chemistry considerably (Beckett et al. 1999).
Another interesting aspect of the chemistry of Sudbury soils
concerns the fulvic acid fraction of the humus. Hutchinson
and Whitby (1977) found that many of the carboxyl groups
normally found in podzolic fulvic acid had been replaced by
sulphonic groups. They hypothesized that the drastically
modified organic matter that resulted would tend to have a
very strong metal binding capacity, and would act like a
sulphonic ion resin, increasing metal mobility. In a later
study, Daniel (1997) failed to find conclusive evidence of
the presence of sulphonic functional groups in humus formed
on revegetated Sudbury tailings.

METAL UPTAKE AND CYCLING

It is to be expected that trends in soil metal content will be
reflected in the plants that the soils support. Although neither
copper nor nickel tends to bioaccumulate in the food chain,
there is still some concern regarding the cycling of poten-
tially toxic metals in the ecosystem.

Although most lichens are highly sensitive to atmos-
pheric pollution, the terricolous-saxicolous species
Stereocaulon paschale and Cladonia deformis are a striking

exception, and Nieboer et al. (1972) showed a strong inverse
correlation between distance from the Copper Cliff smelter
and copper and nickel levels in these species. Tomassini et
al. (1976), using X-ray fluorescence technology, showed a
steep rising gradient in the nickel content in 1972 of the
terricolous lichen Stereocaulon paschale as the Copper Cliff
smelter was approached, and Beckett (1995) confirmed this
trend with data from 1984 and 1991.

In the case of vascular plants, Hutchinson and Whitby
(1977) measured foliar copper, nickel and aluminum in rela-
tion to distance from the Coniston smelter in sweet fern, wavy
hair grass (Deschampsia flexuosa), white birch and red maple,
and showed a similar trend. The common blueberry shows a
similar pattern for both copper and nickel (Bagatto and
Shorthouse 1991; Shorthouse and Bagatto 1995).

The Ministry of the Environment’s long term monitor-
ing program reported (Negusanti and McIlveen 1990) that,
during the period of 1978–1987, concentrations of copper
and nickel in white birch leaves frequently reached levels at
least two to three times as high as the “upper limits of normal
concentration guidelines” of 20 µg/g Cu and 30 µg/g Ni.
This was a significant improvement on the values reported
by Hutchinson and Whitby (1977) for birch leaves collected
in 1970, where values approached five times the back-
ground. In the Monchegorsk copper and nickel smelting
region of the Kola Peninsula, copper and nickel levels in
European mountain birch (Betula pubescens subsp. tortuosa)
sometimes reach ten times the Ontario guideline values (Kozlov
et al. 1995). In the case of trembling aspen in the Sudbury area,
foliar copper and nickel levels have decreased significantly
over a period of 20 years. (Negusanti 1995).

In the wetland habitat, Roshon et al. (1988) found levels
of copper and nickel in dwarf or bog birch (Betula pumila
var. glandulifera) leaves at ten and sixty times, respectively,
the levels in leaves of the same species from Manitoulin
Island. Taylor and Crowder (1983a) found that the copper
and nickel contents of the underground parts of the common
cattail (Typha latifolia) were correlated with soil-sediment
concentrations, but that most copper and nickel was ex-
cluded from above-ground parts.

With respect to the movement of metals in the food
chain, Bagatto and Shorthouse (1991) found elevated levels
of copper and nickel in common blueberry plants near the
smelters, with the degree of accumulation in the different
organs decreasing from root to stem to leaf to fruit, but with
the greatest accumulation in galls formed by the chalcid
wasp Hemadas nubilipennis. Burns and Parker (1988) found
that elevated levels of copper and nickel in emerging spring
fronds (“fiddleheads”) of interrupted fern (Osmunda
claytoniana) and ostrich fern (Matteuccia struthiopteris =
Pteretis pensylvanica) from the Sudbury area were reflected
in certain of the body tissues of some herbivorous animals.
Elevated levels of nickel, but not of copper, were found in
body tissue of ruffed grouse from the Sudbury area (Rose
and Parker 1983). In other cases, elevated levels of copper
and nickel are only found in the pelage (e.g., premoult
feathers) of ruffed grouse (Bonasa umbellus) (Rose and
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Parker 1982), and the fur of red squirrels (Tamiasciurus
hudsonicus) (Lepage and Parker 1988), indicating that metal
was not derived from a food source, but from atmospheric
fallout or dust.

Hillis and Parker (1993) found that the nickel content of
body tissues of the beaver (Castor canadensis) decreased
with increasing distance from the Sudbury smelters, but no
such correlation existed for copper. They also found a
significant increase in lead in beaver tissues as the smelters
were approached. Elevated levels of lead in biological
materials from Sudbury are rarely reported, even though
lead is known to be one of the major contaminants originat-
ing from the smelters. This is because, prior to the banning
of leaded gasoline, smelter-related lead contamination pat-
terns were masked by traffic-related lead patterns.

VEGETATION DYNAMICS
IN THE BARREN AND

SEMIBARREN COMMUNITIES—
SPECIES LEVEL CHANGES

In 1972, a number of changes occurred in the quantity and
quality of the atmospheric pollutants emitted in the Sudbury
region, and the points of origin were reduced from 3 to 2. The
smelter at Coniston and the pyrrhotite sintering plant at
Falconbridge were closed, SO

2
 output from the Inco iron ore

recovery plant was limited to 227.5 tonnes/day, and the 381 m
“superstack” at the Inco Copper Cliff smelter began opera-
tion. These changes significantly reduced potentially injuri-
ous fumigations and ground-level sulphur dioxide
concentrations (McIlveen and Balsillie 1978), while the clo-
sure of the Falconbridge sintering plant and the installation of
more effective electrostatic precipitators at Copper Cliff  led
to pronounced reductions in metal particulate emission.

The dual organisms known as lichens (fungi and algae
living together to their mutual benefit) can act as sensitive
living indicators of atmospheric pollution. LeBlanc et al.
(1972) studied the lichens growing on the trunks of balsam
poplar trees in the Sudbury area in 1968, and reported the
presence of a “lichen desert” around the smelters; however,
when Beckett (1984, 1995) repeated the observations in
1978 and 1989–1990, he found that the “lichen desert” had
disappeared in the 20 year period, and that an increase had
occurred in lichen richness and cover in the outer lichen
zones. Lichens are also invading rocks and soils, but more
slowly. The characteristic boreal forest understory lichens
Cladina rangiferina and C. mitis, commonly known as
caribou lichens or reindeer moss, are especially slow, and
have changed little in distribution since 1977 (Cox 1993).

As the reductions in emissions occurred, the wide-
spread belief that sulphur dioxide fumigation was the major
factor directly impeding vegetation recovery led to public
expectations that vegetation would rapidly re-establish itself
on the barrens; however, recovery was slow and limited to
specific sites, suggesting that soil properties were a more
critical factor in the suppression of plant colonization than

air quality. Photos 7.9 and 7.10 show the same barren site
near Coniston 20 years apart, where the only colonizing
species were metal-tolerant tickle grass (Agrostis scabra)
and acid-tolerant sheep sorrel (Rumex acetosella).

Tickle grass first demonstrated the ability of certain
native vascular plant species to establish themselves on
Sudbury’s acidic, metal-contaminated soils. In 1972, this
species began to colonize the Sudbury Environmental En-
hancement Program experimental plots on a poor sandy soil
in the Coniston Creek valley. These plots had been treated
with an nitrogen-phosphorus-potassium fertilizer, but had
not been limed, and the soil was still too toxic for the growth
of agricultural grass species (Winterhalder 1974). Tickle
grass had formerly been noted by the author in the Sudbury
area along roadsides and creeks, and in wet depressions, but
during the next 20 years, this short-lived perennial became
increasingly common in the barren zone, at first appearing
mostly on the flood plains of creeks, where it formed a cover
so dense that potential new growth in the second year was
smothered by the dead remains of the previous year’s growth.
It was also found under relict birch and poplar and blueber-
ries, where the soil had been enriched with organic matter,
as well as in rock crevices on patches of Pohlia nutans, a
moss shown by Beckett (1986) to be metal-tolerant. Later,
Archambault (1991) and Archambault and Winterhalder
(1995) demonstrated that the Sudbury population of tickle
grass possesses enhanced metal tolerance.

Photo 7.9. Barren site, 2 km north of the Coniston smelter, in 1967.

Photo 7.10. The same site in 1987, showing sparse growth of tickle grass
and sheep sorrel.
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The most notable of the native grasses to colonize the
barrens was tufted hairgrass (Photo 7.11). The appearance of
this grass in the Sudbury area was  first  observed in the early
1970s, and was shown by Cox and Hutchinson (1980) to be
multiple-metal tolerant. As early as 1974, dense, partly
senescent stands of this grass could be seen in moist depres-
sions in the barren zone, and it is likely that it began to
colonize certain sites several years before its formal docu-
mentation. An interesting and unique consequence of the
dual phenomena of persistence of “residuals” and metal
tolerance of grasses is a “savanna woodland” of clonal
trembling aspen with an understory of tufted hairgrass that
can be found in the Coniston Creek valley.

Hutchinson (T.C. Hutchinson, Trent University, per-
sonal communication, 1990) has provided an attractive
hypothesis for the origin of the Sudbury population of tufted
hairgrass. The next nearest population of the species occurs
at the site of an old coal terminus on Goat Island, 80 km to
the southwest of Sudbury, in the North Channel that con-
nects Georgian Bay and Lake Huron. Although the island is
underlain by limestone, the remains of the old coal dumps
have acidified the soil, potentially leading to the genetic
selection of an acid- (and possibly metal-) tolerant race of
tufted hair grass. Hutchinson’s suggestion is that tufted
hairgrass seeds could have been transported to Sudbury by
rail with coal shipments on their way from the Lake Huron
port to the Sudbury smelters. However, an isozyme variation
study by Bush and Barrett (1993) has shown a reduced
genetic base for the Sudbury population, but has failed to
prove a close relationship with the Goat Island population.
Another metal-tolerant population of tufted hairgrass, at the
mining centre of Cobalt, 150 km northeast of Sudbury, has
been shown by Bush and Barrett (1993) to be genetically
distinct from both the Sudbury and Goat Island populations.
It seems likely that the Cobalt population colonized the
area’s mine sites well before the grass appeared at Sudbury.

Two introduced grass species that have colonized bar-
ren sites to a more modest degree are redtop (Agrostis
gigantea) and Canada bluegrass (Poa compressa). Com-
mercially available seed of both species is currently used in
revegetation operations, but the populations seen colonizing

barren land are often distant from revegetation sites, and it is
likely that they have arisen from populations that pre-date
revegetation activities. Both species favour heavier soils,
and Canada bluegrass is a major colonist of the sides of the
deeply gully eroded “badlands” landscapes that characterize
soils dominated by silty clays, while redtop is often found in
the bottom of erosion gullies.

Enhanced metal tolerance has been demonstrated in
both redtop and Canada bluegrass. Hogan et al. (1977) found
copper-tolerant strains of redtop on the copper- and nickel-
rich surface of the old O’Donnell roast bed, and some of
these were later found to be nickel tolerant (Hogan and
Rauser 1979). Although Canada bluegrass does not appear
to be as acid and metal tolerant as redtop, Rauser and
Winterhalder (1985) found enhanced zinc tolerance in some
Canada bluegrass individuals near the old Coniston roastbed.
The chemistry of the surface of the old Coniston roastbed is
very different from that at O’Donnell, the former having a
relatively high pH and calcium content. The introduced
grass foxtail barley (Hordeum jubatum), which is normally
an indicator of salinity, was found on the Coniston roast bed
surface, but proved not to be metal tolerant.

Carex scoparia (broom sedge) is common in wet areas
of the barrens, and sometimes it colonizes rocky slopes,
where it is confined to sites where soil moisture is enhanced,
such as drainage channels and seepage areas (Reid 2000). It
appears that it can cope with the low pH (3.8) and the high
metal content (200 ppm Cu, 100 ppm Ni) of these soils. In
this respect, it is probably similar to another wetland species,
dwarf birch (Betula pumila), which began to move onto
barren, stony slopes from a small fen in the early 1980s
(Photo 7.12). Roshon (1988) has shown that there has been
some genetic selection for metal tolerance in the Sudbury
population of dwarf birch, but it is suspected that its success
is at least partly due to lack of competition and the enhanced
moisture supply provided by run-off from the numerous
rock outcrops.

The sedges that commonly colonize the creek flood
plains, wool sedge (Scirpus cyperinus), Carex retrorsa and
broom sedge, are often accompanied by willows, especially

Photo 7.11. Tufted hairgrass colonizing a moist barren plateau, Martindale
Hill, 3.5 km east-southeast of the Copper Cliff smelter.

Photo 7.12. Dwarf birch colonizing a barren, stony slope, 5 km northeast
of the Copper Cliff smelter.
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balsam willow (Salix pyrifolia), prairie willow (S. humilis),
meadow willow (S. gracilis) and shining willow (S. lucida).

On metal-contaminated organic barren sites, the prin-
cipal invaders since the 1970s have included short-tailed
rush (Juncus brevicaudatus), wool sedge, rattlesnake grass
(Glyceria canadensis) and tickle grass.

Although grasses and grass-like plants are the most
common colonists of barren sites, a few broad-leafed plants
also play a role. Sheep sorrel, a highly acid-tolerant plant,
occasionally colonizes barren ground along with tickle grass.
Among the non-flowering vascular plants, both field horsetail
(Equisetum arvense) and wood horsetail (E. sylvaticum) are
infrequent colonizers of barren soils of a silty texture. It is
clear that research is needed on the above species with
respect to the possibility of genetic-based metal tolerance.
Horsetails are widely regarded as tolerant of metal-
contaminated soils, but experimental evidence is lacking.

Common cattails are frequent in highly contaminated
marshes, but Taylor and Crowder (1984) were unable to
demonstrate a superior copper or nickel tolerance, relative
to a control population. These results were in agreement
with those of a previous study by McNaughton et al. (1974),
who concluded that the common cattail possesses an inher-
ent tolerance for these metals. Although leaf content of
copper and nickel in common cattail grown in solution
culture was correlated with the level in the growth medium,
suggesting an internal tolerance mechanism (Taylor and
Crowder 1983b), field-grown plants were able to exclude
the metals (Taylor and Crowder 1983c), possibly by means
of the formation of a ferric iron plaque at the root surface
(Taylor and Crowder 1983b).

In addition to colonizing species enumerated so far that
are clearly metal tolerant, we find a smaller set of plants that
demonstrate remarkable phenotypic plasticity with respect
to their soil chemistry tolerance. For example, close to the
Coniston smelter, closed since 1972, white birch, a typical
boreal forest pioneer, began to colonize vigorously in the
mid-1980s, despite the lack of evidence that this species
possesses metal-tolerant ecotypes. Presumably the cessa-
tion of emissions not only improved the quality of the
atmospheric environment to which the above-ground com-
ponent of vegetation was exposed, but also reduced the
level of dry deposition of sulphur dioxide and copper, nickel
and iron particulates into the barren and partially barren
soils around the smelting operations. Soil pH changes of up
to one unit have been observed in the vicinity of the
Coniston smelter over the past 20 years (e.g., Sargent 1996).

On the other hand, another tree species known for
colonizing disturbed boreal sites—trembling aspen—be-
haves quite differently. Sinclair (1996) sampled the herb
layer of Sudbury’s metal-contaminated soils extensively,
and found that, while birch seedlings were often found on
unlimed sites, trembling aspen seedlings were rarely, if
ever, present.

The predominant cause of the pH change since the
closure of the Coniston smelter was probably the leaching

of free acids, but it is also likely that continued weathering of
residual glacial till material released basic ions such as those
of calcium and potassium into the soil. These basic ions
would have displaced some of the adsorbed hydrogen ions,
which in turn would have been lost through leaching. The
close relationship between soil acidity and soluble aluminum
is also an important factor to consider. Five years after
closure of the Coniston smelter, Cox and Hutchinson (1981)
found that the soluble copper and nickel contents of Coniston
soils were just as high as those in soils near active smelters,
but that the soluble aluminum content was lower. They
hypothesized that this decrease in soluble aluminum was
responsible for an observed decrease in soil toxicity, an
observation that would correlate well with the reduced toxic-
ity of the Coniston soils observed by the present author.

Unlike tufted hairgrass, which is clearly metal tolerant in
the Sudbury area, it appears that wavy hairgrass, like white
birch, is able to colonize the Coniston barrens as a result of its
phenotypic plasticity. Wavy hairgrass is known to be highly
acid tolerant (Scurfield 1954; Larcher 1975) and aluminum
tolerant (Howson 1984), and it is the dominant species
present in the “fume-kill” area near the iron smelter at Wawa,
Ontario, where soils are highly acidified.

Wavy hairgrass is already a conspicuous understory
species in birch- or oak-dominated semibarren woodlands of
the Sudbury area, and it is just beginning to appear in
previously barren sites that are being colonized by white
birch. In comparing Sudbury and Wawa seed sources of wavy
hairgrass, Archambault (1989) found no difference in copper
or nickel tolerance between the 2 populations. It is likely that
its tolerance of low pH and very high soluble aluminum
levels, rather than tolerance of other metals, has allowed
wavy hairgrass to colonize both of these sites.

VEGETATION DYNAMICS IN
THE BARREN AND SEMIBARREN

COMMUNITIES—
COMMUNITY LEVEL CHANGES

A number of changes in structure and floristics occurred in
the barren and semibarren plant communities (Barren, Birch
Transition, Maple Transition and Red Oak) described by
Amiro (1979) over the 15 years that followed his study
(Sinclair 1996). Using clustering and ordination techniques
similar to Amiro’s, Sinclair found 6 recognizable plant com-
munities, which she called “Treeless”, “White Birch”, “Birch-
Pine”, “Trembling Aspen”, “Big-Toothed Aspen” and “Red
Oak”, respectively. The most striking change was the disap-
pearance of Amiro’s Maple Transition community as a result
of regressive dieback in red maple. Some of Sinclair’s sites
had been impacted by Sudbury’s Regional Land Reclamation
Program, but Phase I of the Program, the establishment
of grasses and legumes, did little to influence Sinclair’s
predominantly tree-based classification; however, Phase III,
the planting of pine seedlings, impacted the classification
substantially, resulting in the emergence of a new Birch-
Pine community.
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Soil chemistry was, and still is, the primary factor
limiting plant establishment and growth in both barren and
semi-barren sites. Nevertheless, it is clear that the numerous
injurious fumigations that occurred during a growth season,
prior to atmospheric improvement, must have played a role
in preventing the trees in the semibarren sites from reaching
their full growth potential. Improved atmospheric quality
has almost certainly contributed to the improved growth of
previously stunted birches and poplars in the moderately
affected zone observed since 1972. In the case of the residual
woody plants on the barrens, all species except red maple
either maintained or increased their size and vigour in the
20 years following 1970. The red maple, both on the barrens
and in the woodland, continued to undergo “regressive
dieback”.

Allum and Dreisinger (1986), using satellite-based re-
mote sensing, showed qualitative changes in vegetation in
response to combined atmospheric improvement and
revegetation procedures undertaken by Inco Limited, and
were able to record changes over as little as 3 years. Pitblado
and Gallie (1995) emphasize the value that can be gained in
the future by combining remote sensing and GIS technolo-
gies in dynamic environmental studies.

Courtin (1995) has suggested that the slowness with
which vegetative cover is spreading onto the barren areas
between the birches of the semibarren communities is due to
a microclimatic effect. While frost action is extreme in the
barren areas, the area under each tree forms an “oasis” by
virtue of the insulating effects of the leaf litter. He predicts
that these severe surface microclimatic conditions will only
improve when the development of the ground and/or tree
layer provides a) a closed canopy to reduce radiation and re-
radiation, b) a litter layer that is not redistributed by the wind,
and c) a network of roots to bind the soil.

REVEGETATION RESEARCH—
OVERCOMING

THE LIMITING FACTORS

Copper Cliff Park is an early example of revegetation activity
in the Sudbury area, as it was constructed (1917) on the site of
a former roast bed. More recently, the town of Falconbridge
created Centennial Park on an old tailing deposit. Such
enterprises involved the importation of uncontaminated soil
as a growth medium, as does the current gardening and
landscaping boom, which is occurring at the expense of the
fertile topsoil in the Chelmsford Valley, once famous for its
potatoes. The first attempt at urban forestry in the barren zone
occurred in the 1960s, when Thomas Lloyd planted Carolina
poplar trees (Populus canadensis) at the approaches to the
town of Falconbridge. Large planting holes were filled with
black loam to provide an uncontaminated and nutrient-rich
growth medium. These poplar trees survived the worst years
of SO

2
 pollution, and are now tall trees.

No attempt was made to revegetate the barrens until
1969, despite the success of early initiatives involving the use

of imported soil, because it was generally believed that the
only factor directly limiting the re-establishment and growth
of plants was atmospheric quality. However, the announce-
ment by Inco Limited in 1969 of its intention to construct a
381 m smokestack stimulated the Ontario Department of
Lands and Forests (Sudbury District, Timber Branch) and
Laurentian University Biology Department to initiate a joint
experimental tree-planting programme on a barren site near
Coniston and in a stunted, partially barren red oak woodland
near Skead. The programme was known as SEEP (Sudbury
Environmental Enhancement Programme).

One of the 7 objectives of SEEP was to determine the
capability of the existing soil medium to support growth and
to assess the need for soil amendments. Soils were analyzed,
and during 1969 and 1970 several thousand trees (bare-root
nursery stock) of 29 native and exotic species were planted
near the towns of Coniston (a barren, sandy flood plain site),
Skead (a semibarren site on deep gravel dominated by red
oak) and Espanola (a sandy control site). Mortality near
Coniston was almost 100%, whereas at Skead the survival
was good but the growth poor (McHale et al. 1974).

When the trees planted on the barren site showed almost
total mortality, it was suspected that the direct impact of
atmospheric SO

2
 was not responsible, and the question of the

possible existence of limiting factors other than the direct
effect of air pollutants was raised. A number of candidate
environmental factors, physical, chemical and biotic, were
considered, some of which proved to be important, others of
which were later abandoned. A number of greenhouse and
field trials were initiated, using herbaceous species and
various soil amendments such as lime, fertilizer and mulches
(McHale et al. 1974; Winterhalder 1975). Soil bioassay
trials (Whitby 1974; Hutchinson and Whitby 1974b; Whitby
and Hutchinson 1974; Winterhalder 1974; Balsillie et al.
1978) showed increasing restriction of seed germination and
inhibition of root growth by soil or soil solution as the
smelters were approached. The roots of a seedling germi-
nated in soil from the barrens showed an immediate cessa-
tion in growth when they contacted the soil, and the seedling
developed a coral-like mass of roots at its surface. Once the
soil surface dried out, the seedling died of drought. Lime-
stone application to the soil reduced soil toxicity markedly,
allowing the roots to penetrate the soil surface (Whitby
1974; Winterhalder 1974; Whitby et al. 1976; Hutchinson
and Whitby 1977). It is interesting to note that approxi-
mately 20 years later, soils taken from the same sites as those
sampled by Whitby (Sargent 1996) were still inhibitory to
root growth, but somewhat less so.

In 1976, the Ministry of Natural Resources initiated
trials with Japanese paper pot tree seedling stock on limed
and fertilized soil at Skead and Coniston (Negusanti 1978).
These seedlings have shown excellent growth, especially in
the case of jack pine, despite the conclusion reached by
Waito and Gregory (1973) that liming of Skead soil was
deleterious to jack pine germination, survival and growth.
Earlier trials with container (“Ontario tube”) seedlings at
Skead, though showing high mortality, gave fairly good
growth of red and jack pine.
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The primary factor limiting plant growth was clearly
low pH combined with elevated copper and nickel values,
and later studies (Winterhalder 1983a) showed that aluminum
also reached toxic levels. Results of experiments on the
germination and early growth of redtop, an important
revegetation grass in the Sudbury area, suggest that the
inhibitory effects of copper and nickel on root growth
interact in a synergistic fashion, that is, they enhance each
other’s phytotoxic effect, giving a total toxicity that is more
than the sum of the toxicities of the individual elements. On
the other hand, the interaction between nickel and aluminum
is antagonistic, the aluminum “protecting” the plant from
increased nickel concentrations (Winterhalder 1983b).

Limestone application is an effective means of detoxi-
fying the barren soils, appearing initially to indicate a simple
case of a single limiting factor (i.e., low pH). As an environ-
mental factor, however, pH rarely operates alone. Even
Dansereau’s (1966) “Law of Factorial Control”, which dis-
tinguishes the limiting or “discrepant” factor from general
holocoenotic effects of the environment, does not fully fit the
circumstances that exist in the Sudbury barrens soils. A case
of an apparent single factor possessing its own particular
suite of dependent and interacting subfactors, a sort of
“oligocoenosis” (Winterhalder 1996), appears to exist.

Limestone Application as a
Soil Detoxifier and Trigger Factor

The simple act of applying ground limestone to these toxic
soils creates positive feedback loops throughout the system,
and has an immediate detoxifying effect, both in the green-
house and field situation. Furthermore, surface application
of limestone to toxic, barren soils triggers immediate colo-
nization by native plant species, through germination both of
the small existing seed bank and the larger incoming wind-
disseminated seed rain (Photos 7.13 and 7.14). Because of
the way in which it initiated the re-establishment of “nor-
mal” colonization and ecological succession, manual sur-
face liming of these soils became known as a “trigger factor”
(Winterhalder 1983b, 1988a). This procedure, in which a
single environmental factor is manipulated, allowing subse-
quent processes to occur through natural agencies, can be
thought of as “minimal intervention” (Skaller 1981).

The Detoxification Mechanism—
Neutralization and the Roles of

Calcium and Magnesium

A number of mechanisms have been postulated to explain
the detoxification of Sudbury soils by ground dolostone,
which is known in horticultural and agricultural circles as
dolomitic limestone. If the soil were fully neutralized by the
limestone, it could be supposed that the toxic metal had been
precipitated as carbonate. In many cases, however, it is not
necessary to raise the pH of a soil to more than around pH 5
to achieve detoxification. The hydroxylation of the trivalent

aluminum ion as the pH is increased by liming (i.e., Al3+ >
AlOH2+ > Al(OH)

2
+ > Al(OH)

3
) is almost certainly a factor,

but it does not fully explain detoxification, since theoreti-
cally the copper ions could still be active inhibitors of root
growth. Hutchinson and Collins (1978) have pointed out the
role of calcium in ameliorating some metal toxicities, espe-
cially in the aquatic environment. It is likely that both
calcium and magnesium ions in the dolomitic limestone
competitively exclude some metal ions from the root-hair’s
exchange complex. The calcium may also play a role in
improving plasma membrane integrity.

Mung bean seedlings grow well in certain Sudbury
barren soils when the soils are limed with dolomitic lime-
stone, but grow relatively poorly when limed with calcitic
limestone (McHale and Winterhalder 1997). It is hypoth-
esized that this differential effect is the result of induced
magnesium deficiency when the calcium:magnesium bal-
ance is altered by calcite application and/or of antagonism

Photo 7.13. Experimental plot on a patch of acid- and metal-tolerant Pohlia
moss, 6 km southwest of the Falconbridge smelter.

Photo 7.14. The same plot 4 years after applying pulverized limestone,
showing birch colonization.
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between magnesium and nickel under dolomitic limestone
treatment. McHale and Winterhalder (1997) found a similar
effect on the growth of redtop and birdsfoot trefoil (Lotus
corniculatus), but only on highly toxic soils and at low
liming rates. It is, therefore, a fortunate circumstance that the
limestone most readily available in Sudbury, from Little
LaCloche Island or from Michigan, is dolomitic in nature.

It is also possible that magnesium deficiency is induced
by high levels of aluminum or ammonium ions, as suggested
by Schultze and Freer-Smith (1991) in spruce dieback on
acid soils in Europe, or that magnesium plays another role,
not as yet understood.

Soil Phosphorus as a
Potentially Limiting Factor

Early field experiments on the sandy flood plain of Coniston
Creek, indicated that soil phosphorus deficiency emerged as
a secondary limiting factor to plant growth once the soil was
detoxified with limestone; however, it was later found that
plant growth could be initiated and maintained for several
years on stony slopes without the addition of phosphorus
fertilizer. Despite their severe erosion, the hillside soils
contain a substantial capital of phosphorus, presumably in
the form of phytin (inositol hexaphosphate) and its deriva-
tives, in the “fossil” organic matter derived from the pre-
denudation vegetation.

Most plants growing on these barren soils seem to
possess vesicular-arbuscular mycorrhizae (Blundon 1976),
assisting them in obtaining what little soil phosphorus is
present.

In contrast to Coniston, the freely drained gravelly
semibarren Skead soils showed nitrogen deficiency and
drought as the limiting factors secondary to pH-metal inter-
action. Grasses other than the native wavy hairgrass are still
difficult to establish here, and efforts to promote plant
establishment have been concentrated on woody species,
mostly conifers.

Revegetation Trials on the Flat,
Sandy Valley Bottoms and Plateaux

In 1975, small-scale experiments on the barren, sandy valley
bottom near Coniston were extended to a semioperational
scale by grassing 2.5 ha, using agricultural machinery (spike
harrow, lime spreader and cyclone seeder), limestone, ferti-
lizer, and a single species—Canada bluegrass. In some
respects, the treatment was similar to that used to grass local
mill tailings (Peters 1984), which the sandy soil resembles in
particle size distribution. In 1976, 7 ha of the Sudbury airport
outfield, a coarse sandy plateau, were similarly seeded using
Canada bluegrass and redtop. The resulting grass swards
were quickly colonized by woody species such as trembling
aspen and willows, and by clovers and vetches from nearby

roadside weed communities; however,
flat, accessible sites such as these formed only a small
percentage of the total barren land, and attention was turned
to the barren slopes.

Revegetation Trials on the
Steep, Stony Slopes

In 1974 and 1975, the Technical Tree Planting Committee of
the Regional Municipality of Sudbury (now known as the
Vegetation Enhancement Technical Advisory Committee or
VETAC) commissioned a group from Laurentian Universi-
ty’s Biology Department to carry out a survey of barren and
semibarren sites along the highway and railroad arteries into
the region (Winterhalder et al. 1975). This project was
known as the Forest Inventory Student Team (FIST). In
addition to the vegetation survey, experimental plots were
set up on representative barren site types, using a mixture of
commercial and native seeds. The success of these experi-
mental plots led to the grassing of 2 stony hillsides, one
opposite St. Hubert’s School in the West End of Sudbury, the
other near St. Paul the Apostle School in Coniston, at a semi-
operational (0.41 ha) scale. The seeding was carried out
manually by the pupils attending the schools. This manual
approach, which omitted the use of site preparation and a
nurse crop, differed markedly from previous practice at such
sites (e.g., Peters 1978, 1995), in which rocky slopes had
been contoured by bulldozers, followed by the use of agri-
cultural machinery.

The loamy soils of the slopes, with their stony mantle,
form an excellent seedbed and ameliorant trap, the stones
forming a protective mulch. Although frost heaving and
needle ice formation are common on these soils (Sahi 1983),
the enhanced root growth that follows liming allows for the
stabilization of the heaved areas by plant roots, while the
cracks formed by frost action can be beneficial in creating
“safe sites” in which seeds and ameliorants can lodge. These
stony soils are especially amenable to the manual approach
to revegetation. Following grass establishment, a number of
native woody species colonize the site.

In contrast, the fine silty-clay “badland” soils do not
lend themselves to the surface liming and seeding approach,
but are an ideal substrate on which to plant black locust
(Robinia pseudo-acacia). The fine silty sands of some of the
creek valleys and other lowlands are equally unreceptive to
the manual approach, but respond well to the use of agricul-
tural methods as described earlier.

REVEGETATION—
THE OPERATIONAL

PROCEDURES

In 1978, in response to an economic recession, the local
mining companies laid off 3500 employees and instituted a
summer shutdown, leaving hundreds of post-secondary stu-
dents without employment (Lautenbach 1985). The Re-
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gional Municipality of Sudbury acquired federal and provin-
cial job-creation funding, as well as industry support, to
employ 174 students who carried out several reclamation-
related projects, including manual liming, fertilizing and
seeding. The program has continued on an annual basis,
reaching its peak in 1983, when 1277 unemployed persons
were employed on combined federal, provincial, municipal
and industrial funding in the summer months, working on
Sudbury area revegetation. One of the major goals of the
program was image improvement, and the key visual corri-
dors along major highways and urban neighbourhoods were
targeted (Lautenbach 1987a, 1987b).

The Sudbury Regional Land
Reclamation Program:

Phase I—Establishment of a
Herbaceous Cover

The direct manual approach involves the application of
limestone, fertilizer and seed without site preparation, the
stony surface acting as a mulch and seed trap. Pulverized
dolomitic limestone is shipped into Sudbury in 25 to 40
tonne truckloads, and dumped in bulk close to the revegetation
sites. The limestone is shovelled into recycled fertilizer bags
in approximately 4.5 kg lots and carried onto the site by hand
or on all-terrain vehicles. On occasions, when funds and
facilities were available, the bags were moved into relatively
inaccessible areas by flat-bed rail cars or by helicopter
(Lautenbach 1985).

The bags are placed in a grid pattern at approximately
1 to 2 m intervals to ensure a treatment rate of approximately
8 to 10 tonnes/ha. In the first year of the program, lime
requirement determinations were made on the soils of differ-
ent sites, and the lime application rate adjusted accordingly;
however, test plots showed that liming rate had little effect
on the success of the treatment, and the application rate was
standardized throughout. The lime is spread manually by
emptying the bags as evenly as possible across the grid.

After a few weeks to allow the limestone to react with
the soil, 6–24–24 fertilizer (or one with a similar nitrogen-
phosphorus-potassium ratio) is hand-spread at approximately
390 kg/ha. Seeding is carried out at a rate of 30 to 45 kg/ha
in late August and September, using a manual cyclone
seeder. Table 7.1 shows the typical percent  composition by
weight of the grass-legume seed mixture, although its makeup
may differ slightly from year to year.

Germination occurs within 2 to 3 weeks, and there is
normally a sufficiently vigorous growth for the sward to
overwinter. Some seeds, especially those of birdsfoot trefoil,
remain dormant over winter and germinate in the spring.

Prior to treatment, sites are subjected to a process called
“site improvement” (Lautenbach 1985). The original intent
was the removal of standing dead material for aesthetic
reasons, but during the first two years the procedure was
often extended to the debris littering the ground, and the

wood was piled and burned. It was soon realized that such a
procedure was ecologically inappropriate, and subsequently
standing dead material was broken down to ground level and
left to aid in erosion control, humus production and wildlife
habitat creation. Once the debris is enveloped in a grass
sward, the increased humidity leads to accelerated decom-
position, although the elevated metal content of the litter
(Hutchinson and Whitby 1974a, 1974b) has been shown to
reduce microbial activity, as indicated by soil respiration
(Freedman and Hutchinson 1980c) and litter bag studies
(Freedman and Hutchinson 1980c; de Catanzaro 1983). On
the other hand, de Catanzaro (1983) showed that nickel
stimulates the mineralization (ammonification) of nitrog-
enous organic compounds in Sudbury soils, leading to an
elevated ammonium level. Low concentrations of nickel
also appear to stimulate the chemoautotrophic oxidation of
ammonium to nitrate (nitrification), whereas high concen-
trations inhibit the process.

Between 1978 and 2000, 4000 ha of barren land were
grassed in this way. By comparing air photographs from
1970 and 1989, McCall et al. (1995) showed that there had
been a 42% decline in the surface area of bare land and a 28%
decline in sparsely vegetated land. McCall et al. (1995)
attributed this change to the land reclamation program, but
colonization by metal-tolerant plants and by white birch
must also have played a role.

In 1980, Inco Limited initiated the use of a similar
technique on its own barren or “stressed” land, employing
all-terrain vehicles (Heale 1991). More recently, Inco
Limited employed a commercial crop-dusting company for
several years to apply limestone, fertilizer and seeds from
the air, and 650 ha were treated in this way over 4 years
(Heale 1995). In 1994, Inco Limited limed 37 ha of near-
barren land at the east end of Daisy Lake from the air as part
of a calibrated watershed study (Beckett et al. 1999).

The standard limestone–fertilizer-seed treatment has
been employed on some semibarren sites beside travelled
routes, but in general, wooded communities are left to
natural restoration process. Courtin (1994) is of the opinion
that human intervention will be necessary in the birch
transition community in order to bring about canopy closure
and increased biodiversity, but he suggests planting a range
of tree species rather than ameliorating the soil. In recent
years, the Sudbury Regional Land Reclamation Program has

Table 7.1. Typical constitution of the Sudbury Regional Land Reclamation
Program seed mixture (% by weight).

Grasses
Agrostis gigantea Redtop 20%
Festuca rubra Creeping red fescue 10%
Phleum pratense Timothy 20%
Poa compressa Canada bluegrass 15%
Poa pratensis Kentucky bluegrass 15%

Legumes
Lotus corniculatus Birdsfoot trefoil 10%
Trifolium hybridum Alsike clover 10%
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expanded the planting of tree seedlings on unlimed,
semibarren sites. McCall et al. (1995) have shown, by
examining aerial photographs from 1970 and 1989, that
approximately 22% of the “semibarren” or “birch transi-
tion” woodland had been recolonized by, or planted with,
conifers.

The Sudbury Regional Land
Reclamation Program: Phase II—

Spontaneous Colonization by
Woody Plants

The spontaneous colonization of grassed barrens by woody
plants was first noticed in 1974, when a 3 ha sandy barren site
in the Coniston Creek valley was grassed with Canada
bluegrass. This rhizomatous grass forms an open sward, and
within a year there was noticeable colonization by other
grass species such as redtop, legumes such as cow vetch
(Vicia cracca), native “wildflower” species such as pearly
everlasting (Anaphalis margaritacea) and woody species
like trembling aspen.

In the operational land reclamation program a mixture
of grass and legume species is employed, but the environ-
ment into which they are sown is highly diversified. Such
factors as the depth, degree of neutralization and humus and/
or nutrient content of the soil, as well as physical environ-
ment, give rise to a mosaic of plants and bare soil
(Winterhalder 1988b), leaving a number of safe sites in
which blown-in seeds can germinate. This approach, in
which a relatively sparse plant community is established by
means of minimal fertilization and a low seeding rate, is
referred to as “minimal amelioration”, and is central to the
philosophy of the Sudbury Regional Land Reclamation
Program. Indeed, the use of grass and legume seed is not
essential, since seeds from the seed rain will germinate on
the detoxified soil whether or not there is a grass cover
(Winterhalder 1995c). Nevertheless, Regional Land Recla-
mation sites are almost invariably seeded, mainly because of
the short-term cosmetic effect of a grass cover.

Over a period of years, there is a tendency for the
importance of seeded alien species to decrease and of volun-
teer native species to increase (Figure 7.3). The pattern
shown by nitrogen-fixing birdsfoot trefoil is interesting,
since it peaks, then falls off as the canopy develops.

It is notable that both tufted hairgrass and dwarf birch
continue to spread aggressively after the soil has been limed,
even if it is also seeded with grasses. This may be explained by
the fact that neither species is a true acidophile, dwarf birch
being characteristic of fens rather than bogs, and tufted hairgrass
normally being found on circumneutral or alkaline soils.

In terms of the effects of liming on residuals or relicts,
there is some qualitative visual evidence of partial recovery
of regressing maples following limestone treatment, but this
evidence is not conclusive.

The Sudbury Regional Land
Reclamation Program: Phase III—

Tree Planting

Spontaneous colonization of the grassed land by larger
woody plants is mainly confined to birch, poplar and wil-
lows (Photos 7.15 and 7.16), because conifer seed source is
limited, and suitable seed bed conditions are rare. From the
aesthetic or “image” viewpoint, the “greening” of the land-
scape that is so evident in the summer is lost in the winter,
because of the predominantly deciduous nature of the colo-
nizing woody species. Therefore, to make the winter land-
scape more visually pleasing and to ensure a ready seed
source when seed bed conditions become available, such
species as red pine, jack pine and white pine are planted in
informal groups (Photo 7.17) to act as a nucleus for future
natural ecosystem development (Beckett and Negusanti
1990). In the early days of the program there was some
reluctance to use white pine, because of its sensitivity to
sulphur dioxide (Linzon 1958); however, symptoms of
direct SO

2
 damage to white pine needles are now rare, and it

is currently planted quite widely.

The role of revegetation as a countermeasure against the
rising levels of “greenhouse gases” and consequent global
climate change has not been ignored. Beckett et al. (1995a,
1995b) have calculated that 100 tonnes of carbon would be
sequestered per hectare over a 30-year period if planting
density were increased to that of forestry practice. Most of
the trees planted are bare-root and container stock obtained
from the Ontario Ministry of Natural Resources or their sub-
contracted growers. Wherever possible, seedlings for north-
ern Ontario are grown from seeds of northern provenance,
but this provenance cannot be guaranteed.

Figure 7.3. Changes in importance of 2 seeded species (redtop and
birdsfoot trefoil) and 2 native species (pearly everlasting and trembling
aspen) over a period of 14 years following seeding.
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Certain native deciduous species are also planted, of
which red oak is probably the most successful. In addition,
seeds have been collected from some local trees and shrubs,
the seedlings being raised in the greenhouse of Cambrian
College of Applied Arts and Technology. One of the most
successful home-grown species has been Betula
alleghaniensis (yellow birch), a major component of the
northern hardwood community that was once found in shel-
tered, rich sites, and is now being replanted in similar sites.

Certain exotic tree species such as European larch
(Larix decidua) and the small leguminous tree black locust
(Robinia pseudo-acacia) are also planted, raising controver-
sial questions concerning the advisability of using exotics
when the creation of a quasi-natural plant community is the
stated aim (Winterhalder 1987). There are some sites, such
as the silty-clay “badlands”, where the direct seeding ap-
proach does not work, but black locust grows well (Photo
7.18), demonstrating a surprising tolerance of poor soil and
frost (Beckett and Negusanti 1990). In its native habitat, the
southern Appalachian and Ozark mountains, black locust is
a vigorous pioneer species, colonizing cleared or disturbed
hardwood forest (Boring and Swank 1984). There is some
apprehension in the Sudbury area that black locust, with its
spiny branches, vigorous seeding and suckering, and poi-
sonous seeds, could become something of a “weed”. Never-
theless, its tendency towards a growth decrease and possible

mortality after ten to twenty years (Boring and Swank 1984)
suggest that it will eventually give way to native woody
species, after playing a useful role in soil stabilization and
soil humus and nitrogen buildup.

At the time of writing, over 5 million trees have been
planted. Of the 3 pine species planted, jack pine shows the
best survival rate (78%), closely followed by red pine (76%)
and white pine (72%). The same pattern is seen with respect
to growth rate, as indicated by mean annual increase in
height, that of jack pine being 41 cm, red pine 33 cm and white
pine 12 cm. In terms of annual increase in height, black locust
holds the record, with an annual increase of 50 cm, in spite of
the winter kill suffered by its youngest extension growth.

When growth in height of jack and red pine on treated
barrens is compared to that on a sandy control site outside the
pollution zone, it has been found (Beckett and Negusanti 1990;
Lautenbach et al. 1995) that there is no significant difference,
the growth in jack pine in particular being almost identical. No
information is currently available on girth increment.

Following the establishment of herbaceous vegetation
on its own land, Inco Limited also plants trees, predomi-
nantly Pinus banksiana and P. resinosa (Heale 1991). Many
of these are raised in a mined-out drift at the 1400 m level of
Creighton Mine (Naumenko 1986; Courtin and Naumenko
1987; Heale 1987).

Photo 7.15. Workers liming barren land in 1982, north shore of Kelly Lake,
3 km south of the Copper Cliff smelter.

Photo 7.16. The same site as in photo 7.15, 6 years later, showing
colonization by trembling aspen.

Photo 7.17. Informal coniferous tree plantations on limed and grassed
barren land, with the Falconbridge smelter in the background, from 6 km
west-southwest of the smelter.

Photo 7.18. Black locust planted on silty-clay “badlands”, 1.5 km east of the
Coniston smelter.
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Phase IV (Experimental)—
Native Plant Introduction by

Means of Plugs

One method of enriching the seed rain is to transplant blocks
or “plugs” of soil and associated plants from natural commu-
nities, so that the plants can act as a seed source and a nucleus
for vegetative spread (Winterhalder 1995d). The use of plugs
also introduces a small seed bank and source of native
microbiota. Glass (1989), in his review of the role of seed banks
in restoration and management, points out that the seed bank in
a plant community often shows a lack of close correspondence
to the above-ground vegetation, and may contain species from
earlier stages in succession. The use of some soil from a plant
community that is the climax for the area, in the form of sod
transplants, is therefore highly desirable.

This method of exploiting natural tendencies towards
spontaneous colonization is a modification of the principle
of “nucleation” described by Yarranton and Morrison (1974).
In their study of the Grand Bend sand dunes on Lake Huron,
they noticed that individuals of certain pioneer species such
as red cedar (Juniperus virginiana) formed points or nuclei
for the initiation of patches of other “persistent” species that
spread and eventually coalesced. Miller (1978) suggested
that such an approach might be taken in revegetation, in that
selected “pioneer” species could be planted in clumps, then
the “persistent” species introduced into the clumps once the
pioneers are well established.

A modification of this approach is under investigation
on the revegetated Sudbury barrens at the experimental
level, and is not so far a part of the Regional Program. It
emphasizes the introduction of understory species charac-
teristic of the plant community targetted. These are intro-
duced into grassed and treed sites in large blocks of their own
soil, so that seedlings or propagules of associated species are
introduced with them. As far as possible, these plugs are
taken from sites that are themselves at risk, such as forests
about to be logged or electrical transmission corridors.
Typical Jack pine understory species such as Canada
mayflower (Maianthemum canadense), bunchberry (Cornus
canadensis) and wintergreen (Gaultheria procumbens) have
been introduced successfully in this way, and are spreading
vegetatively. Some of the plants introduced in this way,
although native to the general area, are not typical of pine
forests. The rationale for this is the fact that some of the
revegetated sites still retain an open, prairie or savanna-like
structure. One such species is the native actinorhizal nitro-
gen fixer known as soapberry (Shepherdia canadensis),
characteristically found on the open dolomitic limestone
savannas of Manitoulin Island. Another native transplanted
from the Manitoulin Island savannas, bearberry (Arctosta-
phylos uva-ursi), is also suspected of being actinorhizal
(Sprent 1979). Transplant experiments with these 2 species
have been highly successful from the point of view of
establishment and vigour, although spread has been more by
vegetative means than by seed. It could be hypothesized that
the ground dolomitic limestone applied to the acid Sudbury

soils helps these plants to survive at a pH much lower than that
of their native habitat, because of its favourable Ca/Mg ratio.

The transplantation of one species often leads to the
incidental introduction of other species that are its normal
associates. Species introduced through the transplantation
of soapberry and bearberry include common juniper
(Juniperus communis), white spruce, wild strawberry
(Fragaria virginiana), wild basil (Satureja vulgaris =
Clinopodium vulgare), balsam ragwort (Senecio
pauperculus), starry false Solomon’s seal (Smilacina stellata)
and several species of aster (Aster spp.) and goldenrod
(Solidago spp.).

SOIL DYNAMICS
FOLLOWING LIMING

pH and Bases

A year or so after liming, the soil pH of treated and success-
fully revegetated sites is often no more than one unit higher
than that of adjacent, untreated sites. It was at first feared that
leaching of the limed sites would narrow the pH differential,
and that a repeat limestone application might be required.
Contrary to such expectations, the pH differential between
adjacent treated and untreated sites sometimes increases
over time. At the Southview Drive–Southwest Bypass site,
south of Kelly Lake and the Copper Cliff smelter, treated in
1982, the pH differential 9 years after treatment was over 2
units. Photo 7.19 shows the sharp line that demarcates the
untreated land at this site, dominated by metal-tolerant
tufted hairgrass, from adjacent limed land with its lush
growth of grasses, forbs and woody plants. It is likely that an
initial decline in pH following liming was followed by a rise,
as bases were brought to the surface by the roots from the
subsoil and deposited in leaf litter.

The pH of a soil is, to a great extent, a function of its base
status. In the short term, this explains the effectiveness of

Photo 7.19. Line of demarcation between limed land (background) and
unlimed land (foreground), south shore of Kelly Lake, 3.5 km south of the
Copper Cliff smelter.
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limestone as a trigger factor in initiating detoxification and
plant growth. In the longer term, one might expect that the
neutralizing power of the limestone would be “used up”,
leading to regression of the plant community. The reality is
that detoxification allows for the penetration of roots into a
larger volume of soil, and the movement of calcium and
magnesium from these further reaches to the soil surface.
Aber (1987), who refers to this phenomenon as a “cation
pump”, points out that some tree species are better cation
pumps than others, with poplars and spruces being the best,
whereas pines actually acidify the forest floor. The current
procedure in the Sudbury area, of establishing a vigorous
growth of birch and poplar before or concurrently with the
planting of pines, therefore seems to be the correct choice.

It has been recognized for some time that the detoxify-
ing action of limestone on Sudbury soils is complex in
nature, simultaneously involving neutralization of acids,
detoxification of heavy metals and aluminum, and direct
cation effects. It was first hypothesized (Winterhalder 1983b)
that calcium was involved in a nutritional role, especially
since Lozano and Morrison (1981), in discussing the mineral
nutrition of woody plants in the Sudbury area, had suggested
that, once copper and nickel toxicity became less severe,
phosphorus and nitrogen might become limiting, followed
by calcium and magnesium. It was recognized that calcium
might not only provide a nutritional need, but that it would
also enhance plasma membrane integrity, thus improving
the plant root’s ability to selectively exclude toxic ions, as
well as having a mass action effect in reducing metal ion
uptake. Although there is no direct evidence of either cal-
cium or magnesium deficiency in the soils, it has become
clear that both the calcium and the magnesium in the dolomitic
limestone used in revegetation play a nutritional role. For
example, preliminary experiments have indicated that
dolomitic limestone is more effective than calcitic limestone
as a soil ameliorant on some sites (McHale and Winterhalder
1997). The most likely cause of this phenomenon is that the
high calcium content of the soil solution induces magnesium
deficiency through competition for adsorption sites. An
alternative hypothesis, one that has yet to be tested, is that
dolomitic limestone brings about a protective magnesium-
nickel antagonism, which is absent when calcitic limestone
is used.

Phosphorus
Beadle and Burges (1949) have suggested that the size

of the phosphorus “working capital” in a soil or in a soil
parent material can limit the type of plant community that
will ultimately occupy the site. In the short term, phosphorus
limitation in the Sudbury area has only been shown on sandy
soils such as those of the Coniston Creek valley, where plot
trials indicated that phosphorus deficiency was the second-
ary limiting factor following the pH–metal-factor complex.
Furthermore, it is possible that excessive soluble aluminum
concentrations in the acidic soils interferes with phosphorus
uptake and translocation, enhancing the phosphorus limita-
tion. Currently the Coniston Creek valley site, which was
limed, fertilized and sown to Canada bluegrass in 1974,
supports groves of trembling aspen, clonal patches of sweet
fern, and both jack pine and red pine plantations, so it may

be that once plants were able to explore the deeper solum, the
necessary phosphorus became available.

On the stony slopes, a 6–24–24 nitrogen-phosphorus-
potassium fertilizer is routinely applied during the
revegetation process. Nevertheless, experiments involving
limestone-only treatments indicate that fertilization is not
necessary in the short term, since the reservoir of phosphorus
in the residual organic matter is sufficient to support plant
growth for several years, depending on the degree of erosion
that has occurred. Limestone application itself has a benefi-
cial effect in making phosphorus in acid soils available to
plants, both through the release of phosphate from inorganic
complexation (Brady 1974) and through the enhanced min-
eralization of organic matter (Fransen 1991). There is also a
small reservoir of phosphorus in the unweathered glacial till
pebbles that characterize these soils. The phosphorus-cy-
cling activities of vesicular-arbuscular mycorrhizae are also
stimulated by liming (Blundon 1976).

In summary, there appears to be sufficient phosphorus
in the loamy glacial till-derived soils of the slopes to support
growth for a number of years. Furthermore, soil phosphorus
is unlikely to limit the development of a self-sustaining
woody community, especially as the weathering of
undecomposed glacial till and bedrock proceeds. On the
other hand, the sandy valley-bottom soils may remain very
poorly vegetated until their phosphorus levels build up
through accessions from blown-in detritus, animal foeces,
occasional floods and airborne deposition.

Nitrogen

Nitrogen deficiency is traditionally considered to be the
commonest limiting factor in land reclamation (Bradshaw
and Chadwick 1980), since the primary source is atmos-
pheric rather than terrestrial. The Sudbury barrens present
much less of a nitrogen challenge than most reclamation
sites because of the residual organic matter in the soil.
Nevertheless, once the nitrogen in the soil is used up, a
source will be required, and the enhancement of biological
nitrogen fixation must become part of the revegetation
formula if a maintenance-free system is the goal.

Algae and/or cyanobacteria are often the first primary
producers to colonize mined land, where they act as stabiliz-
ers and begin to build up fertility (Booth 1941). Many of the
cyanobacteria, formerly known as blue-green algae, are
nitrogen fixers, and they can play an important role in soil
nutrient buildup. Unfortunately they are very acid-sensitive.
Maxwell (1991, 1995) observed that the photosynthetic
microflora of the Sudbury barrens was dominated by the
motile, unicellular alga Chlamydomonas acidophila. Poten-
tially nitrogen-fixing cyanobacteria were absent, but they
colonized barren sites quickly after liming, their inoculum
being brought onto the site on the limers’ boots.

Although the symbiotic association between a member
of the bacterial genus Rhizobium and a leguminous plant
(i.e., one belonging to the pea family) is a major agent of



165

K. Winterhalder

nitrogen fixation in most terrestrial plant communities, the
native forest of the Sudbury hinterland contains no legumi-
nous species. It, therefore, appears that the Rhizobium–
legume association never played a role in the succession that
would have followed natural disturbances or logging in the
Sudbury area forests. In fact, the most common symbiotic
nitrogen-fixer in upland sites is the actinorhizal shrub sweet
fern, which plays a role in jack pine succession. Relict stands
of sweet fern also occur on the barrens, where they readily
colonize revegetated sites and spread rapidly, especially on
those which have been limed but not seeded; however, the
other native actinorhizal shrubs, speckled alder (Alnus rugosa
= A. incana subsp. rugosa) and green alder (A. crispa) do not
readily volunteer on treated land, despite the fact that their
fruits, like those of the birch, are winged.

In view of the lack of appropriate native symbiotic
nitrogen fixers, 2 easily obtainable herbaceous, leguminous
forage species, known to be acid-tolerant and cold-hardy,
are used as part of the revegetation seed-mixture. These are
Alsike clover (Trifolium hybridum) and birdsfoot trefoil.
Blundon (1976) compared nodulation of 2 species of Trifo-
lium on limed and unlimed barren soils. She found that
nodulation did not occur on unlimed soils, but that liming
increased nodulation to 20%. In general, nodulation of
Alsike clover and birdsfoot trefoil on revegetated land is
excellent, even when the seeds are not inoculated (Johnson
1994). Johnson (1997) showed that the barren, phytotoxic
soils contain populations of rhizobia, and that these rhizobia
demonstrate better survival and better capacity to produce
effectively nodulated Alsike clover plants than control strains,
once these soils are detoxified by liming.

On more difficult sites, such as the valley clay badlands
mentioned above, a small leguminous tree native to the
Appalachian Mountains, black locust (Robinia pseudo-aca-
cia), is used with great success.

The successful transplantation of native soapberry (a
known nitrogen-fixer) and bearberry (a suspected nitrogen-
fixer) has already been referred to.

A preliminary study of nitrogen buildup in revegetated
systems suggests that the major change will be a move from
predominantly soil nitrogen to predominantly vegetation
nitrogen, a general successional change postulated by Odum
(1969) for a relatively “late” stage of succession. In fact,
until the climax biomass is achieved or a limiting factor such
as phosphorus deficiency comes into play, one would expect
fixed nitrogen to be rapidly cycled, assuming that ammoni-
fication and nitrification are occurring.

When an attempt is made to compartmentalize nitrogen
in the plant-soil system, it becomes clear that the mostly
residual soil nitrogen reservoir is sufficient to satisfy many
years of plant needs (Winterhalder 1996).

Metals

Even after revegetation treatment, which involves the sur-
face application of pulverized dolomitic limestone, grasses

grown on the metal-contaminated soil have elevated copper
and nickel contents, relative to “normal” values (Winterhalder
1996). Normal values were used in this study for compara-
tive purposes, because the grasses used in revegetation are
incapable of growth on untreated soil, so “control” metal
levels are unavailable.

Beckett and Negusanti (1990) compared three-year old
jack pine needles from a revegetated site with those from a
control site 50 km distant from Sudbury, and found elevated
levels of aluminum, copper and (especially) nickel. Beckett
et al. (1995a, 1995b) found that the metal content of the
needles of red and jack pine on revegetated sites increased
with age, but concluded that metals did not reach phytotoxic
levels in the needles. Nevertheless, the way in which plants
move copper and nickel from the soil into the terrestrial food
chain might be considered a negative aspect of revegetation.

Metal-tolerant tufted hairgrass continues to thrive after
liming, and it is possible to make a direct comparison of the
effects of liming on metal uptake by this species. As might
be expected, liming brings about a significant decrease in
aluminum, copper and nickel content of tufted hairgrass
leaves, with aluminum showing the greatest reduction, fol-
lowed by nickel, then copper. Beckett et al. (1995a, 1995b)
showed a similar metal uptake reduction following liming in
jack pine (Table 7.2), although in this species the greatest
reduction was in copper content.

Clearly the detoxifying effect of liming on soil is a
complex one, involving both chemical and biological com-
ponents, but the reduced availability of metals following
liming can be still be demonstrated in chemical terms alone.
Both water-soluble and total metals have been shown to
decrease over time (Winterhalder 1996). The decrease in
total metals is somewhat surprising, and is more difficult to
explain than the decrease in water-soluble metals. It can only
be hypothesized that metals have been lost to the soil as a
result of uptake into plants and/or loss to the general environ-
ment through soil erosion, as well as through an increased
rate of organic matter decomposition and resultant leaching
of complexed metals.

Table 7.2. Median elemental content of two-year-old needles of fifteen-
year-old jack pines (Pinus banksiana) from a limed, revegetated site and an
adjacent untreated area (n = 20) (adapted from Beckett et al. 1995).

Element Revegetated (µg/g) Untreated (µg/g)

Cu  8  42
Ni  21  32
Pb  3  5
Zn  27  65
Fe  85  170
Al  276  560
Ca  2500  1300
Mg  950  350
S  1000  2100



166

Physical Environment–Sudbury; OGS Special Volume 6

The Pros and Cons of Liming
and the Prognosis for
Permanent Success

According to Gunn et al. (1996), the Sudbury case history
provides strong evidence for the effectiveness of emission
control programs. Certainly this is true of aquatic ecosys-
tems, which are recovering rapidly. Nevertheless, natural
recovery of plant communities on Sudbury’s untreated bar-
ren soils is likely to continue at a very slow rate, compared
to the rapid colonization that occurs following soil amelio-
ration. Based on the present state of knowledge, we can
expect tolerant grasses and deciduous trees and shrubs such
as birch, poplar and willows to take the lead on the treated
land, accompanied by occasional pines. As organic matter is
deposited and the unweathered glacial till components break
down and release their bases and contribute to the soil’s
sand, silt and clay fractions, metals that do not leach away
will become diluted and chemically bound, and the soils will
become less toxic. This will create an opportunity for coloni-
zation by less metal-tolerant species and less tolerant ecotypes.

It is difficult to estimate the amount of time that a
naturally recovering contaminated site might take to reach a
stable, quasi-natural community structure and floristic com-
position, especially in view of the possibility of global
climate change. It seems likely, however, that the process
will be much slower than a similar phenomenon in an aquatic
system, and that during the recovery process, soil and
contaminants will continue to be eroded into the valleys, the
watercourses and finally the lakes. The anoxic sediments of
these lakes will ultimately constitute a major sink for toxic
trace elements (Belzile and Morris 1995). It is therefore
considered beneficial to accelerate plant establishment and
soil stabilization by revegetation procedures. Nevertheless,
the liming of the landscape brings about a change in the
balance of elements in the system, the effects of which may
be difficult to predict. In Sweden, it has been suggested that
the liming of land to neutralize the effects of acid precipita-
tion may have caused an undiagnosed and often fatal illness
in 1500 moose in the southwest of the country (Frank 1998).
The rise in pH of the soil following liming causes an increase
in molybdenum uptake by plants. The effect of the excess
molybdenum in the elk’s diet is to cause a secondary copper
deficiency, leading to weight loss, weakened immune sys-
tem, osteoporosis, blindness and heart failure.

Over a period of many years, more phosphorus will
undoubtedly be slowly released to the system by the weath-
ering of undecomposed stones in the glacial till, as well as
through breakdown of the exfoliating bedrock material.
Nevertheless, the total phosphorus “capital” in soil and
parent material can limit the type of plant community that will
ultimately occupy a site (Beadle and Burges 1949), and in the
relatively short term, edaphic factors may prevent the devel-
opment of the full climatic climax vegetation-type. This is not
necessarily a bad thing—subclimaxes of various sorts are
found all over the world, many of them the result of perfectly
natural factors. Bowler (1992) is of the opinion that North
Americans have too little appreciation of the environmental

values inherent in anthropogenic landscapes like the maquis
and garrigue of Mediterranean France, and he suggests that
ecologically disturbed areas have a value as corridors and
buffers, back-up habitat for wildlife, multi-successional land-
scapes and as areas for the practice of restoration.

In the case of semibarren communities, James (1982),
James and Courtin (1985) and Courtin (1994, 1995) have
suggested that poor seedling survival, periodic crown dieback,
persistence of acidic, metal-contaminated soils, periodic
drought and attack by phytophagous insects will maintain
this woodland in its present coppiced form. Amiro and
Courtin (1981) have questioned whether full recovery of
Sudbury’s degraded sites can ever occur, because of the
changes in soil chemistry, and Courtin (1994) suggests that
even the open birch coppice community will require the
planting of conifers to increase tree species diversity suffi-
ciently to escape the current cycle of insect infestations that
is characteristic of a monoculture.

Bradshaw (1987b, p.68) is of the opinion that “In the
case of metal-contaminated sites . . . the nature of the toxicity
is such that direct treatment is not completely satisfactory”.
So far, the Sudbury story does not appear to conform to this
generalization. Indeed, the Sudbury experience has shown
that, once the initial barrier to plant growth is overcome, the
vegetation itself can ameliorate the soil by creating metal-
chelating humus and insulation in the form of leaf litter,
transporting bases to the surface, fixing nitrogen, and modi-
fying microclimate.

Bradshaw (1987b) goes on to suggest that, in the case of
metal-contaminated sites, one should look to metal-tolerant
ecotypes as revegetation species. While it is true that indig-
enous metal-tolerant ecotypes such as tufted hairgrass and
tickle grass have played a role in the “greening” of the
landscape, total dependence on them as revegetation species
would give rise to a plant community that is low in biological
diversity, restricted in key aspects of ecosystem function
such as litter decomposition and nutrient cycling, and possi-
bly showing enhanced metal cycling (Winterhalder 1999).

Bradshaw (1988) suggests that land reclamation should
involve a systematic approach to the determination of appro-
priate endpoints; however, the factors that have shaped the
Sudbury land reclamation program are by no means all
deliberate and systematic. They include government pollu-
tion control legislation during a prosperous period for the
mining industry, effective partnerships among industry,
government, academia and the public, a minimal treatment
approach combined with a willingness to remain flexible
and focus on achievable goals, and the direct involvement of
the public (Gunn et al. 1995).

An element that may appear to be missing from the
broader context of the Sudbury land reclamation program is
that of land-use planning. Certainly, an objective of aesthetic
enhancement has been uppermost in the minds of politicians
and the general public. In the minds of ecologists involved in
the program, a further goal of “wildlife habitat” has been
implicit if not explicit. Most of Sudbury’s damaged terrain
consists of hills with extensive rock outcrops, alternating
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with small depressions and flood plains, which prior to
disturbance were covered with native forest. It seems logical,
therefore, to have as a goal the development of a quasi-
natural forest community with its associated fauna. There is
no reason why other land uses could not develop from this
quasi-natural baseline at some future time. Cairns (1995)
cautions against calculating too far into the future, and
recommends repairing ecosystems so that money spent in
such activities will generate the greatest social good. The
Program’s achievements of gainful employment, image im-
provement and environmental rehabilitation certainly fits
this model. Nevertheless, in a number of cases, land that had
been rehabilitated and vegetated was then developed for
housing, involving the destruction of much of the vegetation
that had been so recently established.

Even outside Sudbury’s main pollution zone, land use is
not always optimal or even appropriate. Although Pierpoint
and Hills (1963, p.1) considered the Sudbury Basin to be “one
of the relatively few places on the Canadian Shield where the
land has a good potential for agricultural use and is of an area
large enough to be suitable for a dominantly agricultural
community”, the former potato farms are largely abandoned,
and the land stripped of its topsoil for landscaping in the city
or, at the most, used for lawn sod production or horse pasture.

Both Bradshaw (1987b) and Cairns (1981) have made
the point that the ecologist can learn a great deal from the
observation of ecosystem degradation and restoration.
Bradshaw (1987a), while acknowledging that the self-
healing properties of ecosystems weaken the argument that
we have to fully understand the ecosystem before we can
repair it, suggests that the rate of achievement of successful
restoration can be taken as a criterion of our understanding of
the system. Rigorous scientific study of industrially damaged
areas is essential (Bradshaw 1993, Gunn et al. 1995), and the
dynamics of the terrestrial ecosystem found in the Sudbury
area will serve as an outdoor laboratory for decades if not
centuries to come, especially if some areas are left to undergo
natural recovery for comparison purposes.

SUMMARY

Over a period of approximately one hundred years, the soil
and vegetation of 1000 km2  of the Sudbury landscape have
become degraded, primarily through the effects of mining
and smelting. The soils have been eroded, acidified and
contaminated with metals, while the vegetation has suffered
a loss in species diversity and a structural change from forest
to woodland, savanna and treeless barrens.

Reduced emissions of sulphur dioxide and metal parti-
cles in the early 1970s have moderated soil acidity through
the leaching of free acids and the release of basic cations from
weathering of glacial till. Phytotoxic metal levels have also
been reduced, presumably as a result of leaching and erosion.
Vegetation has responded to soil changes by the slow colo-
nization of barren sites by a small number of metal tolerant
plant species.

In the late 1970s, regional government and mining
companies implemented revegetation measures by liming
and seeding barren land, and planting tree seedlings, mostly
of species that were dominant in the original Sudbury forest.
The original motivation was more cosmetic than environ-
mental, the goal being to improve Sudbury’s image as a
treeless wasteland. Once the highway view corridors had
been “greened”, the revegetation philosophy became more
landscape and ecosystem based. By the turn of the century,
new perspectives include the beneficial effects on lake water
chemistry of watershed liming and revegetation and the need
to accelerate the establishment of an appropriate understory
in the re-established pine “forests”.
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Abstract

Kelly Lake, on the western edge of the urban core of Sudbury, has been one of the community’s most
important environmental assets and is an archive of its environmental history. It is at the focus of a largely
urban and industrial watershed and has received run-off and discharge from a large mining and smelting
complex, as well as sewage effluent, since the 1880s. After air pollution caused devegetation, severe erosion
led to rapid progradation of the delta at the mouth of the largest incoming creek which drains most of the
watershed. Since 1992 the delta has stabilized. Reduction of erosion because of revegetation in the watershed
is among several factors that may have been responsible. An 18 m deep basin in the lake has served as a
trap for fine sediment and organic matter. Biochemical and geochemical processes in the lake, resulting
from the interaction of metals and organic matter, have established it as a storehouse of contamination that
would otherwise have travelled downstream.

INTRODUCTION

Gunn and Keller (1995) reviewed the impact of industrial
and urban stresses on the condition of lakes in the Sudbury
area and concluded that convincing evidence of partial
recovery, from at least acidification and metal contamina-
tion, was to be seen in both water chemistry and aquatic life.
For Sudburians, this means that many lakes will once again
become places to fish and enjoy the benefits of outdoor
recreation, but the value of lakes for the well-being of the
community goes far beyond recreation. Two of these lakes
have been especially important: Ramsey Lake and Kelly
Lake (Figure 8.1).  Ramsey Lake is the main source of the
city’s drinking water and a pre-eminent recreational asset
while Kelly Lake serves as the community’s wastewater
receiving pond. Although the significance of clean drinking
water is obvious and has often made Ramsey Lake the
subject of discussion, the attributes that make Kelly Lake an
environmental asset have not been recognized.

Kelly Lake lies to the west of downtown Sudbury
(46°27'N, 81°04'W) (Photo 8.1). It is elongate, approxi-
mately 4.5 km long by 1 km at its widest point, covers 339
ha and lies in a rock basin that is morphologically little more
than a deep and broad enlargement of the bed of Junction
Creek (see Figure 8.1). However, its location is remarkably

strategic as it lies immediately downstream of the commercial
and residential core of the city as well as the International
Nickel Company’s (Inco Ltd.) mining, milling and smelting
complex. Almost all waterborne industrial and residential
pollution leaving Sudbury and flowing southwest toward the
Great Lakes, must pass through Kelly Lake and, therefore,
become involved in its physical, chemical and biological
processes. It has, in effect, acted as a settling pond for over a
century, capturing and storing industrial metal pollution and
municipal sewage effluent in an unusual ore-grade, copper-,
nickel- and phosphorus-rich sediment. Nevertheless, the ef-
fect of mining in Sudbury is very evident in the concentration
of copper and nickel in the sediment, even 100 km down-
stream where water from Sudbury enters Lake Huron from the
Spanish River (Spanish Harbour Remedial Action Plan Team
1993; Dixit et al. 1998). Without Kelly Lake, Sudbury’s
impact on this area would have been far greater.

Analytical Methods

Water samples for metal analysis were preserved at a pH
value of less than 2 with HNO

3
 in the field, and later,

analyzed by ICP-MS. Analysis for phosphorus was carried
out using the standard stannous chloride method. Samples
for dissolved concentrations were filtered in the field using
a 0.45 m membrane.
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Figure 8.1. The Kelly Lake watershed of upper Junction Creek showing urban and industrial areas.

Photo 8.1. Aerial view of Kelly Lake looking west. The Inco Limited
Nickel Refinery and former Iron Ore Recovery Plant is on the north shore,
with the Copper Cliff tailings in the background.
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Figure 8.2. Bathymetric map and cross section of Kelly Lake showing the position of monitoring station 38.

 LAKE MORPHOLOGY

Kelly Lake is divided into 3 very different morphological
components (Figure 8.2): an extensive delta at the mouth of
Junction Creek; a steep sided, 18 m deep basin at the foot of
the delta; and a shallow 2 to 4 m deep shelf. The delta and the
basin function together as a sediment trap. The depth and
shape of the basin encourage thermal and chemical stratifi-
cation thereby creating seasonally changing chemical envi-
ronments. They, in turn, govern the reactions by which
contaminants are removed from the water column by ad-
sorption and deposition on the one hand, and are released
from the sediment on the other. The shelf, in contrast, is
susceptible to periods of sediment resuspension driven by
wind mixing and high current velocity, especially during
spring run-off.

ENVIRONMENTAL DAMAGE
AND WATERSHED EROSION

Sulphur dioxide from the open roasting of ore and smelter
stacks completed the devastation of Sudbury’s vegetation
that forest fires and logging had begun (Winterhalder 1995a).
Apollo astronauts trained on the southern borderland of
Kelly Lake in early July 1971 (Photo 8.2). Although it was
the geology that drew them there, it is not hard to understand
why public perception focussed on the so-called “moon-
scape” appearance of the countryside. By 1971 the Kelly
Lake watershed (see Figure 8.1) had suffered severe erosion
for over 80 years. At its peak, erosion may have increased by
as much as two orders of magnitude over the normal rate in
this part of the continent (Pearce 1976). Soil was washed into

Photo 8.2. Apollo astronauts training near the south shore of Kelly Lake, July 1971.
(NASA 71-40732.)
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creeks and lakes, leaving barren and blackened rocky ridges
interspersed with silty and often marshy flat land. Surface
run-off quickly reached Junction Creek through tributaries
such as Copper Cliff Creek and Nolin’s Creek.

SEDIMENT STORAGE IN
KELLY LAKE

Delta Growth

It is no surprise that the loss of vegetation accelerated
erosion in the rocky terrain of the Junction Creek drainage
basin. Pearce’s (1976) conclusion that erosion near Sudbury

Photo 8.3. The Junction Creek delta between 1928 and 1999.

during the spring run-off in the early 1970s amounted to as
much as 1000 m3/km2a–1, dramatically quantified the impact.
Evidence of the volume of sediment carried by Junction
Creek can be seen in the rapid growth of its delta at Kelly
Lake (Photo 8.3). Mapping based on aerial photographs
from 1928 to 1999 (Figure 8.3) shows that during this period
the delta top expanded by 161␣ 000 m2 or an average of 2270
m2 annually. Considering that Junction Creek drains only the
northern part, or about 55% of the 207 km2 Kelly Lake
watershed (see Figure 8.1), that expansion amounts to an
approximate annual growth rate of 20 m2 of delta top for each
1 km2 of the drainage basin, a figure that is compatible with
Pearce’s (1976) calculations of the local erosion rate. The
most rapid period of growth occurred between 1928 and
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Figure 8.3. Growth of the Junction Creek delta into Kelly Lake.

Figure 8.4. Junction Creek delta growth into Kelly Lake.
Photo 8.4. Junction Creek entering Kelly Lake, 1928. (Photo courtesy of
A. Gallie.) (National Air Photo Library A-485-92.)

1956, when about 110␣ 000 m2 were added at nearly 8000 m2/yr
(Figure 8.4).

Evidence of high flow volumes in Junction Creek in the
1920s can be seen in 2 large crevasse splays of fresh
sediment spilling onto the flood plain a little less than 1 km
from Kelly Lake in a 1928 aerial photograph (Photo 8.4). It

is impossible to be sure of their exact age, but they are hardly
vegetated and may have resulted from flooding that occurred
in the spring of both 1922 and 1923 (Nickel District Conser-
vation Authority 1981). The same photograph shows a
distinct discontinuity on the delta top that meets the creek at
the point where the channel changes from sinuous to straight.
The discontinuity appears to mark the pre-settlement shore
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Photo 8.9. Bank erosion on Junction Creek. (Sudbury Public Library.)
Photo 8.7. Junction Creek flooding in downtown Sudbury, summer 1930.
(Sudbury and District Historical Society.)

Photo 8.5. Devegetated and eroded rock ridge north of Cambrian College,
Sudbury, August 1973.

Photo 8.6. Tree root exposed by erosion, north of Cambrian College,
Sudbury, August 1973.

Photo 8.8. Junction Creek flooding in downtown Sudbury, spring 1935,
looking north along Notre Dame to the Flour Mill area. (Sudbury and
District Historical Society.)

before delta growth accelerated and the hydrology of the
creek became dominated by high flow volumes.

Pre-settlement forest and soil cover in the watershed
evidently slowed runoff and minimized peak flow volumes,
allowing the development of meanders. The exposed bed-
rock that replaced the forest (Photos 8.5 and 8.6)  had little
capacity to hinder runoff, with the result that peak flows
increased. The transition from delta top meanders to a long

straight channel is the predictable consequence of such a
major hydrological change (Knighton 1984). Dams were
eventually built to help replace the role of the forest, but in
the meantime flooding became commonplace with 46 floods
recorded between 1916 and 1979 (Nickel District Conserva-
tion Authority 1981) (Photos 8.7 and 8.8), of which 37
occurred between 1954 and 1979.

Although there is no direct evidence that the total annual
run-off in the watershed increased, Scheider (1984) found
that in 1978 and 1979 runoff in the catchments of Middle and
Hannah lakes, immediately adjacent to Kelly Lake, was 10
and 30% higher than in comparable, forested catchments in
Muskoka–Haliburton watersheds. Higher peak flows and
overall runoff, coupled with severe erosion (Photos 8.9 and
8.10) supplied the sediment that went to build the Junction
Creek delta.

The initial trigger for increased sedimentation might
well have been the extensive fire in the watershed that
occurred shortly before 1883 (Wallace 1993), followed by
the impact of construction along the banks of the creek in the
early city; mine site development and fuel-wood logging for
open roasting of ore in Copper Cliff; and the strongly acidic
sulphur dioxide fumes from open roasting and smelting.
These factors must have become increasingly effective
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Photo 8.11. Rail yard and creosoting plant adjacent to Junction Creek
upstream from Kelly Lake, 1956. (Nickel District Conservation Authority
Library, #1178, 4066-7-107.)

Photo 8.12. Sediment layers from 108-113 cm below the sediment surface
in the basin of Kelly Lake, probably dating from about 1880 to 1910.

Photo 8.10. Gully erosion in the Coniston area, east of downtown Sudbury,
May 1975 (Photo courtesy of D. Richardson)

toward the end of the century. If the date of the discontinuity
on the surface of the delta is very conservatively taken to be
1875, then the exposed area of the delta grew at an average
rate of 2250 m2 a year until 1928.

Although this description of delta growth excludes
consideration of the submerged part of the prograding delta,
the overall consequence of events in the watershed for
sedimentation at the mouth of the creek is clear. That
connection may also be responsible for a recent slowdown
and shift to erosion along the outermost fringes of the delta.
This recent development can be seen by comparing the
footprints of the 1992 and 1999 deltas (see Figure 8.3). The
change can be attributed to the interaction of several factors
such as the high exposure to wind and waves of the long, thin
“bird’s foot” promontory; and the capturing of spring run-
off and storm water behind dams built by the Conservation
Authority. However, the natural growth of ground cover and
the success of the community’s revegetation program in the

last 20 years (Lautenbach et al. 1995; Winterhalder 1995b)
since smelter pollution began to decline in the 1970s (Bouil-
lon 1995) must also be a given considerable credit.

 It is likely that the short term future of the delta will
include a switch in the path of the main channel because of
sediment deposition at the mouth of today’s long, straight
creek bed. Further erosion of the delta top and accompany-
ing redeposition is likely to flatten the outline of the delta and
continue the filling of the 2 adjacent bays. Erosion and
reworking of the old delta sediment will release buried
contamination in the form of metals adsorbed to particles,
and may increase the acidity of the lake if sulphide minerals
are exposed and oxidized. Creosote residue, originating in
the creosoting plant that operated close to Junction Creek
about 4 km upstream of the lake (Photo 8.11; Stantec
Consulting 2000), has been found in auger samples from the
delta top and is also liable to be released. Monitoring of the
shoreline might well show some advantage to stimulating
wetland vegetation as a means of shielding contaminated
sediment from erosion.

Deposition in the Basin

Cores taken in the central part of the basin show at least
120 cm of paired sediment layers (Photo 8.12) composed of
silt overlain by an organic-rich layer. The layering has the
overall appearance of annual couplets (varves) related to
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rapid deposition of spring silt followed by slowly deposited
suspended organic matter during the summer, fall and win-
ter. However, in detail the pattern is complicated because of
sediment deposited during summer storms. Initial pollen
analysis by J. Richard (personal communication, 1999) indi-
cates that a pine-dominated landscape was succeeded by one
dominated by weeds. Evidence for this change is found at a
depth in the sediment that broadly corresponds to the begin-
ning of ore processing in the late 1800s, if the major layers are
interpreted as annual sediment couplets. A rapid increase in
the thickness of the silt layers correlates with the change in
sediment supply that caused the growth of the delta.

WATER QUALITY:
THE ROLES OF TECHNOLOGY

AND NATURAL PROCESSES

The Benefits of Technology

The Kelly Lake watershed has been pervasively dusted by
metal-rich smelter fallout and includes several mine sites,
waste rock dumps and wastewater ponds. The lake is there-
fore influenced by many sources of metals. The drop in
copper and nickel concentrations at the outlet of the lake
between 1968 and 1998 (Figures 8.5 and 8.6) is a cumulative
beneficial effect of changes in water treatment and smelter
technology coupled with revegetation in the watershed.
Cutting smelter emissions (Bouillon 1995) reduced the load
of nickel-, iron- and copper-rich smelter dust microspheres
(Photos 8.13 and 8.14) deposited directly into lakes and onto
land. Installation of water treatment plants on Copper Cliff
Creek and Nolins Creek in 1976 substantially reduced the
copper and nickel concentrations in the waste water dis-
charged to those creeks and subsequently Kelly Lake.
Revegetation reduced erosion and provided organic matter
onto which metal ions such as copper are absorbed. How-
ever, the path to improvement was not entirely smooth, as
sporadically high metal concentrations at the outlet between
1988 and 1992 make evident (see Figures 8.5 and 8.6).

The stabilization of lake pH within a limited range of
6.5 to 8.0 occurred in the mid 1980s (Figure 8.7), about 5 or
6 years after the onset of metal reductions. Until stabilization
occurred, the pH of exiting water had been known to swing
from extremes of 4.5 to 10.0 in only a few weeks (see Figure 8.7).

The Importance of Natural Processes

Despite the positive effect of environmental technology on
effluent metal levels, natural lake processes that have cap-
tured and stored metals, especially copper, in the sediment of
Kelly Lake for the last century continue to be an important,
inadvertent “living machine” (Todd and Todd 1994) that
protects downstream environments. Ironically, the combi-
nation of 2 effluents, one metal-rich from the mining indus-
try and the other nutrient-rich domestic sewage effluent, has
resulted in interactions that have been an environmentally
fortunate coincidence for downstream communities.

Figure 8.5. Variation in total copper concentration at Kelly Lake exit
(Ministry of the Environment station 14002800302) from 1968 to 1999.
(Exponential trend line.)

Figure 8.6. Variation in total nickel concentration at Kelly Lake exit
(Ministry of the Environment station 14002800302) from 1968 to 1999.
(Second order polynomial regression trend line.)

Seasonal Stratification and Mixing

Four seasonally related regimes in the water column were
recognized during regular monitoring between March 1998
and December 1999: a progressively anoxic, ice-covered
winter period; spring runoff and stratification; strong sum-
mer stratification in the basin; followed by a two-stage fall
turnover (Figure 8.8). Apart from the spring runoff, when the
normal systems of the lake are overwhelmed by high exter-
nal flows, this cycle is governed by thermal and chemical
stratification and the consumption of oxygen by the organic-
rich sediment. The pattern is most clearly seen in dissolved
oxygen profiles in the basin for 1998–1999 (Figure 8.9).
Data from previous years are known to support this general
picture.

Following the melting of the ice cover in the spring,
stratification developed at a depth of about 12 m. Anoxic
water below this depth remained undisturbed. During the
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Figure 8.7. Variation in pH at Kelly Lake exit (Ministry of the Environment
station 14002800302) from 1968 to 1994. (Linear regression trend line.)

Figure 8.8. Seasonal cycle in Kelly Lake.

Figure 8.9. Dissolved oxygen profiles in the Kelly Lake basin (station 38)
from October 1998 to August 1999.

Photo 8.13. A) Covellite smelter dust microspheres (A-1) with chalcopyrite
overgrowths (A-2). B) White dendritic-textured iron-nickel silicate (B-1)
set in dark iron calcium aluminum silicate matrix (B-2) with particles of iron
copper sulphide (B-3) located to the right of the sphere. Samples located in
sediment 53 to 63 cm below the sediment surface in the basin of Kelly Lake,
probably dating from about 1965 to 1973.

Photo 8.14. Smelter dust horizon of many varieties of iron-, nickel-, copper-
rich smelter dust microspheres in sediment 65 cm below the sediment
surface in the basin of Kelly Lake, probably dating from about 1963.

summer severe oxygen depletion rose from a depth of 12 to
9 m and a separate, chemically defined 1.5 m layer devel-
oped at the sediment-water interface. This layer grew more
intense until it was eroded in mid-November during the
second stage of lake turnover. Under the winter ice, thermal
stratification was absent and consumption of oxygen at the
sediment surface progressively established an oxygen-poor
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Figure 8.13. Total (T), dissolved (D) and particulate (P) copper (Cu)
concentrations at station 38 for the epilimnion (3 m).

Figure 8.10. Stratigraphic distribution of total copper load from March
1998 to March 1999.

Figure 8.11. Total copper versus flow at Kelly Lake exit (Ministry of the
Environment station 14002800302; Water Survey of Canada station
02CF012) (data from 1987, 1988, 1991, and 1994). (Exponential regression
trend line.)

Figure 8.12. Copper load entering Kelly Lake from Junction Creek (Min-
istry of the Environment station 14002800402) and leaving through the
Kelly Lake exit (Ministry of the Environment station 14002800302; Water
Survey of Canada station 02CF012) from March 1998 to August 1999.
Inflow volumes assumed to be 85% of outflow (Kilborn 1980). (*Note April
5, 1998, peak = 1019 kg.day.)

environment in the entire lake. Under-ice algal blooms
produced oxygen in the uppermost water when light levels
increased in March.

Metal Removal—Copper

Substantial reductions in nickel and copper concentrations
in Sudbury area lakes took place in the 1990s as a result of
smelter emission reductions, implemented under the Count-
down Acid Rain Program (Keller et al.1999).

Concentrations are also decreasing in Sudbury soils,
although they are still highly elevated (Dudka et al. 1995)
and have a major impact on storm water quality. Estimated
annual surface runoff loadings for nickel and copper in 1995
were twenty and five times, respectively, higher than those
found in similar sized northern Ontario communities (N.A.R.
Environmental Consultants 1996).

The significance of spring runoff in overwhelming or
by-passing the normal biochemical and geochemical sys-
tems of the lake is seen in the high monthly copper load,
exceeding 1500 kg, in the uppermost 4 m of the lake in April
(Figure 8.10). The positive correlation between total monthly
flow and average copper concentration (Figure 8.11) also
points to spring runoff raising, rather than diluting, copper
concentrations in the lake.

Inflow and outflow loads for March 1998 to August
1999 (Figure 8.12) demonstrate the expected peaks, ex-
ceeding 100 kg/day, during spring runoff followed by much
lower loads during the summer when the biochemical and
geochemical systems of the lake reassert themselves. Be-
tween May and October about 200 kg/month of copper are
retained in the lake as the inflowing copper load exceeds
outflow. At the same time, the stratigraphic load distribu-
tion (see Figure 8.10) shows the lowest copper load of the
year in the uppermost 4 m of the lake. When that is consid-
ered along with the summer trends of dissolved and particulate
copper through the water column (Figures 8.13 and 8.14), it
is clear that the mechanism by which Kelly Lake stores

copper involves removal of copper from the upper water and
an increase in the particulate-associated copper fraction in
the bottom water. This can be explained by adsorption of
dissolved copper onto sinking organic particles, such as
dead algae, that thereby scavenge metal from the water
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Figure 8.14. Total (T), dissolved (D) and particulate (P) copper (Cu)
concentrations at station 38 for the chemically stratified layer (15.5 m).

Figure 8.15. Total (T), dissolved (D) and particulate (P) phosphorus (P)
concentrations at station 38 for the epilimnion (3 m).

Figure 8.16. Total (T), dissolved (D) and particulate (P) phosphorus (P)
concentrations at station 38 for the chemically stratified layer (15.5 m).

Figure 8.17. Total (T), dissolved and particulate (P) nickel (Ni) concentra-
tions at station 38 for the chemically stratified layer (15.5 m).

Figure 8.18. Total (T), dissolved (D) and particulate (P) nickel (Ni)
concentrations at station 38 for the epilimnion (3 m).

column and transfer it to the sediment. Summer algal blooms
are frequent and to be expected considering that nutrient-
rich effluent from the Sudbury Sewage Treatment Plant is
discharged about 1.5 km upstream of the lake. Relatively
high but frequently changing concentrations of particulate
phosphorus in both the upper and lowermost water (Figures
8.15 and 8.16),  reflect the periodicity of these algal blooms.

Metal Removal—Nickel

Nickel is not removed from the water column as effectively
as copper and the mechanism of its removal is clearly
different. Apart from one still unexplained event in February
1999, nickel remains mostly in dissolved rather than
particulate form (Figures 8.17 and 8.18). After spring strati-
fication is established the nickel concentration in the bottom
water decreases and remains lower than the concentration at
the 3 m level. The stratigraphic distribution of nickel (Figure
8.19)  shows a consistent pattern throughout the year, lack-
ing signs of summer sedimentation that is in marked contrast
to copper (see Figure 8.10). It also contrasts markedly with
iron (Figures 8.20, 8.21 and 8.22) which settles out of the
upper oxygenated water in the summer and dissolves in the
lowermost, anoxic water. Settling of iron oxyhydroxide
particles is a well known phenomenon in lakes (Belzile and
Morris 1995).

These results suggest nickel may be diffusing into, or
complexing and settling on, the sediment surface from the
bottom layer of water. However, the high concentration of
nickel in the sediment is more the result of nickel-rich
smelter dust from atmospheric deposition (see Photos 8.13
and 8.14) than in-lake processes.
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Figure 8.19. Stratigraphic distribution of total nickel load from March 1998
to March 1999.

Figure 8.20. Stratigraphic distribution of total iron load from March 1998
to March 1999.

Figure 8.21. Total (T), dissolved (D) and particulate(P) iron (Fe) concen-
trations at station 38 for the epilimnion (3 m).

The Magnitude of Metal Storage

The magnitude of metal storage exerted by sedimentation in
the lake can be seen in the metal concentrations found in
surface sediment (0 to 1 cm) and at a depth of 9 to 10 cm in
core samples taken in 1999 (Figures 8.23a,b, 8.24a,b). The
concentration patterns for both copper and nickel are very
similar. The highest concentrations occur in the deeper
water of the east end of the lake where sedimentation of both
waterborne and atmospherically deposited contaminants is
most effective. The stratigraphic distribution of both metals
shows the benefit of emission controls and water treatment
technology. In the 9 to 10 cm interval, corresponding to the
late 1980s or early 1990s, copper exceeds 0.45% over
approximately 66% of the area of the lake compared to 54%
of the 1999 surface sediment (see Figure 8.23). Nickel
concentrations are also less in the 1999 surface sediment.
Concentrations exceed 0.8% over 43% of the lake in the 0
to 1 cm interval, compared with 57% at the 9 to 10 cm
interval (see Figure 8.24). Furthermore, the area over which
the peak concentrations of both nickel and copper are found
is less in the surface sediment, although the sample stations
are not close enough to make good area estimates, espe-
cially for nickel in the 9 to 10 cm interval.

Figure 8.22. Total (T), dissolved (D) and particulate (P) iron (Fe) concen-
trations at station 38 for the chemically stratified layer (15.5 m).

Phosphorus Storage

Although soil erosion is a normal source of phosphorus for
lakes, especially in agricultural and urban areas where
fertilizers are used, Kelly Lake receives by far the greater
part of its phosphorus from a single point source: the Sud-
bury Sewage Treatment Plant. The fact that the land surface
is not a major source of phosphorus is emphasized by the
lowering of phosphorus concentrations at the exit of the lake
at times of high flow volumes, such as occur during spring
runoff (Figure 8.25), in contrast to the increase in concentra-
tions observed for copper.

Phosphorus concentrations in the lake are now much
lower than they were in 1968 (Figure 8.26). In 1972 the
Sudbury Sewage Treatment Plant was built to handle mu-
nicipal effluent discharged to the lake through Junction
Creek. Prior to 1972, sewage was essentially untreated.
Phosphorus removal technology was added at the plant late
in 1987. The benefit was evident in lower phosphorus
concentrations leaving the lake 4 months after phosphorus
removal was implemented (see Figure 8.26). Nevertheless,
high phosphorus concentrations, exceeding 0.15 mg/L, still
occur, but only in May and June when phosphorus, believed
to be released by in-lake processes, leaves the lake.
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Figure 8.23. (a) Copper concentrations (µg/g) in 0 to 1 cm of sediment cores (July 1999).

Figure 8.23. (b) Copper concentrations (µg/g) in 9 to 10 cm of sediment cores (July1999).
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Figure 8.24. (a) Nickel concentrations (µg/g) in 0 to 1 cm of sediment cores (July 1999).

Figure 8.24. (b) Nickel concentrations (µg/g) in 9 to 10 cm of sediment cores (July 1999).
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Organic matter is very evident in sediment cores from
the basin. In the lowest part of the 120 cm cores, correspond-
ing to pre-industrial conditions, organic matter is present as
paper-thin brown laminae within silt. In the upper 80 cm
there are grey-black layers up to 0.5 cm thick after drying.
The change in thickness can be understood as a progressive
increase in the amount of organic matter derived from the
sewage effluent of a growing city, supplemented by algal
productivity in a nutrient-enriched lake. The colour change
is related to finely divided iron sulphide developed in anoxic
sediment from industrial iron and sulphate.

 Like copper, the storage of phosphorus in the lake
water has a seasonal pattern. The stratigraphic distribution
of total (dissolved and particulate) phosphorus loads (Figure
8.27) demonstrates the build up of phosphorus at depth
during the summer. Phosphorus typically accumulates in
midsummer bottom water by 2 mechanisms: the reductive
dissolution of iron oxyhydroxide particles that sink from the
oxygenated upper water carrying adsorbed phosphorus

Figure 8.25. Total phosphorus versus flow at Kelly Lake exit (Ministry of
the Environment station 14002800302; Water Survey of Canada station
02CF-012 ) (data from 1987, 1988, 1991 and 1994). (Exponential trendline.)

Figure 8.26. Variation in total phosphorus concentration at the Kelly
Lake exit (Ministry of the Environment station 14002800302) from 1968
to 1999. (Exponential regression trend line.)

Figure 8.27. Stratigraphic distribution of total phosphorus load from
March 1998 to March 1999.

(Belzile et al. 1996), and by the settling of organic particles
containing phosphorus. Dissolved iron (see Figure 8.22) and
dissolved phosphorus concentrations (see Figure 8.16 ) in
the bottom water from May to the completion of turnover in
November indicate that reductive dissolution operates in the
lake in the summer.

 The occurrence of settling algae, the second mecha-
nism, is the more important of the two from the point of view
of long term storage because particulate matter can become
a permanent part of the lake floor sediment, although some
will breakdown and release its phosphorus in dissolved
forms. The settling of organic particles in Kelly Lake is
indicated by elevated particulate phosphorus concentrations
in both the upper and lower water (see Figures 8.15 and
8.16). Fluctuations result from periodic algal blooms and
correlate with differences in Secchi depth measurements of
water transparency in the photic zone.

Accumulation of phosphorus in the lake is also evident
from schematic mass balances for phosphorus (Figure 8.28)
that consistently show low summer outflow loads compared
with inflow. This is the case both before and after the
introduction of phosphorus removal at the Sudbury Sewage
Treatment Plant in late 1987 led to a dramatic decrease of
approximately 25 tonnes in annual phosphorus inflow. In
both 1987 and 1994 annual outflow was approximately 40%
of annual inflow, although the tonnages involved are very
different.

Phosphorus Release

Although phosphorus retention and storage is the dominant
consequence of processes operating in the lake, there are
periods of the year when phosphorus is released at the
sediment-water interface. Evidence for this can be seen in
the build-up of dissolved phosphorus in the lowermost water
during the stratified summer regime (see Figure 8.16) and in
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Figure 8.28. Inflow and outflow loads of total phosphorus for selected years before and after the November 1987 installation of phosphorus removal at
the Sudbury Sewage Treatment Plant (SSTP). Inflow loads estimated by allowing 5 kg/day from other watershed sources in addition to the discharge from
the SSTP. Outflow loads from data for Ministry of the Environment station 14002800302 and Water Survey of Canada station 02CF012 (note modified
scale for 1987).

the March to July trend in stratigraphic distribution of total
phosphorus. Phosphorus is at its maximum in the lake at 2
times during the year (see Figure 8.27): at the end of the
summer and at the end of the winter. Both of these are
transition points at the climax of periods when anoxic water
has been present at the sediment-water interface.

It is well known that organic and iron-rich sediment
releases dissolved phosphorus into near anoxic and anoxic
(less than 0.5 mg/L dissolved oxygen) overlying water
(Nurnberg 1984). This internally generated load is typically
stored in the bottom water of stratified lakes during the
summer and released only when fall turnover occurs. In the
absence of stratification in the winter, phosphorus increases
throughout the water column as oxygen depletion advances
and a growing area of lateral sediment becomes involved
(Belzile et al. 1996).

DISCUSSION

Kelly Lake will continue to function as a sediment and
contaminant trap for as long as metal and nutrient rich water
flows into it, and as long as its seasonal cycles operate under
the prevailing climate, pH and levels of oxygenation. Point
source loads of phosphorus and metals have been dramati-
cally reduced by changes in the technology used to treat the
major industrial and municipal point sources in the water-
shed, and further improvement can be anticipated. Non-
point source runoff and erosion will continue to deliver
metals that have accumulated through atmospheric deposi-
tion on the landscape, although that load, too, can be ex-
pected to decline because of emission reductions and
progressive removal of the landscape load. Revegetation is
also advancing and more organic matter is available for long
term complexation in a soil cover that is less susceptible to
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erosion. Under those somewhat promising circumstances, it
may be feasible to envisage Kelly Lake becoming the
aesthetic environmental asset it must once have been before
it came to be so valuable as a natural wastewater treatment
system. A return to being a cold water fish habitat is more
distant. If remediation rather than just natural recovery is
required, then the options range from dredging to in situ
treatment or capping of the sediment on the one hand, to
aeration or oxygenation of the bottom water on the other.
Screening of the options should be based on restoring the
natural functions and ecosystem of the lake and on ensuring
that they are self-sustaining. It may be possible to build on
natural processes such as clean sedimentation, a healthy
aquatic food chain and wetland plant growth to provide the
ingredients of a self-enhancing remediation strategy. Kelly
Lake deserves no less.
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Chapter 9
The Past, Present and Future of Sudbury’s Lakes
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Abstract

The City of Greater Sudbury contains a greater number and diversity of lakes than any other city in Canada.
Approximately 12% of the 3637 km2 area of the City of Greater Sudbury is occupied by 330 lakes, each over
10 ha. Most owe their location to the action of Pleistocene ice sheets that carried away the soil and scoured
basins in the bedrock as they advanced, and then, as the ice melted, left behind dams of rock debris. Other
lakes are variously controlled by other features: 2 possible meteorite impact craters; numerous faults and
folds; a meandering, oxbow-forming river; man-made dams and water-filled abandoned pits.

Sudbury’s lakes not only provide essential services such as drinking water and effluent disposal, but also
create an impressive recreational and aesthetic asset that shapes the culture of the community. Unfortu-
nately, a long history of industrial pollution, inadequate sewage disposal systems, urban runoff and a lack of
public understanding about the impact of lakeshore development have seriously degraded many lakes. Most
industrial contamination has been caused by widespread atmospheric deposition of acid-forming compounds
and metallic particles from Sudbury’s smelter stacks. Additional local effects have arisen from acidic and
metal-rich runoff from tailings and waste rock. Fortunately, containment and treatment of mine-site
wastewater has greatly improved and, more importantly, smelter stack emissions have been reduced by
nearly 90% since 1970. Several modern sewage treatment plants have also been built. As a result of all these
beneficial changes, many damaged lakes and their ecosystems are slowly recovering. However, other
problems created by storm water discharges, nutrient enrichment, shoreline and watershed alteration, waste
disposal, littering, and the introduction and invasion of exotic animal and plant species are serious in some
lakes. Furthermore, impending global climate warming will complicate the recovery from acid precipitation
and metal contamination, perhaps even reversing the trend toward biological improvements. Public and
political awareness of the need to be active in protecting lakewater quality in Sudbury is growing and a water
quality protection and improvement program, involving widespread monitoring and lake stewardship
groups, is underway.

INTRODUCTION

Lakes lie scattered on the Sudbury landscape like raindrops
on a window pane. There are 330 lakes, each measuring
10 ha or more (of which only 227 have official names) within
the City of Greater Sudbury; there are also several hundred
smaller lakes and ponds. All of Sudbury’s named lakes are
included and indexed on Map 3 (back pocket). Water covers
12.1% of the city; wetlands, such as swamps and marshes,
cover another 4.2%. Seen from space (Photo 9.1), the most
visible emblem of the area is Wanapitei Lake, which alone
makes up almost a third of the total lake area. Sudbury, with
its abundant lakes, is a microcosm of the Canadian Shield.
The Shield is host to most of Canada’s 1.5 to 2 million
lakes (Schindler 1998).

Many visitors to Sudbury are surprised to find a “city of
lakes”, where swimming (Photo 9.2) and fishing (Photo 9.3)
are part of everyday life, and where drinking water comes
from a lake just a stone’s throw from the downtown core
(Photo 9.4). Within 12 km of downtown there are many lakes
that have little or no shoreline development.

Despite their attractive appearance, Sudbury’s lakes
have been severely disturbed by pollution from industry,
especially mining and smelting and, in some cases, by the
effects of urban and shoreline development.

Ironically, just as industrial stress is abating and public
interest in dealing with urban and residential development
problems seems to be rising, the threat from global climate
warming is looming. Until recently, scientific study of
Sudbury’s lakes was focussed on tracking their recovery
from the stresses of the past. Now the challenge is to predict
the future as global environmental stress interacts with the
recovery process.

 GEOLOGICAL CONTROL
OF SUDBURY’S LAKES

Lakes on the Canadian Shield usually lie in a pattern that
reflects the structure of the underlying bedrock, etched by
hundreds of millions of years of weathering and recently
scoured by successive sheets of slowly moving glacial ice.
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Photo 9.1. Landsat 7 satellite photo (August 27, 2000; United States Geological Survey) of the Sudbury area, showing the boundary of the City of Greater
Sudbury and some major geological features.
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Sudbury’s lakes have been given their pattern by a more
varied and dramatic geological history than any other city in
Canada, and perhaps in the world. Two craters (the Sudbury
Basin and Lake Wanapitei), both considered to be the result
of meteorite impact; the eroded roots of a former, trans-
continental mountain belt (the Grenville Orogen); and the
flat bed of a 600 km2 glacial lake make this part of the
Canadian Shield a unique underlay for the city’s lakes.

Wanapitei Lake, the area’s largest (13 257 ha) and most
striking lake (its Ojibway name means “hollow molar tooth”;
D.H. Rousell, personal communication, 2001), is framed by
the northeast boundary of the city and fills a 37 million-year-
old meteorite crater (Dence and Popelar 1972; Rampino
1999). As a result, no doubt, of its explosive rather than
simply erosional origin, it is also the deepest lake in the
Sudbury area (142 m).

One crater in the city would be remarkable enough, but
prevailing geological opinion holds that the Sudbury Basin
itself is also a meteorite crater (Dietz 1964), although much
older (1850 Ma) than Lake Wanapitei and, therefore, consider-
ably more eroded. The morphology of the Sudbury Basin and
its surrounding rim of hills that form the North, East and South
ranges (see Barnett and Bajc, this volume) exerts a strong influ-
ence on the distribution and shape of the lakes (see Map 3). The
distinctive patterns of lakes in areas of different geological
history outside the Sudbury Basin are largely influenced by
faults and folds as well as differences in weathering between
rock types and varying susceptibility to glacial scouring
(see Photo 9.1).

The hilly, oval band of igneous rock that rims the
Sudbury Basin supports some of Sudbury’s most popular
recreational lakes like Whitson, Whitewater, Fairbank and
Windy (see Map 3). They and many smaller lakes, such as
Nelson and Joe, and including the highest (but unnamed) in
the city at 420 m, lie in scoured rock basins that are some-
times controlled by faults. For example, in the East Range
near Capreol, a series of faults (Dressler 1984a) controls the
orientation of a prominent, curved band of lakes, including
Selwyn, Waddell and Ella on the west shore of Wanapitei
Lake (see Photo 9.1). Dence and Popelar (1972) suggested
that the concentric drainage pattern surrounding Lake
Wanapitei might reflect the fracturing expected around a
meteorite crater.

The most important controlling geological feature in the
northeastern part of the Sudbury Basin rim is the 15 km long,
south-trending fault that allows the Vermilion River to break
through the North Range near Capreol. The Vermilion River
then meanders to the west, along the base of the hills forming
the North Range, before being joined by the Onaping River,
turning south, spreading into Vermilion Lake and then
cutting through the southwest rim of the basin.

Vermilion Lake is a small remnant of a 600 km2 glacial
lake that filled the Sudbury Basin 10 500 years ago when the
last continental ice sheet was melting (see Bajc and Barnett,
this volume). Fine sediment brought by the meltwater rivers
that emptied into that unnamed lake filled any glacially
scoured bedrock depressions in the lake floor and led to the
flat, agricultural land of “the Valley”. The Sudbury Basin
lake drained into glacial Lake Algonquin through the gap in
the South Range now followed by the Vermilion River.
Small but spectacular oxbow ponds, formed by meanders in
the loose sand and silt of the old lake bed, are characteristic
of the Vermilion River flood plain (Photo 9.5).

Photo 9.2. Sunbathers on the university beach, Lake Nepahwin.

Photo 9.3. Fishing in front of the Sudbury Yacht Club on Ramsey Lake.

Photo 9.4. Lakes to the south of downtown Sudbury and the Copper Cliff
smelter, looking west-northwest. The smelter stack is 10 km away.



198

Physical Environment–Sudbury; OGS Special Volume 6

The lakes most affected by the growth of Sudbury’s
urban core, such as Ramsey, Nepahwin and Kelly, are south
of the Sudbury Basin. They lie in a belt of quartzite and
gabbro hills between the South Range and a geologically
well-known zone of intense faulting and folding (the Grenville
Front Tectonic Zone) that includes the Grenville Front thrust
fault. This continentally significant zone of mountain-build-
ing deformation stretches 1700 km to Labrador. Where the
Grenville Front Tectonic Zone crosses the southeast corner
of Sudbury it controls a prominent sequence of elongate
lakes (Long, MacFarlane, Richard, Daisy and Baby; see
Photo 9.1) South of the Grenville Front Tectonic Zone the
lakes, for example Red Deer Lake, and rivers tend to follow
the faults and folds in the eroded roots of the former moun-
tains that now make up the Grenville geological province.

The city’s southernmost lakes, dominated by Lake Pa-
nache (8958 ha) with its intricate shoreline and many islands,
are just 25 km from the shore of Georgian Bay. They lie in
scoured depressions in sedimentary strata near the foot of the
La Cloche Mountains that dominate the skyline of nearby
Killarney Provincial Park.

Glaciation not only scoured out rock basins but in some
areas melting ice also left thick deposits of glacial sand and
gravel (see Barnett and Bajc, Chapter 3, this volume). Near
the Sudbury airport a group of so-called kettle lakes fill pit-
like depressions in the gravel that mark the resting place of
huge blocks of ice that were buried in the gravel as the ice
front receded (Photo 9.6). Barnett and Bajc (Chapter 3, this
volume) suggest that the ice blocks were part of the roof of
a melt water tunnel in the ice sheet. When the thinning roof
of the tunnel collapsed, huge blocks of ice were buried. Lakes
were created as the stranded blocks of ice slowly melted.

Not all lakes in the Sudbury area are the result of
geological forces. For example, water has filled several
abandoned openpit mines (Photo 9.7), one of which, the
Moose Mountain iron mine north of Capreol, has been used
for fish farming. Lake Laurentian, a 157 ha lake that drains
into Ramsey Lake, was formed by damming a creek to create
waterfowl habitat within the Nickel District Conservation
Authority property (see Photo 9.4).

WATERSHEDS
AND WATERSHED UNITS

Watersheds in the City

Although lakes can be recognized as individual components
of the landscape, they are also parts of linked systems or
watersheds that include their surrounding drainage areas
(see Map 3 and Photo 9.1). The Sudbury area is divided
between 2 secondary watersheds of the Great Lakes and
St. Lawrence System. To the east is the French River water-
shed, and to the west is the Spanish River watershed (Min-
istry of Natural Resources 1974). Two river systems, one in
each watershed, are responsible for draining almost all of the
area within the boundary of the city.

In the central and western part of the Sudbury area, the
Vermilion River and its tributaries flow to the southwest as
part of the Spanish River watershed. The confluence of the
Vermilion and Spanish rivers is just west of the city bound-
ary. The Spanish River then enters the North Channel of
Lake Huron at the Spanish River Harbour, where high

Photo 9.5. Oxbow lakes on the Vermilion River north of Chelmsford,
looking southeast across the boundary of Morgan and Balfour townships.
It is approximately 5 km, as the crow flies, where the Vermilion River
crosses the photograph.

Photo 9.6. Kettle lakes south of Sudbury airport, looking northwest. The
field of view is 1 km; the right hand lake is approximately 250 m across.

Photo 9.7. The flooded Murray open pit with the Clarabelle Mill in the
background, looking southeast. The Copper Cliff smelter is 6 km away.
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concentrations of nickel and copper in the sediment are
evidence of the Sudbury connection (Dixit et al. 1998).

Most of the water in the eastern part of the Sudbury area
flows into the Wanapitei River that then joins the French
River and drains into Georgian Bay. Although this system is
much less contaminated by industrial runoff from Sudbury
than the Spanish River to the west, it does receive water from
the creeks that drain the area of the former Coniston smelter,
closed in 1972. Sediment and water in the Wanapitei River
show elevated nickel and copper concentrations until the
confluence with the French River. At the confluence, dilu-
tion of the Wanapitei River by the French River lowers metal
concentrations to regional background levels (Fitchko 1978).

A small area just inside the city boundary, immediately
east of Lake Wanapitei, including Ashigami Lake, drains
into the Sturgeon River, reaching Lake Nipissing at North
Bay. Water leaves Lake Nipissing in the French River, flows
south where it meets the Wanapitei River, thereby circui-
tously reuniting with water from the Lake Wanapitei area
that had flowed directly south.

Watershed Units

The Vermilion River and Wanapitei River secondary water-
sheds can be divided into a large number of smaller areas
depending on the purpose. For example, Jeffries et al.
(1984), and Gunn et al. (2001) used individual stream
catchments of just a few hectares in examining the water
budgets and stream chemistry in the individual drainage
basins of several acidified Sudbury lakes. Groups of con-
nected lakes and their catchments make up informal water-
shed units. The 25 watershed units presented here (see
Map 3) average about 150 km2 and provide a framework for
tracking the movement of contaminants in drainage basins.
For example, as emissions of sulphur dioxide

 
and metallic

smelter dust have diminished in the last 30 years (Potvin and
Negusanti 1995), the atmospherically deposited metal load
to some watershed units, especially those more distant from
the smelter stacks, may now be exceeded by the loss of
metals carried downstream in dissolved and mobile phases.
By the same token, other watershed units may now be
impacted more by the arrival of waterborne metals from
upstream rather than by previously dominant atmospheri-
cally deposited particles.

Emerging patterns of metal distribution can be antici-
pated as different components of the historical metal load are
separated by weathering, soil complexation processes, and
surface runoff. Such patterns have already been noticed on
a small, single-stream catchment scale around Daisy Lake
(Gunn et al. 2001). On a larger scale, the pattern will include
depositional storage areas such as the deep basins of lakes
(Pearson et al., Chapter 8, this volume), terrestrial rock
basins and wetlands, in contrast to eroding slopes. Consid-
eration of watershed units will provide a suitable framework
for understanding and modelling the evolving physical,
chemical and biological interactions in the terrestrial and
aquatic environments around Sudbury. These same water-

shed units can also be useful for management purposes
(Dillon and Evans 1995) and for encouraging public aware-
ness of how one person’s actions in a watershed can affect
their neighbours.

ENVIRONMENTAL HISTORY
AND PROGNOSIS

Glacial rebound during the last 10 000 years has progres-
sively raised Sudbury by about 180 m relative to the southern
tip of Ontario (Andrews 1989), thereby reversing the direc-
tion of once northerly flowing major rivers, like the French
River, and draining the flooded postglacial landscape. To-
day the scattered, remnant lakes are in balance with the
topography; however, like lakes everywhere they are de-
pendent on rainfall and evaporation, both of which are
predicted to change as global warming alters precipitation
patterns and raises average air temperatures. Observation
and computer modelling show that these changes are already
occurring much faster than they did when the last ice sheet
melted (Intergovernmental Panel on Climate Change 1990).
It is perhaps ironic that as Sudbury’s lakes are recovering
from the local industrial stresses of the twentieth century,
they are about to share in the effects of the global stresses of
the twenty-first. Our lakes are entering a new chapter in their
environmental history.

Pre-Settlement

Although scientific records of Sudbury’s lakes only date
back to the late 1950s (Gordon and Gorham 1960), pre-
settlement environmental conditions have been studied us-
ing the siliceous remains of diatom and chrysophyte algal
species preserved in lake sediment. Study of the diatom and
chrysophyte communities in 72 Sudbury area lakes of vary-
ing acidity, nutrient and metal concentrations (Dixit et al.
1989, 1992) has provided a tool for inferring past lakewater
characteristics from assemblages of species preserved in
sediment cores dated for 210Pb. Interpretation of algal assem-
blages in cores that represent about 150 years of sedimentary
and biological history from a dozen lakes in the city has
shown that in the pre-industrial period they were slightly
acidic to neutral, with low levels of nutrients and trace metals
(Dixit et al. 1991; Smol et al. 1998). In other words lakes in
the area were typical of those elsewhere on the Canadian Shield.

The Impact of Industrial
Environmental Stresses

The chemical composition of lakewater provides a revealing
indicator of the impact of various environmental stressors. A
survey of 37 Sudbury lakes in 1990 illustrated the range of
chemical values and concentrations found within about
20 km of the downtown core (Table 9.1). This chemical
snapshot of lakes that had just over a decade to respond to
significant emission reductions (Keller et al. 1992), provides
a useful baseline against which to measure subsequent
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change. A new water quality monitoring program is being
initiated at the time of writing and future data will be
available to the public on a website.

The most important industrial stresses on the chemistry
and biology of lakes in the Sudbury area have been erosion,
acid deposition and metal contamination as a result of the
logging and the mining industries. Smaller industries such as
sawmills and a creosoting plant added to the problem. These
stresses did not operate alone; rather they interacted with
each other in their effect on water quality and aquatic
ecosystems. Acidity of surface water, for example, increases
the solubility of metals, and a lack of organic matter in soil
reduces the capacity of the soil to bind metals such as copper.

EROSION

Intense logging, forest fires and strongly acidic fumes from
open roasting of ore combined to destroy the vegetation over
a large part of the Sudbury area beginning in about 1875 and

Table 9.1 Water quality data from a 1990 survey of 37 lakes within 20 km of the Copper Cliff smelter (Co-operative Freshwater Ecology Unit data).

Lake pH Cond. Alk. SO4
2- Cu Ni Zn Fe Mn Al Ca Mg Na Cl D.O.C.

mg/L mg/L µg/L µg/L µg/L µg/L µg/L µg/L mg/L mg/L mg/L mg/L mg/L

Bennett 6.67 51.0 10.16 8.93 26.0 100.0 6.5 1200.0 90.0 32.0 4.5 1.4 1.3 1.1 4.8
Bethel 7.38 472.0 58.99 13.02 18.0 62.0 4.9 250.0 380.0 29.0 21.2 8.6 56.4 96.2 6.9
Bibby 6.10 39.9 3.94 9.04 14.0 58.0 10.0 860.0 220.0 60.0 3.1 1.3 1.1 0.5 4.4
Broder 23 6.40 42.0 2.13 12.43 11.0 77.0 7.3 20.0 37.0 10.0 3.6 1.2 1.1 0.5 2.8
Brodill 6.02 44.0 1.01 13.62 20.0 110.0 12.0 98.0 87.0 110.0 3.4 1.2 1.1 0.6 1.7
Camp 6.41 42.0 1.84 13.39 12.0 100.0 9.3 24.0 23.0 21.0 3.9 1.2 1.1 0.5 1.9
Chief 4.80 39.9 -1.50 12.16 31.0 120.0 17.0 40.0 130.0 180.0 2.3 0.8 1.0 0.5 0.7
Clearwater 4.71 84.0 -0.83 17.56 47.0 180.0 25.0 46.0 290.0 140.0 6.5 1.4 3.2 10.0 0.5
Crooked 4.41 98.0 -1.54 28.33 120.0 460.0 41.0 120.0 220.0 370.0 6.7 2.1 2.2 4.4 0.3
Crowley 6.32 42.0 1.80 13.14 14.0 100.0 9.1 28.0 67.0 24.0 3.9 1.2 1.1 1.8 2.3
Daisy 4.67 60.0 -0.98 21.05 87.0 370.0 22.0 25.0 200.0 330.0 4.0 1.4 1.4 0.9 0.8
Forest 5.84 49.0 0.83 14.22 17.0 130.0 13.0 30.0 57.0 38.0 3.8 1.2 1.4 1.6 2.4
Grant 7.21 320.0 36.21 21.85 8.1 89.0 4.7 20.0 180.0 10.0 18.4 5.6 33.6 59.0 3.5
Hannah 7.12 338.0 13.86 34.22 20.0 200.0 59.0 20.0 83.0 10.0 15.7 5.3 47.0 82.5 3.6
Johnny 6.57 348.0 5.47 34.41 22.0 230.0 11.0 120.0 51.0 15.0 14.6 4.9 38.9 73.4 3.7
Kelly 7.42 1780.0 50.18 732.05 39.0 400.0 14.0 42.0 130.0 86.0 222.0 21.9 127.0 0.0 2.4
Lady 4.39 715.0 -3.20 309.80 300.0 9100.0 210.0 420.0 470.0 790.0 77.8 28.6 19.8 29.7 2.4
Macdonald
Laurentian 6.25 47.0 5.63 11.03 61.0 95.0 8.5 300.0 61.0 53.0 3.6 1.4 1.8 1.7 7.1
Linton 5.79 44.0 0.54 14.27 19.0 130.0 13.0 58.0 57.0 63.0 3.7 1.1 1.1 0.4 2.4
Little Raft 6.85 65.0 10.13 14.98 12.0 110.0 8.9 190.0 150.0 19.0 6.1 1.9 1.6 1.3 1.7
Lohi 4.64 92.0 -0.84 20.60 90.0 250.0 36.0 39.0 260.0 170.0 6.8 1.8 3.6 9.9 0.5
Long 7.33 168.0 17.00 20.64 15.0 88.0 9.0 45.0 17.0 23.0 11.1 3.4 13.6 24.8 3.0
McFarlane 7.54 327.0 35.59 21.99 8.4 72.0 2.8 20.0 5.7 10.0 18.2 5.4 35.0 59.9 3.6
Middle 6.81 261.0 7.18 27.62 21.0 250.0 15.0 20.0 16.0 10.0 11.1 3.8 28.6 53.1 3.2
Minnow 7.48 969.0 71.81 46.69 9.5 120.0 19.0 92.0 340.0 31.0 37.6 8.9 139.0 232.0 4.5
Nepahwin 7.46 531.0 32.20 30.22 17.0 86.0 9.5 25.0 5.1 25.0 21.4 6.8 70.1 115.0 3.4
Perch 6.51 56.0 4.73 15.10 18.0 86.0 6.5 240.0 62.0 38.0 4.2 1.9 1.6 7.0 5.0
Pine 4.56 46.0 -1.65 14.25 47.0 140.0 13.0 160.0 120.0 250.0 2.1 0.7 0.9 0.5 0.4
Raft 6.77 52.0 4.24 15.30 11.0 95.0 8.1 20.0 5.1 10.0 4.8 1.5 1.2 0.7 1.9
Ramsey 7.45 321.0 26.81 26.38 28.0 110.0 6.1 22.0 5.0 26.0 17.5 5.4 36.1 60.4 3.0
Richard 7.12 181.0 18.19 19.16 14.0 120.0 5.3 20.0 26.0 28.0 11.9 3.6 17.9 31.2 2.1
Robinson 7.06 772.0 45.60 36.21 35.0 210.0 19.0 250.0 230.0 78.0 24.9 8.0 83.9 147.0 4.5
Silver 4.17 384.0 -2.70 41.39 410.0 770.0 94.0 55.0 190.0 1100.0 9.9 3.7 47.5 81.4 0.4
St. Charles 6.99 249.0 11.28 34.35 27.0 220.0 18.0 66.0 98.0 20.0 13.2 5.2 21.0 37.4 4.1
Still 7.08 833.0 36.81 37.09 20.0 220.0 39.0 220.0 310.0 80.0 28.0 0.9 117.0 212.0 8.6
T / Dill 6.17 68.0 3.89 18.49 21.0 130.0 16.0 480.0 76.0 110.0 5.3 2.3 1.7 2.1 5.3
Tilton 5.80 60.0 0.82 16.18 16.0 110.0 14.0 45.0 82.0 72.0 5.2 1.4 1.8 3.8 1.9

Abbreviations: Cond., conductivity; Alk., alkalinity (milligrams per litre of CaCO3); D.O.C., dissolved organic carbon.

accelerating as mining and smelting expanded (Winterhalder
1995, Chapter 7, this volume). Loss of plant cover left the
soil exposed and at its peak, erosion may have increased by
two orders of magnitude over the normal rate in this part of
the continent. During spring runoff in the early 1970s as
much as 1000 m3/km2/yr of sediment was eroded from
denuded slopes (Pearce 1976). The hills north of Kelly Lake
show the severity of the erosion (Photo 9.8).

Large volumes of sediment suddenly being washed into
lakes resulted in siltation and severe damage to shoreline
habitat as well as a rapid increase in sedimentation rate and
loss of habitat for bottom-dwelling organisms. Some small
shallow lakes may well have been sufficiently overwhelmed
by sediment that they were converted into wetlands. By the
same token, some wetlands were likely to have been choked,
resulting in loss of habitat and water storage ability. In one
of the most affected lakes, Kelly Lake, massive delta growth
occurred (see Photo 9.8). The hydrology of the inflowing
creek was radically altered by increased peak flow volumes
because of rapid runoff during spring melt and after rain-
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Photo 9.8. The Junction Creek delta entering Kelly Lake; note the creosot-
ing plant, and the location of straightened meanders in Junction Creek.

storms (see Pearson et al., Chapter 8, this volume). On the
other hand, low flow volumes were no doubt diminished
during dry periods because of the absence of water that
would normally have been released slowly from the soil cover.

Erosion also alters lake water chemistry through such
factors as a lower contribution of dissolved organic carbon
from forest soil, and increased dissolved elements such as
phosphorus from eroded mineral soil. An added disturbance
related to erosion is the warming of runoff water because of
the high thermal capacity of rock surfaces compared with
vegetation. However, the implications of warm in-flowing
water for the physical and biological features of lakes are
still poorly understood.

ACID DEPOSITION

Interpretation of diatom and chrysophyte assemblages indi-
cates that many lakes over a wide area in the Sudbury region
have been moderately to severely acidified for some period
of their recent history (Dixit et al. 1992; Smol et al. 1998). An
estimated 7000 of the lakes within a 17 000 km2 area almost
completely encompassing the City of Greater Sudbury, were
acidified to pH 6.0 or below in the 1980s (Neary et al. 1990;
Figure 9.1). This is the level at which damage to sensitive
aquatic organisms can be expected. An excess of sulphate
ions in these lakes and the location of the most intensive
acidification close to the smelter stacks, indicated that sul-
phurous emissions from the Sudbury smelters were largely
responsible. It was not a surprising conclusion considering
that Sudbury was then one of the largest point sources of
sulphur dioxide on the planet (Potvin and Negusanti 1995).
The extent of the acidification, however, was not just the
downwind expression of emission plumes but also reflected
the natural buffering capacity of the lakes receiving acidic
deposition. This is especially evident to the east of Sudbury
(see Figure 9.1).

A detailed examination of the algal record in 22 lakes
(Dixit et al.1995) showed that acidification began around
1930, when the tall stacks were built in Copper Cliff.
Acidification intensified until the 1970s when recovery
began after dramatic reductions in sulphur dioxide emis-
sions from the Sudbury smelters (Figure 9.2). Some of the
most acidic lakes, such as Silver Lake with a pH in 1990 of
4.0, are less than 10 km from the Copper Cliff smelters, but
distance alone is clearly not the controlling factor (Figure
9.3). Indeed, most lakes near the smelters were never acidi-
fied, even though they received a heavy dose of sulphur
dioxide through both acid precipitation and direct, dry
fumigation of their watersheds (Keller and Gunn 1995). In
1990 only 11 of 37 lakes close to the Copper Cliff smelter in
the urbanized and residential area of the city were found to
have a pH < 6.0 (see Table 9.1, Figure 9.3; Keller and Gunn
1995; Keller et al. 1999). It appears that larger lakes, with a
longer flushing time, were more resistant to acidification.
Some lakes even became more alkaline (Smol et al. 1998).
For example, from the diatom record in its sediment, the
inferred pre-industrial pH for Ramsey Lake is 6.6. While
other lakes acidified, Ramsey’s pH rose to 7.7 in the 1980s
(Dixit et al. 1996).

Although the causes remain to be determined, the vari-
ation in pH in Sudbury lakes illustrates that the alkalinity
budget of a lake does not depend only on the composition of
the precipitation but also on the complex interaction of
watershed weathering and in-lake chemistry (Keller et al.
1999), especially at the sediment water interface. Schindler
(1986) noted that the conversion of sulphate to sulphide in
the presence of degradable organic matter in lake sediment
generates alkalinity. Dixit et al. (1996), in their study of long
term water quality changes in Ramsey Lake, listed chemical
sulphate reduction as a potential explanation of the pH
history of that lake. They emphasized that Ramsey Lake is
known to have seen algal growths attributable to poorly
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Figure 9.1. Extent of acidified lakes with a pH < 6.0 in the 1980s (after Neary et al. 1990).

Figure 9.2. Sulphur dioxide emissions from Sudbury smelters 1960–1999 (company data as provided to the Ministry of the Environment).
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functioning septic systems (Dolson and Niemi 1989) and
that this could have supplied the organic matter required for
sulphate reduction.

The Ramsey Lake watershed includes extensive expo-
sures of gabbro, which are rich in the easily weathered,
calcium-containing minerals plagioclase and pyroxene (Card
1978). It is not difficult to find outcrops where evidence of
up to 0.5 cm of industrially induced weathering is visible.
With the gabbro typically containing 10% CaO by weight
(Card 1978), weathering at that rate would have released
about 100 g of dissolved calcium/ha/yr during 80 years of
acidified precipitation, with a clear impact on the base cation
and alkalinity budget of the lake. The increase in the natu-
rally high carbonate content in Ramsey Lake sediment from
15 to nearly 40%, beginning in 1920 (Dixit et al. 1996), is
most reasonably interpreted as a reflection of accelerated

calcium weathering, a process that is, itself, acid consuming.
However, not all Sudbury lakes with gabbro exposed in their
catchment areas have followed the path shown by Ramsey
Lake (Jeffries et al. 1984). The net result of several interact-
ing factors is obviously lake specific and the dominant effect
of the smelters was to cause a decline in lake water alkalinity
and pH throughout the Sudbury area.

A 1996 survey of acidity in 123 lakes in Sudbury
identified 24 with a pH still < 6.0 (Co-operative Freshwater
Ecology Unit, unpublished data, 1996). Results in subse-
quent years (Figure 9.4) from Clearwater, Crooked, Silver
and Tilton lakes show that the number of low pH lakes is
decreasing. Some small, isolated, severely acidified lakes,
such as Silver Lake, are recovering only very slowly and the
extent of persistent acidification remains to be determined.
Now that local emissions of sulphur dioxide have been

Figure 9.3. Levels of pH in 37 lakes within 20 km of the Copper Cliff smelter (1990).
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greatly reduced (Bouillon 1995), the relative contribution of
long range transport from the northeastern United States has
become more significant (Keller et al. 2001).

METAL CONTAMINATION

Metal concentrations in both the sediment and the water of
most Sudbury area lakes have been raised above the natural
background by airborne metallic dust carried up the stacks of
smelters and refineries by hot gasses. Metals in the water
draining from waste rock piles and tailings have also contami-
nated some lakes, such as those in the Junction Creek system.
Lakes near the centre of the city all show the effect of
atmospheric deposition of metallic dust. In 1990 concentra-
tions of copper and nickel in water approached or exceeded
Provincial Water Quality Objectives of 5 µg/L for copper and
25µg/L for nickel (Ministry of the Environment 1984; Keller
et al. 1999) in all lakes within 20 km of the Copper Cliff
smelter (Figures 9.5, 9.6). The sediments of most of these
lakes also have concentrations of metals that far exceed
Ontario government biological effects guidelines (Semkin
and Kramer 1976; Ministry of Environment and Energy 1993;
Keller et al. 1999).

Metal concentrations in the water of some deeper lakes
that stratify in the summer and have plentiful organic matter
in their sediment, are strongly influenced by sediment-water
interactions. Metals can be either stored or released into the
water depending on several microbiological and chemical
factors, especially the dissolved oxygen content of the bottom
water (Belzile and Morris 1995). For example, manganese is
known to be released from sediment under these conditions
(DiToro 2001) and manganese concentrations in the deep

water at the eastern end of Ramsey Lake rise as dissolved
oxygen decreases in the winter (Pearson, unpublished data,
2000). This probably explains the manganese-related
discolouration of the drinking water from the David Street
Water Treatment Plant, which until recently drew its water from
the deepest part of Ramsey Lake. It is significant that the problem
was ameliorated when the water in-take was raised (Paul Graham,
personal communication, 2001).

One especially contaminated lake, Kelly Lake, receives
treated wastewater from the Copper Cliff smelter site. It also
receives metals from several other tributaries via Junction
Creek as well as through the atmosphere and from the Sudbury
Sewage Treatment Plant. Sediment in Kelly Lake has high
concentrations of rare metals such as palladium, iridium and
platinum (Crocket and Teruta 1976) as well as being heavily
contaminated with copper and nickel. However, concentra-
tions of copper and nickel have declined since peaking in the
1960s and 1970s (see Pearson et al., Chapter 8, this volume).

The high concentration of metals in the water column
and sediments in Sudbury’s most contaminated lakes has
probably created toxic conditions for many aquatic species
(Campbell and Stokes 1985; Spry and Weiner 1991; Wren
and Stephenson 1991). This may be the reason why certain
sensitive bottom-dwelling invertebrates, such as the
amphipod Hyalella azteca, are absent from many relatively
high pH lakes where they might otherwise be expected
(Gunn and Keller 1995; Borgmann et al. 2001). The com-
mon, sediment-burrowing mayfly Hexagenia is absent from
Ramsey, Nepahwin, McFarlane, and Long lakes, the only
Sudbury urban lakes surveyed for this species to date (W.
Keller, unpublished data, 1995). Although the most toxic
sediment may slowly be buried under layers of less contami-

Figure 9.4. pH records from 1981–2000 for 4 acidified Sudbury lakes.
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nated material, sediments may long continue to be biologi-
cally impoverished habitats in Sudbury’s lakes.

SAWMILL WASTE

The demand for lumber from the railway and construction
industries led to the building of sawmills on several Sudbury
lakes and streams including Minnow Lake, Ramsey Lake
and Junction Creek (Wallace 1993). The mill on Minnow
Lake operated for 23 years and during that period sawdust
and wood waste were dumped in the southwest bay of the
lake (Photo 9.9). Approximately 1 to 2 m is still slowly
decaying on the bottom of the lake, contributing to the
excessive consumption of dissolved oxygen and hence poor
water quality (Regional Municipality of Sudbury and the
City of Sudbury 1991).

CREOSOTE SPILLS

Between 1921 and 1960 one of the largest creosoting plants
in eastern Canada operated on the western edge of downtown
Sudbury, approximately 800 m north of Junction Creek and
3 km upstream from Kelly Lake (see Photo 9.8). Creosote
that leaked from the site evidently reached Junction Creek
through a small storm water course (Stantec Consulting Ltd.,
unpublished report prepared for the City of Sudbury, 2000).
Creosote is now found in lake sediment near the mouth of
Junction Creek and in the silt of the vegetated delta top (see
Pearson et al., Chapter 8, this volume; Bova 2001). Being
denser than water, the creosote obviously travelled down-
stream along the bed of the creek to Kelly Lake where it was
incorporated by wave action into shoreline sediment.

Figure 9.5. Copper concentrations in 37 lakes within 20 km of the Copper Cliff smelter (1990). Abbreviation: PWQO, Provincial Water Quality Objectives.
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Urban Environmental Stresses

Environmental stresses resulting from industrial activity can
almost always be related to specific point sources such as
smelter stacks. Most of the lake-related environmental con-
sequences of urban and residential development, with the
exception of sewage treatment plant effluent, are the result
of diffuse and multiple sources of contamination as well as
widespread public attitudes and behaviour. They are often
more difficult to measure but as regulations and technology
have reduced the impact of industry on Sudbury’s lakes,
urban and lakeshore development stresses are becoming
more significant. The most important of them are over-
supply of nutrients from municipal sewage effluent and
private septic systems; storm water contamination; shore-
line alteration; altered hydrology, especially in relation to
flow volumes and timing; and the introduction and invasion
of exotic species.

Figure 9.6. Nickel concentrations in 37 lakes within 20 km of the Copper Cliff smelter (1990). Abbreviation: PWQO, Provincial Water Quality Objectives.

Photo 9.9. Minnow, Ramsey and neighbouring lakes west of downtown
Sudbury. Looking south. Lake Laurentian is 6 km away.

NUTRIENT ENRICHMENT

Eutrophication is a process whereby lakes store and inter-
nally recycle nutrients received from their drainage basins.



207

D.A.B. Pearson et al.

They become more nutrient-rich, more biologically produc-
tive, and fill with organic matter as they age. Although
eutrophication occurs naturally on a time scale of thousands
of years, human activities can prematurely enrich a lake,
especially through the addition of phosphorus from sewage
and septic systems. Phosphorus is a plant fertilizer and is the
nutrient that usually controls plant growth in lakes, both
algae and aquatic weeds. This phenomenon is called “cul-
tural eutrophication”.

Bethel Lake and Kelly Lake are examples of lakes that
show the classical symptoms of advanced cultural
eutrophication (Vollenweider 1968; Vallentyne 1974). Those
symptoms include high levels of phosphorus and/or nitro-
gen, prolific growth or blooms of algae (Photo 9.10), and low
dissolved oxygen levels with occasional associated fish kills
when the algae decay.

Kelly Lake was downtown Sudbury’s sewage lagoon
from the day the community began to grow. Junction Creek
was little more than an open sewer and carried essentially
untreated sewage directly to Kelly Lake until a treatment
plant was built near the mouth of the creek in 1972. Phospho-
rus removal technology was added at the plant in 1987,
considerably reducing phosphorus concentrations in the
effluent and in the lake. Unfortunately, organic matter stored
in the lake sediment continues to release phosphorus into the
lake and has slowed the improvement of downstream water
quality (see Pearson et al., Chapter 8, this volume).

Bethel Lake was also used as a sewage lagoon, not by
the municipality but by the nearby Algoma Hospital. This
practice was stopped in 1986. Although phosphorus concen-
trations have declined greatly, Bethel Lake is still very
nutrient-rich and large mats of unsightly and ecologically
disruptive algae still develop each summer.

Contributions of nutrients from a variety of diffuse
sources, for example, field beds and poorly maintained
septic systems, lawn and garden fertilizers, and eroding soil,
can also cause eutrophication. Most city lakes with houses
and cottages within their drainage basins show some degree

of nutrient enrichment; however, this problem is not as
severe in the nutrient-poor landscape of Sudbury as it is, for
example, in many agricultural areas.

STORM WATER DISCHARGE

In the United States, road sediment from streets, driveways
and parking lots (Photo 9.11), is considered the most signifi-
cant nonpoint source contributor of contaminants, including
metals, to surface water (Sutherland and Tolosa 2000). In
Sault Ste. Marie, Ontario, in 1991 concentrations of cad-
mium, lead, copper, zinc, manganese and chromium in the
easily soluble fraction of metals in street sediment were
sufficiently elevated to suggest that they could damage the
quality of receiving water when mobilized by spring runoff
and snow melt. However, the largest part of the total metal
load was associated with the larger grain sizes (0.25 to 2.0
mm) that are most easily captured in detention systems
(Stone and Marsalek 1996).

Material in road sediment is derived from several sources
such as the aggregate and asphalt of roadways; vehicle wear
and corrosion, including particles from brake linings, tires,
mufflers, catalytic converters, and paint, various greases, oil
and fluids; exhaust emissions; loose particles of dust and soil
washed off rocky and vegetated slopes; and biological
matter together with dry and wet atmospheric deposition
(Sutherland and Tolosa 2000). Traces of herbicides and
pesticides are also a component in communities where they
are used for roadside treatment. De-icing chemicals, like
sodium chloride, and dust suppressants are prominent if they
are spread on roads.

In Sudbury, surface runoff has been measured as five
times richer in nickel and twenty times richer in copper than
in other northern Ontario communities (NAR Environmen-
tal Consultants 1995). Part of this enrichment is certainly
due to present day metallic smelter dust being washed off
surfaces where it has settled, especially when contaminated
snow melts in the spring. Another part can be attributed to
historically deposited particles being washed onto roadways

Photo 9.10. Algal mat on Simon Lake, August 1995, looking southwest.
The far shore is 700 m away.

Photo 9.11. Road sediment and litter by a storm drain on a residential
Sudbury street; the grate is 50 cm wide.
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from rocky outcrops or being carried along as a component
of eroding soil. It is therefore very likely, although not yet
determined, that the metal load delivered to Sudbury’s inner
city lakes by storm drains has not diminished to the same
extent that smelter stack emissions have been reduced.

Perhaps because pollution in Sudbury has been so
dominated by easily visible point sources, little attention has
been given to the effects of surface runoff, even though
storm water is discharged directly into Ramsey Lake, the
main drinking water supply for residents in the urban core.
One of the consequences with possible implications for
human health is the elevated concentration of sodium, de-
rived from road salt, in Ramsey Lake (Figure 9.7). Normal
background concentrations of sodium in lakewater range
between 1 and 2 mg/L, but in Ramsey Lake in 1990 the
concentration was just over 36 mg/L (see Table 9.1). Drink-

ing water taken from the lake and treated at the David Street
Pumping Station in 1999 showed sodium levels between
40 and 46 mg/L (Regional Municipality of Sudbury 2000).
The highest concentration occurred in March 1999, prob-
ably reflecting the beginning of spring melting on the roads.
Regulation 459/00 of the Ontario Water Resources Act
(Government of Ontario 2000) requires that the local Medi-
cal Officer of Health be notified if concentrations of sodium
in drinking water exceed 20 mg/L.

SHORELINE AND WATERSHED
ALTERATIONS

Sudbury’s lakes vary widely in the extent and type of
residential, commercial and industrial development along

Figure 9.7. Sodium concentrations in 37 lakes within 20 km of the Copper Cliff smelter (1990).
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their shorelines, from nearly complete circling of lakes by
houses in the centre of the city, to lakes with only a few
seasonal cottages, and lakes without any development in
their catchment areas. Development has usually occurred in
the low-lying areas along a web of stream valleys and
shorelines at the base of the rocky hills and knobs that
characterize the Sudbury landscape. Although small, older
houses often fit into the shoreline landscape, many newer
homes totally dominate and alter the shoreline.

Modifications to shorelines such as the building of
breakwater walls, docks and boat houses on solid founda-
tions; removal of submerged logs; clearing and dredging for
beaches; and replacement of natural vegetation by lawns or
patios are a common feature of residential development.
What is convenient and apparently pleasing to the eye of
homeowners often leads to the loss of shoreline habitat
diversity and, in turn, may diminish the richness of the
ecosystem and food chain in urban lakes. Erosion of soil,
surface runoff that carries excess or, indeed, unnecessary
fertilizer, pesticides and herbicides and removal of natural
shoreline vegetation compound the damage to habitat and
water quality. It is ironic that the very aesthetic and wildlife
values that draw people to lakes in the first place are
unwittingly damaged by some of the attitudes many bring
with them. Litter (Photo 9.12) causes aesthetic pollution in
some urban lakes as well and even affects many remote lakes.

WATER FLOW ALTERATIONS

A natural hydrological system in Northern Ontario includes
plentiful storage of rainwater in soil and wetlands. Slow
release of temporarily stored water from these natural sponges
helps moderate extreme changes in habitat for terrestrial
plants and animals, as well as limiting fluctuations in river
and lake levels which affect aquatic organisms, especially
those in shoreline habitats. Urban development encourages
the rapid discharge of precipitation and melt water by
eliminating wetlands and constructing channels. It also
reduces infiltration of water into the soil by increasing the

area of impermeable surfaces such as pavement, roofs,
shopping mall parking lots, and hard-packed fill. This can
dramatically affect the flow path of water and the extent and
timing of water release and storage in drainage basins. In
Sudbury, the loss of vegetation cover and erosion of soil
from hillsides has compounded the problem by increasing
surface runoff (see Pearson et al., Chapter 8, this volume)
and reducing evapotranspiration. Flooding in the spring and
after summer storms, a deeper groundwater table and falling
lake levels in the summer are the well known consequences
of urban development, especially if no attempt is made to
design with, rather than against, the natural hydrological cycle.

In downtown Sudbury, Junction Creek has been the
object of extensive flood control engineering (Photo 9.13
and see Photo 9.8), especially since the Nickel District
Conservation Authority was created in 1957 with a mandate
to control flooding (Hallsworth and Hallsworth 1993). Much
of the flat ground close to Junction Creek that was so
attractive to builders is actually part of the creek’s flood
plain. Parts of other communities, especially in the flat land
of the Sudbury Basin, are built on the flood plains of the
Whitson and Vermilion rivers and suffer from the same
problem. As a result, the level of several of the city’s urban
lakes, for example Ramsey and Robinson, is controlled by
dams for at least part of the year. The Maley and Nickeldale
dams, were specifically built to hold back flood water from
reaching downtown Sudbury.

Water flow in several rivers has been altered by hydro-
electric dams such as the one on the Wanapitei River near
Coniston. Logging companies built dams to assist in the
movement of logs early in the century, for example, 2 dams
were used to raise the level of Lake Onaping so as to allow
water to be sent to either the Onaping River or Spanish River
in 2 different watersheds. Although this takes place north of
the city boundary (see Map 3), it can affect the volume of
water in the Onaping River, one of the city’s important
rivers. Such construction always has ecological drawbacks
even though they may be judged to be acceptable. Dams
affect fish and other animal movement as well as the supply
of water to downstream lakes.

Photo 9.12. Shopping cart in Lake Nepahwin; the cart is 60 cm wide. Photo 9.13. Culvert construction for Junction Creek under Memorial Park
in downtown Sudbury, 1953 (Sudbury Public Library).
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INVADING SPECIES

When non-native species are introduced into an ecosystem
the effects can sometimes be dramatic and unpredictable,
especially in the early stages. We are surrounded by many
terrestrial examples of introduced species, such as the star-
ling (Sturnus vulgaris) and house sparrow (Passer
domesticus) and many non-native plants. Most such species
are now taken for granted and their disruptive influence has
been forgotten. Sudbury’s lakes are being affected by sev-
eral exotic species, intentionally or unintentionally intro-
duced by humans. Eurasian water milfoil (Myriophyllum
spicatum), an aggressive aquatic plant, has proliferated in
Minnow Lake after first being noticed in McFarlane Lake
and Long Lake. In the summer of 2000 it underwent explo-
sive growth in Kelly Lake (Photo 9.14). A marine fish from
the Atlantic coast, the highly competitive rainbow smelt
(Osmerus mordax), has become established in Nepahwin
Lake, presumably after being brought from Lake Huron.

Once they are present in an area, invading species can
easily spread. For example, fragments of milfoil float down-
stream and travel from one watershed to another on boat
trailers or on the legs of water birds, ready to take root in a
suitable new habitat. Fish are carried by humans and released
from bait buckets. The potential arrival of additional invad-
ing species is of concern for Sudbury lakes, especially
because of their proximity to the Great Lakes. The lower
Great Lakes have become a major route for invading exotic
species because of the eggs, spores, larvae and resting stages
of organisms that can still be alive in the freshwater ballast
brought by some transoceanic vessels travelling from fresh-
water ports. Any ballast water illegally discharged before a
ship takes on cargo has the potential to compromise aquatic
ecosystems over a very wide area. The spiny waterflea
(Bythotrephes cederstroemi) invaded the Great Lakes in
1982 and now inhabits more than 25 lakes in Ontario (MacIsaac
2001) including Lake Panache. The well known zebra mussel
(Dreissena polymorpha) that arrived in the Great Lakes in the
mid 1980s (MacIsaac 1996), has not yet been found in
Sudbury lakes but it may only be a matter of time before it is.

THE RECOVERY PROCESS

Improvements in Water Chemistry
and the Effects of

Biological Time Lag

Water chemistry and aquatic ecosystems in Sudbury’s lakes
have continued to recover in recent years Keller et al. (1999,
2001). Long-term monitoring studies have clearly shown
that improvement can be correlated with reductions in indus-
trial emissions (Keller and Gunn 1995; Smol et al. 1998). In
fact, studies documenting the ongoing recovery of lakes
around Sudbury have provided some of the best evidence in
the world supporting the implementation of pollution con-
trol programs (Gunn and Keller 1990; Keller et al. 1999).

Clearwater Lake has been studied for more than 30 years
and, is one of the longest-studied acidified lakes in the world;
together with Crooked, Silver and Tilton, it provides a
striking illustration of the decreased acidity and decreased
metal concentrations that have followed smelter emission
controls (Figure 9.8 and see Figure 9.4).

Even the most severely affected Sudbury lakes contain
a variety of aquatic organisms. Highly stressed lakes, how-
ever, generally have simplified aquatic communities, mainly
represented by rather tolerant species (Stokes et al.1973;
Baker et al. 1990). There may be some unique problems in
the most affected Sudbury lakes, but it is probably safe to
conclude that basic functional processes such as respiration
rates, primary productivity and nutrient cycling are gener-
ally intact. The recovery of biological communities may be
substantially delayed even after water quality has improved,
because of the limited dispersal ability of some organisms.
Nevertheless, although biological recovery is still at an early
stage, there are very encouraging signs of aquatic commu-
nity improvement in some lakes, especially those farthest
from the smelters. Reproducing populations of sport fish
have been re-established through stocking programs in some
lakes and the unaided return of some pollution-sensitive
invertebrate species such as the mayfly (Stenacron
interpunctatum) has been observed (Keller and Gunn 1995;
Carbone et al.1998).

Liming of Lakes and Watersheds

Acidified lakes in many areas of the world, especially in
Sweden, are treated with powdered limestone as a way of
neutralizing the acidity and attempting to directly improve
both water quality and biological diversity. In some cases the
watershed around a lake is also treated so as to diminish the
likelihood of re-acidification by acid runoff (Henriksen and
Brodin 1995). Three strongly acidic Sudbury lakes, Middle,
Hannah and Lohi, together with a fourth, moderately acidi-
fied Nelson Lake, were limed between 1973 and 1976 (Yan
and Dillon 1984). In addition, the land surrounding Middle
and Hannah lakes was limed in the early 1980s as part of the

Photo 9.14. Eurasian milfoil in the west end of Kelly Lake, September
2000. Looking northeast, the horizon is 1.5 km away and the lake is 500 m
wide at the widest point in the photograph.
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city’s land reclamation program. In each case the acidity of
the lakewater was ameliorated, alkalinity increased and
metal concentrations decreased; however, the duration of
the improvement varied dramatically: Lohi Lake quickly re-
acidified to a pH level of less than 5 while the others retained
a pH level of greater than 6 (see Table 9.1). An important
factor in the longevity of the improvement in Middle and
Hannah has undoubtedly been the liming of their catchments
and the consequent improvement in stream and runoff water
quality (Yan et al. 1995).

The effectiveness of landscape liming as an indirect
means of improving lake water quality in Sudbury has
recently been demonstrated by detailed comparative study of
2 stream catchments draining into Daisy Lake. One catch-
ment, including its wetlands, was limed while the other was
left untreated. A steady improvement in water chemistry,
including a pH level greater than 6 and lower metal concen-
trations, has persisted since 1995 in the stream draining the
treated catchment (Gunn et al. 2001).

It appears that the greatest promise for continuing to
revitalize the severely damaged ecosystems around Sudbury
will come from combined improving soil conditions and
introducing a plant cover with specialized applications of
limestone to wetlands and other important hydrological sites
(Gunn et al. 2001).

SUDBURY’S LAKES
IN A WARMER WORLD

Just as Sudbury’s lakes are recovering from the industrial

stresses of the past, they are facing a new challenge: climate
warming. Current Canadian climate model studies predict
that by 2050 average annual temperatures in Sudbury will be
2 to 4°C warmer than today, with most of the warming
occurring in the spring (Hengeveld 2000).

The consequences of a warmer world for northern
Ontario are not yet well understood but there will certainly
be important changes in both water quality and quantity.
Although total precipitation may not change much, there is
concern that intense rainstorms and localized flooding will
occur more frequently (Hengeveld 2000). However, in-
creased evaporation from the surface of lakes and rivers is of
even greater concern since evaporation increases rapidly as
the air temperature rises. In the Experimental Lakes Area of
northwestern Ontario, a rise in average air temperature of
1.6° over 20 years, accompanied by lower humidity and
increased wind velocity, caused an increase in evaporation
of 30%. This exacerbated a drop in precipitation and as a
result, once permanent streams became ephemeral and were
dry for as long as 150 days a year (Schindler et al. 1996).

Lower stream flow can result in lakes receiving less
dissolved organic carbon from the breakdown of organic
matter in soil and wetlands. Dissolved organic carbon is not
only important for the aquatic food chain but also gives lake
water a deep amber colour and, therefore, helps in limiting
the penetration of visible and ultraviolet radiation into the
dark, cold, lower water habitat of lakes (Schindler 1971).
However, the implications of this sequence of events for
lakes in Sudbury remain to be determined.

Lower water levels and drying streams in the Sudbury
area will have important effects on the release of sulphur

Figure 9.8. Combined annual copper and nickel concentrations from 1981–2000 for 4 acidified Sudbury lakes.
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stored in watersheds. Vast amounts of sulphur have been
bound as sulphides in wetlands and shoreline sediments. If
water level falls, these sulphides become oxidized by con-
tact with air and are released as sulphuric acid when rain or
snow returns, acidifying the receiving stream or lake (Yan et
al. 1996). This effect was observed in several Sudbury lakes
following the drought of 1986 and 1987 (see Figure 9.4;
Keller et al. 1992). Release of stored acidity is also likely to
trigger other damaging changes, including mobilization of
acid-soluble metals, and may exacerbate increased transpar-
ency by precipitating dissolved organic carbon (Effler et
al.1985; Yan et al. 1996).

LAKES IN SUDBURY’S
PLANNING POLICIES

The former City of Sudbury, now the residential core of the
new City of Greater Sudbury, included many desirable
policies, objectives and specific targets in the “Waterbodies”
chapter of its official City of Sudbury Secondary Plan
(1987). That document forms a very good starting point for
protecting aquatic ecosystems and improving water quality
in the dramatically larger number of lakes in the new city.

Specifically important are the general policies that
state (p.3–7):

It shall be the policy of Regional and City Council to:

a. Maintain water quality of waterbodies at their current or
higher levels;

b. Protect and enhance fish and wildlife habitat in or around
waterbodies;

c. Reduce erosion within the watersheds of waterbodies;

d. Reduce the pollution potential of urban run-off and
storm drainage into waterbodies;

e. Protect the wetlands associated with waterbodies.

Specific trophic-level targets based on total phosphorus con-
centrations (level I = 0 to 9.9 µg/L; level II = 10 to 18.4 µg/L;
level III = 18.5 to 30 µg/L) are set for individual lakes. Eight
lakes are identified for water quality improvement and reha-
bilitation sufficient to make them candidates for the manage-
ment of sport fish. A similar lake-specific and desired use or
values-oriented approach, which distinguishes the water qual-
ity and ecosystem requirements for drinking water, swim-
ming, boating, fishing and wildlife observation, all in a
watershed context, should be developed for the larger city.

Public Awareness and Involvement

Local citizens cannot alone change the impact of global
environmental stress on the lakes where they live, but their
awareness of how a lake works and the effect of deliberate
and inadvertent human actions can make a vital difference in
protecting water quality. A new program initiated by the city
in 2001 recognizes the importance of an aware, educated and

involved public. This initiative will involve the following:

a) a water chemistry and spring phosphorus assessment of
up to 50 lakes;

b) monthly summer monitoring and sampling of up to 20
selected lakes;

c) a comprehensive physical and chemical assessment of a
small number of high priority lakes, including sediment
and benthic invertebrate sampling;

d) establishing stewardship or “Friends of the Lake” volun-
teer groups of stakeholders who will be trained to
conduct water and benthic invertebrate sampling as part
of a long-term monitoring program.

Monitoring data and historical records will be available
on a Web site, organized on a lake by lake basis in each of the
city’s watershed units, and displayed on geographic screens
derived from the map included with this publication (see
Map 3).

DISCUSSION

The 1970s saw major reductions in the emissions from the
Sudbury smelters. The Coniston smelter was closed and
technological and process changes were made in the Copper
Cliff and Falconbridge smelters. As a result, the release of
sulphur dioxide from Sudbury smelters was reduced from
over 2.5 million tonnes per year at the beginning of the
decade to less than 1 million tonnes per year at the end (see
Figure 9.2). At the same time particulate emissions fell to
approximately 15 000 tonnes per year, including about 3200
tonnes of metal, from about double that quantity (Potvin and
Negusanti 1995).

Containment of mine waste and tailings drainage also
became much more effective in the 1970s and several water
treatment plants were built to deal with metal concentrations
and acidity before water was released to streams and lakes
(Heale 1995). A major sewage treatment plant was built in
1972 to handle urban Sudbury’s municipal effluent and
several other smaller plants in outlying centres followed. In
1974 Sudbury launched one of the world’s most ambitious and
successful revegetation programs (Lautenbach et al. 1995).

So far as the environment in the Sudbury area was
concerned, 1970–1980 was a turn-around decade when
accelerating environmental degradation was replaced by the
beginning of slow recovery. At the same time, however, the
cumulative effect of small scale urban stresses on lakes
began to become more significant as seasonal camps, or
cottages, were converted to year-round homes, and new
lakeshore homes were built for those seeking a waterfront
lifestyle close to downtown.

Future management efforts for Sudbury lakes must be
based on sound information. Wise management and protec-
tion of these irreplaceable assets will depend on knowing
their condition and on understanding their reaction to a
variety of interacting environmental stresses.
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Chapter 10
Sudbury in the Third Millennium

W.E. Lautenbach and Tin-Chee Wu

Economic Development and Planning Services, City of Greater Sudbury

Abstract

The long-term future is difficult to predict. Sudbury’s history in the past 100 years is a good example of that
observation. The City of Greater Sudbury’s future will be determined by its natural assets. The Sudbury
Igneous Complex, the Sudbury Basin, the lakes, rivers and groundwater resources, together with the
established infrastructure networks and existing urban settlement pattern, have influenced the economic
and physical development patterns of this community. These factors will continue to exert their influences
into the future. From a bird’s eye view, the region’s future urban form is readily apparent today. It consists
of a primary band of urbanized area extending northeast and southwest from the current settlement of
Sudbury along with the existing settlements of Garson and Lively, which forms the central city. A second
tier of suburban settlement lies northwest of this core, separated by a band of mining lands. Beyond these
are several smaller settlements with a small town atmosphere. Barring unpredictable and dramatic changes,
it is reasonably safe to assume that in the next millennium, urbanization will follow the general pattern
already established.

DIFFICULTY IN PREDICTING
THE FUTURE

In 1901, the Town of Sudbury had a population of 2027
(Statistics Canada 1921). Today, Sudbury has grown to a
city of over 92␣ 000 people and the former Regional Muni-
cipality of Sudbury  has grown to over 164␣ 000 people
(Statistics Canada 1996). The City of Greater Sudbury is a
major diversified centre  largely because of the discovery of
nickel. It is quite conceivable that as economic diversifica-
tion continues over the next 100 years, the City of Greater
Sudbury will experience a similar substantial increase in
population due to the emergence of new opportunities and
new local initiatives.

Based on this simple historical population example, it
should be apparent that the new century is difficult to predict,
let alone the new millennium. However, there are some
emerging trends as well as underling parameters which will
assist a futurist in painting a picture of what the Sudbury
region might become.

In a broad sense, Sudbury’s future will be an extension
of its past. Present transportation networks will shape the
future urban pattern and determine how the region and its
communities will develop. Furthermore, as over 80% of the
buildings existing in the region today will exist 20 years from
now, the existing development pattern will continue to shape
the community’s fabric, appearance and its sense of place.

THE REGION’S INHERITANCE

The environmental assets of a community greatly influence
future development. In this regard, the former Regional
Municipality of Sudbury has a significant natural legacy and
inheritance to take into its future.

The view from space allows rapid assessment and
visualization of the major physical features throughout the
region. The radar photo (Photo 10.1) illustrates the Sudbury
Igneous Complex, the Sudbury Basin with its agricultural
lands, the numerous lakes and water courses, and the devel-
oped and urbanized areas.

This physical environment can also be visualized as a
series of map layers. The former Regional Municipality of
Sudbury is one of the few metropolitan areas located on the
Canadian Shield.

This rocky environment not only creates a sense of
place but also contains the region’s underlying bedrock
geologic endowment which has been very good to Sudburians.
It is anticipated that this ore body and future discoveries will
sustain a mining base for years to come.

The next endowment layer contains the region’s surficial
geology which consists of glaciofluvial deposits laid down
over time. These deposits, some of which are now washed
away, supported the original forest and the agricultural
basin. The glaciofluvial deposits are also the source for
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several well-placed aggregate resources throughout the area.
Aggregate deposits have, and continue to play, an important
role with respect to the region’s mining, construction and
road building activities. Surficial deposits also play a very
important role in the region’s water regime and the diversity
of its landscape.

The former Regional Municipality of Sudbury is blessed
with an abundance of water resources, and includes the
rivers and water courses of seven watersheds and
subwatersheds (Figure 10.1). The water assets exist as 2
layers, groundwater and surface water.

Among the region’s population, about 92% is serviced
with a municipal water supply, while 8% is serviced with
private supplies directly from either groundwater or surface
water sources. In the municipal system, ground water ac-
counts for about 31% of the potable water supply for 13
communities from 20 deep water wells, while the dominant
supply is drawn from the various lakes and rivers (Regional
Municipality of Sudbury 1997). Groundwater resources also
feed over 160 lakes, several rivers, numerous streams,
marshes and wetlands of various sizes which exist or pass
through the former Regional Municipality of Sudbury.

Although these lakes and streams vary in quality, they
all are significantly recovering from the impact of past
pollution input (Gunn 1995). Surface water resources also
form the backdrop for residential housing developments,

park and recreation opportunities, as well as habitat for
numerous species of wildlife including a wide range of warm
water and cold water fisheries within both urbanized and
rural areas.

As much of the world is already experiencing water
shortages today, the global warming trend will make water
an even more valuable commodity than it is today. The
abundant water resources locally will likely increase the
former Regional Municipality of Sudbury’s attractiveness
as a place to live in the future.

Another endowment is the region’s forest resource.
Sudbury is within the Great Lakes–St. Lawrence Region and
is home to red, white and jack pine mixed with white and
black spruce, white cedar, sugar maple, white and yellow
birch and aspen. This vegetation diversity contributes sig-
nificantly to wildlife habitats and forms part of the region’s
greenbelt; however, the legacy of past industrial operations
still requires substantial ecological restoration of many
barren or semibarren forest environments. Regreening is
ongoing and significant progress is being made (Gunn
1995). Benefits such as improved landscape appearance,
improved water quality and increased wildlife habitat
are starting to emerge. The next millennium’s forest layer
should be significantly improved and diversified from the
present layer.

Photo 10.1. Satellite radar imagery of the Sudbury area.
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Figure 10.1. Watersheds of the former Regional Municipality of Sudbury.
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The foregoing natural assets, the wide variation of
topography, the landscape of rock, water and the emerging
forests, all create a visual image and diversity which results
in a northern appeal. This landscape image is not monoto-
nous or uniform. As a result, tourism, recreation opportuni-
ties, urban attractiveness and development potential become
enhanced. Taken together, these natural endowment factors
will assist the former Regional Municipality of Sudbury in
attracting new residents to its community in the next millen-
nium.

FUTURE URBANIZATION

As the history of the last 100 years indicates, the future
urbanization and development of the former Regional Mu-
nicipality of Sudbury will depend to a significant degree on
the region’s success in generating positive economic devel-
opment and job growth. Assuming future growth, the physi-
cal form regional urbanization will take is to a large extent
dictated and influenced by its natural asset base.

A 100-Year Perspective on the
Region’s Future Urban Form

One way to imagine the future urban form of the region is to
once again take a bird’s eye view. From this aerial perspec-
tive, the former Regional Municipality of Sudbury would
appear as a single geographic entity neither constrained nor
segregated artificially by political or administrative bounda-
ries—these will probably have changed many times during
the next millennium anyway. From space, the region’s
future urban form is already apparent today. It consists of a
primary band of urbanized area extending northeast and
southwest from the current settlement of Sudbury along with
the existing settlements of Garson and Lively. Together this
development forms a strong urban core or a central city
within a regional context.

A secondary tier of suburban development lies north-
west of the core and includes the existing settlements of
Hanmer, Val Therese, Val Caron, Chelmsford and Azilda.
These communities are separated by a band of mining lands
which is part of the Sudbury Igneous Complex and forms a
future regional greenbelt. The tier of suburban settlements
are secondary because of their existing population levels,
employment opportunities and time and/or distance travel
factors that separate them from the central core.

Extending beyond the main suburban settlements are
smaller communities including Capreol, Levack, Onaping,
Dowling, Whitefish, Falconbridge and Wahnapitae. Histori-
cally, the establishment of these communities was closely tied
to the development of the mining industry in the area. In the
future, these communities will continue as smaller settlements
in the former Regional Municipality of Sudbury that offer a
small town atmosphere to their residents (Figure 10.2).

The emerging settlement pattern has been brought about
partly by the shifts in employment opportunities in the
region, from a concentration of mining employment located

in the mining settlements of Levack, Falconbridge, Coniston
and Copper Cliff, to a concentration of service employment
located primarily in the former City of Sudbury. A further
expansion within the service sector, and in particular, the
maturation of the knowledge economy in the early 21st
century will further shift employment away from these
traditional mining employment centres. The emergent urban
pattern will be further reinforced by infrastructure factors.
The future water supply line from Lake Wahnapitae and the
road corridors converging at the Sudbury airport along with
the existing provincial highway corridors will further influ-
ence future settlement.

From a natural environmental perspective, the 2 main
tiers of urbanization are located in the 2 separate major
watersheds that make up the region. The primary urban core
is located in the Junction Creek–Whitefish watershed and
the suburban tier of settlements is located in the southern half
of the Whitson River–Vermilion River watershed. Separa-
tion allows the region greater flexibility for long term
planning on a watershed basis. It provides the potential for
shifting the focus of urbanization if required for unforeseen
circumstances, and to take advantage of opportunities and
avoid problems which may emerge in either system. Beyond
these 2 watersheds, there is a third major watershed that
Sudburians have to be concerned with—Lake Wanapitei.
The future water supply of the emerging urban core lies in
the Wanapitei watershed. The head waters of the watershed
have to be protected in order to ensure high water quality for
this long-term water supply source. Though most of these
head waters lie outside of the boundaries of the former
Regional Municipality of Sudbury, this would alone suggest
that planning should be done on a watershed basis.

Barring unpredictable and dramatic changes, it is rea-
sonably safe to assume that in the next millennium, urbani-
zation will follow this general pattern already established,
provided that future population growth can drive the neces-
sary development.

As already discussed at the beginning of this chapter,
many factors could affect the future population level of the
region. The development scenario just described, however,
is flexible enough to provide a vision of the future but also
to allow residents to respond to changes, even major changes,
both locally and globally as they arise. The key ingredient to
that flexibility lies in the region’s ability to preserve the
integrity of its natural environment such that the sustainability
of future generations is not jeopardized. This will permit
those residents the opportunity to make the necessary choices
to conditions at that time.

QUALITY OF LIFE

Regardless of the future changes which may occur, one
determinant of the desirability of a community will continue
to be its quality of life. In the emerging knowledge economy,
where knowledge is a commodity that could be created
anywhere in the world and transmitted to anywhere in the
world, both companies and individuals become footloose.
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With the appropriate telecommunications technology, indi-
viduals can choose to reside anywhere and still serve the
global market. Therefore, the desirability of a physical
community is defined by its quality of life and becomes a
major factor in determining the future prosperity of that
community. Quality of life can be defined as “the product
and interplay in social, health, economic, and environmental
conditions which affects human and social development”
(Shookner 1999).

From a long term perspective, economic prosperity and
social stability, which are important ingredients of the qual-
ity of life of future generations, are up to the future genera-
tions to create. A lasting legacy that this generation can leave
for the future is the integrity of the physical and natural
environment which will be home to these future generations.

As demonstrated in this and other chapters of this book,
today’s residents also received their legacies from their

Figure 10.2. Settlement pattern of the former Regional Municipality of Sudbury.
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forefathers even though part of the natural environment had
been impaired. Hopefully, continuing restoration will leave
future generations with a healthier natural environment.

As the community enters the new millennium and
proceeds through it, future generations can create and main-
tain their quality of life. The natural asset base which this
publication describes, will contribute significantly to Sud-
bury, as we know it, in the next millennium.

POSTSCRIPT

During the preparation of this book, the Ontario Govern-
ment tabled legislation in December 1999 to dissolve the
7 local municipalities and the Regional Municipality of
Sudbury to form a new City of Greater Sudbury. Certain
unorganized townships in the northeast and southeast of the
region would also become a part of this new entity. This new
City was officially established on January 1, 2001. How-
ever, from a physical development perspective, the natural
assets and man-made features will continue to influence the
future of this community.

ACKNOWLEDGMENTS

The authors wish to acknowledge William Tanos for provid-
ing cartographic assistance and G.O. Tapper for reviewing
the manuscript.

REFERENCES

Gunn, J.M. ed 1995. Restoration and recovery of an industrial region:
progress in restoring smelter-damaged landscape near Sudbury, On-
tario; Springer–Verlag, New York, 358p.

Regional Municipality of Sudbury. 1997 Annual operating report for water
and wastewater treatment; Regional Municipality of Sudbury, Opera-
tions Division, Plants Section, 235p.

Shookner, M. 1999. The quality of life in Ontario, Fall 1999. Ontario Social
Development Council, Social Planning Council of Ontario, p.5.

Statistics Canada 1921. Census of Canada; Ottawa, 859p.

Statistics Canada 1996. Census of Canada; Ottawa, 247p.



223

Index
C

calcium  119, 158
Canada bluegrass (Poa compressa)  155
Canadian Copper Company  7, 39
Canadian National Railway  9
Canadian Pacific Railway  5, 9, 146
Canadian Shield  3, 103

Grenville Province  103
Southern Province  103
Superior Province  103

carbonate  119
Carex retrorsa  155
caribou lichen (Cladonia rangiferina)  147
Carolina poplar trees (Populus canadensis)  157
Cartier I moraine  76
chalcid wasp (Hemadas nubilipennis)  153
Chief Lake Granite  32
Chlamydomonas acidophila  164
chloride  119
City of Greater Sudbury  3

amalgamation of  municipalities  4
Cladonia deformis  151, 153
Clearwater Lake  210
climate  5, 106

continental  5
maritime  5
Thornthwaite Annual Heat Index  107
Thornthwaite Nomogram Method  107
weather stations  106

climate warming  211
Cobalt Group  26
common cattail (Typha latifolia)  153
construction projects  11
Contact Sublayer  29
copper  39, 146
copper-nickel-PGE sulphide mineralization  40–44
Countdown Acid Rain Programme  184
creosote spills  205

D

data sources  133
databases  129

computer data  130
data import  136–137
data portrayal  137–142
database construction  135–136
database design  133–134
site-specific studies  130

David Street Water Treatment Plant  204
deglaciation  63
delta deposits  70–71

A

Abitibi upland  61
acid deposition  201

excess of sulphate ions  201
acid precipitation  148, 201
aggregate resources  83
agricultural settlement  8–9
Agrostis scabra  154
Airport glaciofluvial system  71–72
Algoma Eastern Railway  9
alkalinity  120
alkalinity budget  201
Alsike clover (Trifolium hybridum)  165
analytical methods  175

phosphorus  175
anthraxolite  47
applied Quaternary geology  79

influence on land-use  79
aquifer analysis  109
aquifers

bedrock  116
overburden  113
specific capacity  115
transmissivity  115

Archean rocks  22
arsenic  121
atmospheric pollutants  154

B

balsam fir (Abies balsamea)  145
balsam poplar (Populus balsamifera)  147
balsam willow (Salix pyrifolia)  156
Barren and Semibarren Communities

community level changes  156–157
Barrens  149–150

frost action  149
soil erosion  149
woody residuals  150–151

beaver (Castor canadensis)  154
bedrock  21
bedrock topography  63
bedrock weathering  149
bicarbonate  119
Big Nickel Mine  98
birdsfoot trefoil  165
black locust (Robinia pseudo-acacia)  165
black spruce (Picea mariana)  145
Blezardian Orogeny  48
blueberry (Vaccinium angustifolium)  146
bog birch (Betula pumila)  153
broom sedge (Carex scoparia)  155



224

delta growth  178–181
depositional environments of glacial sediments  65
detoxification  158

calcium  158
magnesium  158
neutralization  158

dike swarms  32
doming, rifting and deformation  48
drainage systems 61–62, 103

French River 61
    Great Lakes drainage system  5

Junction Creek–Lake Ramsey–Kelly Lake  103
Lake Wanapitei  103
Onaping River  103
Spanish River  61, 103
Vermilion River  103
Wanapitei River  103
Whitefish River  103
Whitson River  103

dwarf birch (Betula pumila)  155

E

East Mine  44
economic benefits of the mining industry  11
economic diversification  217
effects of biological time lag  210
Elliot Lake Group  25
environmental damage  177
environmental factors  157

biotic  157
chemical  157
physical  157

environmental history  199
diatom and chrysophyte algal species  199
impact of industrial environmental stresses  199

erosion, acid deposition and metal contamination  200
erosion  5, 200

Kelly Lake
delta growth  200

lake water chemistry  201
evaluation of mineral potential,  58

placer gold potential  58
excavations

slope stability  93
Junction Creek  93
peat deposits  93

F

Fairbank Lake  76
Falconbridge Mine  44
Falconbridge Nickel Mines Limited  7, 39
fault groups  33–35
field horsetail (Equisetum arvense)  156
flood control engineering

dams  209
floods  180

footwall vein deposits  41–42
foundations  91–92

high-rise structures  91
low-rise structures  92
undulating bedrock  92

Frood Open Pit  95
Frood–Stobie deposit  43
frost action  5, 89, 149
frost susceptibility  89
fulvic acid  153

G

Garson Mine  44
geochemical properties  59

humus, B- and C-horizon till samples  59
geochemistry  119

groundwater  119
till geochemistry  79

geographic information system  129
geological control of Sudbury's lakes  195–198

faults and folds  197
Grenville Orogen  197
meteorite impact  197
North, East and South Ranges  197

geological history  4, 47–50
Quaternary history  73–79

geological setting  59–65
bedrock geology and mineralization  59

geotechnical properties
bedrock  93–99

construction  95–99
excavation  95–99
fractures  93–95
strength  93

soils  89–91
freezing index  90
frost cover  90

geotechnical studies  129
boreholes  129

gersdorfite  44
glacial debris  68
glacial deposits  62
glacial deposits, features and landforms  66–73

landforms associated with till  68
glacial Lake Algonquin  72
glacial lakes  63
glacial moraines  63
glacial record  65–73
glaciofluvial deposits  73, 217
glaciofluvial materials  5
glaciofluvial sediments  65
glaciolacustrine deposits  73
glaciolacustrine sediments  65
global warming  199
gold  39
Great Lakes–St. Lawrence Forest Region  145



225

Great Lakes–St. Lawrence forest zone  5
Great Lakes–St. Lawrence Region  218
Great Lakes drainage system  5
green alder (Alnus crispa)  165
Grenville Province  22, 32
ground conditions  87

soil  87–93
groundwater flow  117

H

Hemlock–White Pine–Northern Hardwoods Region  145
Hexagenia  204
highways  9
Hough Lake Group  25
house on Nepahwin Lake  96
Huronian Supergroup  22, 68
Hyalella azteca  204
hydro-electric dams  209
hydrological systems  209

I

ice-contact stratified sediments  70
ice-flow indicators  66
immigrants

Finnish  9
improvements in water chemistry  210
International Nickel Company (Inco Limited) 7, 39
interrupted fern (Osmunda claytoniana)  153
invading species  210

house sparrow (Passer domesticus)  210
rainbow smelt (Osmerus mordax)  210
spiny waterflea (Bythotrephes cederstroemi)  210
water milfoil (Myriophyllum spicatum)  210

iron  121

J

jack pine (Pinus banksiana)  145, 157
James physiographic region  60
Junction Creek

flood control engineering  209
flow volumes  179

Junction Creek Conservation Authority  12
Junction Creek Waterway Park  14

K

Kelly Lake  175
deposition in the basin  181
palladium, iridium and platinum rich sediment  204
sediment storage  178
settling pond  175

kettle lakes  71

L

lacustrine deposits  8
Lake Huron  103
lake morphology  177

Lake Ramsey, see also Ramsey Lake  6, 9
landforms  57
landscape degradation  149
landscape degredation  145, 146
Laurentian University–Ontario Department of Lands and

Forests Sudbury Environmental Programme 148
Laurentide Ice Sheet  5, 8, 63
layered mafic intrusions  48
Levack embayment  41
Levack gneiss complex  23, 48
lichens  154
liming of lakes and watersheds  210
limiting factors  152

metal content  152
manganese  153
upland  152
wetland  152
zinc  153

overcoming limiting factors  157–159
Centennial Park  157
Copper Cliff Park  157

soil chemistry  157
soil pH  152
soil phosphorous  159

Lindsley Mine  41
lithophile elements  40
logging  industry 5, 46
lumber industry  9

M

mafic plutons and sills  40
magnesium  119
Main Mass  30–32
major construction projects  13
Mallards Green Subdivision  16
man-made deposits  91

slag  91
tailings  91

man-made lakes
Lake Laurentian  198
open pit mines  198

manganese  121
marcasite  44
Matachewan diabase dikes  48
meadow willow (Salix gracilis)  156
Mesoproterozoic  50
metal contamination  204
metal deposition  5
metal distribution  199
metal emissions  149
metal storage  186
metal uptake  153
metamorphism and metasomatism  36–38

Grenville Province  38
Southern Province  37
Superior Province  37



226

meteorite impact  48–49
Michigan Subepisode  63
mineral deposits 38–47

nickel-copper-platinum group elements  21
mineralization, deposition and deformation  49–55
mineralization environments  38
mineralization in the Whitewater Group  44

anthraxolite veins  47
Onaping Formation  44
Onwatin Formation  44
Vermilion Formation  44

mining camps and company towns  6–7
Moonglo subdivision  13
Mond Nickel Company  7, 39, 146
monosulphide solid-solution fractionation  41
moraine ridges  69
Mung bean  158

N

Neoarchean  50
nickel-copper sulphide ores  59
nickel-copper-PGE ores  40
nickel  38, 39, 40, 146
Nickel District Conservation Authority  209
nickel production  11
nickel-copper mineralization  38
nickel-steel alloys  38
Nipissing Gabbro  26–27, 40, 48
North Channel of Lake Huron  198

O

offset dike deposits  42
offset dikes  30
oligocoenosis  158
ore-grade sediment  175
Orford Mining Company  38
ostrich fern (Matteuccia struthiopteris)  153
outwash deposits  70–71

P

Paleoproterozoic deformation  48
Parmelia conspersa  147
Parmelia physodes  147
particulate matter

copper  146
nickel  146
reduction in emissions  154

peat deposits  90
Junction Creek  91
Lily Creek  90

peatlands  73, 145
Penokean Orogen  48
pH  120, 182

change
leaching  156

limiting plant growth  158

stabilization  182
phosphorus

release  189
storage  186

physical constraints on settlement  5
Hudson Bay Company  5
ore deposits

mining camps and company towns  5
postglacial deposits

farms and agricultural communities  5
physical environment

adapting to the physical environment  13–17
improvement of  10

physical geography  12
physical setting  4
physical weathering  149
physiography  60

Abitibi upland  60–61
Cobalt plain  60–61
Laurentian highlands  60–61
Penokean hills  60–61

phytotoxic concentration  148
aluminum ions  148

phytotoxicity  158
Pinus resinosa  145
Pinus strobus  145
planning

subsurface conditions  130
surface conditions  130

planning policies  212
plant communities  150

Barren  150
Birch Transition  150
Maple Transition  150

podzol  5
podzolization  5
Pohlia nutans  151, 154
pollution  218
population  3, 217
potassium  119
potentially injurious fumigation  147
potentially injurious fumigations  154
prairie willow (Salix humilis)  156
Precambrian Shield  5, 217
Provincial Water Quality Objectives  204

copper  204
nickel  204

public awareness and involvement
stewardship committes  212

Q

quality of life  220–222
Quaternary deposits  57, 89

glacial outwash deposit  90
glaciofluvial  89
glaciolacustrine  89



227

till  89
Quaternary geology  57
Quaternary Period  57
Quaternary sediments  57, 73
Quirke Lake Group  25

R

Ramsey Lake, see also Lake Ramsey  175, 201
rattlesnake grass (Glyceria canadensis)  156
re-greening of the natural environment  13
reclamation of land  13
recovery process  210
recreational lakes  197
red maple  151, 153

magnesium-calcium imbalance  151
regressive dieback  151
vesicular-arbuscular mycorrhizal infection  151

red oak  152
red pine  145, 152
red squirrels (Tamiasciurus hudsonicus)  154
redtop (Agrostis gigantea)  155
regional planning and development  13
revegetation

herbaceous cover  160
metals  165
native plants  162
procedures  160–163
prognosis for permanent success  166
spontaneous colonization  161
tree planting  161–162
trials  159

rifting  48
road salt  120
roads  91–92

road cuts  96
road design  92

roast beds
Copper Cliff  10
O’Donnell  10

roast heaps  9
ruffed grouse (Bonasa umbellus)  153
Rumex acetosella  154

S

sand and gravel  57, 84
savanna woodland  155
sawmill waste  205
Science North  98
Science North and the Big Nickel Mine  16
sediment-water interactions  204
Semibarren Woodlands  151
septic systems  203
shatter cones  35
sheared deposits  44
shining willow (Salix lucida)  156
shoreline and watershed alterations  208

short-tailed rush (Juncus brevicaudatus)  156
silver  39
SO

2
 fumigation  147

lake acidification  147
sodium  119, 208
soil detoxification

application of limestone  158
soil dynamics  163

nitrogen  164
pH and bases  163
phosphorus  164

soil erosion  149
soils  79
Southern Province  22, 23–32

Huronian Supergroup  24–32
Spanish River  61, 198
speckled alder (Alnus rugosa)  165
St. Joseph Church  95
Stereocaulon  147
Stereocaulon paschale  151, 153
Stobie Dam  61
stratified sediments  69
stratigraphy of Quaternary sediments  73
structural geology  33–36

faults  33
schistosity  33
structures formed by impact  35

structural provinces  22
subglacial till  69
Sudbury–Copper Cliff Suburban Electric Railway  9
Sudbury Basin  3, 103, 217
Sudbury Breccia  35, 41
Sudbury Environmental Enhancement Program  154, 157
Sudbury Event  48
Sudbury Igneous Complex  29–32, 40–44, 59, 217

main mineral assembly  40
Sudbury Igneous Complex–footwall contact deposits  41
Sudbury Neutrino Observatory  15, 99
Sudbury Sewage Treatment Plant  185, 186, 204
Sudbury Sewage Tunnel  12, 14, 97
Sudbury Structure  48, 59, 103
sugar maple (Acer saccharum)  145
sulphate  119
sulphide-bearing quartz veins  47
sulphur

elevated levels
wetlands  153

sulphur dioxide  146, 177
emissions  146–149

aquatic environment 148
roasting  146–147
smelters  147–149
terrestrial environment  148

fumes  146
ground-level concentration  154
liquid  147



228

sulphur dioxide fumigations  5,  9, 154, 201
sulphuric acid

production  147
Super Stack  13
supergene alteration  44
Superior Province  22
sweet fern  153

T

tectonic cycles  50
The British America Nickel Company  39
the Valley  11, 61
tickle grass  156
trembling aspen  5, 152, 156
trembling aspen (Populus tremuloides)  146

U

underground tree nursery  16
uranium  11, 24
Urban Environmental Stresses  206

nutrient enrichment  206
storm water discharge  207

urbanization  220
perspectives on urbanization  220

V

velvetleaf blueberry (Vaccinium myrtilloides)  147
Vermilion Formation  28
Vermilion Lake  61
Vermilion River  61, 198
Vermilion River system  58
Victor Deep–Nickel Rim deposits  41
volcanic-associated, massive, base metal sulphide  39–40

W

Wanapitei Complex  32–33
Wanapitei Lake  195
Wanapitei Lake Basin  69
Wanapitei watershed  62
water balance  103–107
water quality  182

benefits of technology  182
importance of natural processes  182
metal removal

copper  184
nickel  185

seasonal stratification and mixing  182
water resources  107–109, 218

groundwater  107
surface water  107
water servicing infrastructure  107

water wells  129
waterflow alterations  209
watershed erosion  177
watershed units  199

Vermilion River  199
Wanapitei River  199

watersheds  198
French River watershed  198
Great Lakes  198
Spanish River watershed  198
St. Lawrence System  198
Vermilion River watershed  5
Wanapitei River watershed  5
watersheds in the city  198

wavy hair grass (Deschampsia flexuosa)  153, 156
Wavy Ready-Mix Cement Plant  97
wetland habitat  153
white birch  5, 152, 153
white birch (Betula papyrifera)  145
white cedar (Thuja occidentalis)  145
white pine  145, 152
white spruce (Picea glauca)  145
Whitewater Group  27–29, 59

Chelmsford Formation  29
Onaping Formation  27
Onwatin Formation  29
Vermilion Formation  28

Whitson Valley Conservation Authority 12
Whitson River  61
wild fires  5
Wisconsin Episode  63
wood horsetail (Equisetum sylvaticum)  156
wool sedge (Scirpus cyperinus)  155, 156
World War I  9
World War II  8

Y

yellow birch (Betula alleghaniensis)  145

Z

zebra mussel (Dreissena polymorpha)  210
zinc  153



10

4

5

2

5

12

2

8

11

16

16

2

11

2

4

6

6
5

2

5

19

4

1

5

19

14

4

14

16

9

16

16

6

2

5

6

5

4

17

7

4

5

9

4

7

5

6

16

4

14

9

915

8
9

5

9

6

9

16

9

16

2

5

9

3

15

20

15

5

6

8

14

5

3

1

9

14

6

6

16

14

16

15

9

16

14

9

9

2

7

14

16

14

14

9

9

9

9

2

9

9

4

16

5

14

9

5

9

15

9

12

5

4

9

9

4

9

14

4

15

15

5

10

6

9

6

2

9

9

15

15

1

6

6

15

14

9

9

9

9

7

3

9

9

9

4

5

9

5

18

4

4

9

18

14

9

15

5

9

4

5

9

3

9

17

7

9

9

9

4

5

3

6

9

9

9

9

9

9

9

15

15

9

4

14

18

18

9

4

13

5

6

9

17

18

19

9

9

18

4

5

4

5

15

2

9

5

5

13

9

14

4

5

5

15

9

1

4

9

9

15

5

9

5

18

8

9

9

4

5

9

9

14

4

14

7

9

13

9

9

9

9

9

9

6

9

13

18

8

1

6

15

13

6

18

9

5

9

15

15

15

4

9

1

6

7

9

4

4

8

14

9

6

13

18

15

13

4

6

18

9

18

13

4

18

9

8

5

18

18

9

13

18

15

9

9

7

9

13
9

18

1

9

9

2

5

418

5

7

8

18

4

16

14

5

18

15

18

18

5

9

18

9

13

15

14

3

10

7

9

18

5

9

18 18

9

9

9

9

7

5

18

9

15

18

18

18

5

6

18

13

18

13

1

13

18

9

18

9

18

9

1

9

18

18

5

18

9

2

9

13

18

18

18

18

3

18

5

9

18

18

18

9

5

16

4

5

9

18

8

4

18

15

3

1

14

18

18

9

9

9

18

15

1

8

9

18

18

18

1

4

7

6

8

1

9

4

9

8

18

5

13

13

13

4

6

18

8

8

18

18

5

5

4

13

5

18

18

9

9

6

8

5

9

4

5

5

9

1

9

4

13

13

18

9

18

13

16

9

18

5

9

6

4

18

18

18

13

18

18

18

1

5

9

5

18

13

5

18

15

13

18

5

10

16

5

16

5

18

18

8

5

18

18

18

18

18

18

9

16

16

9

4

18

13

13

8
11

15

18

2

18

18

18

18

8

18

16

5

18

13
5

18

2

13

5

18

18

7

2

10

6

16
18

16

18

18

16

18

2

9

9

18

10

16
9

18

5

16

18

10

4

2

16

18

9

15

5

18

16

18

10

18

16

8

18

16

18

9

18

16

8

18

4

16

16

16

4

16

2

13

8

6

18

18

5

5

8

12

18

18

16

18

19

16

18

18

4

18

16

2

18

14

1

16

16

13

14

18

8

18

17

16

18

18

10

16

16

18

16

16

15

1

2

16

16

16

9

16

18

16

18

13

11

16

5

16

16

5

16

16

16

9

18

16

14

13

16

7

14
16

15

14

15

18

18

14

14

15

5

12

10

10

10

11

11

10

81°00'00''
500000m

5190000m 5190000m

46°50'00''46°50'00''

510000m 80°50'00''490000m81°10'00''

5180000m

Capreol
Nelson L.

5180000m

480000m81°20'00''470000m

5170000m

46°40'00''

Onaping Falls

5160000m

5150000m

46°30'00''81°30'00''460000m

5140000m

46°20'00''

5130000m

460000m 81°30'00''

5130000m

46°20'00''

480000m

5120000m 5120000m

470000m 81°20'00''

81°10'00''

490000m

500000m

81°00'00''

5140000m

510000m 80°50'00''Lively

Sudbury

Hanmer

Garson

Falconbridge

520000m

46°30'00''

5150000m

5160000m

46°40'00''

5170000m

520000m
Wanapitei

Lake

Val Caron

Dowling

Chelmsford

Azilda

Whitewater
Lake

Windy
Lake

Vermilio
n Lake

Penache

Lake

Lake

Kelly
Lake

81°

82°

47°47°

48°
81°82°

48°

Lively

Hanmer

French River

ISLAND

Gore Bay Killarney

SUDBURY RM

MANITOULIN

Elliot Lake

Blind River

Little Current

Bay
Georgian

Location Map                                          1cm equals 10 km

108

84
69

144

6

17

69

6
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PHANEROZOIC

CENOZOIC

QUATERNARY

RECENT

Fluvial deposits:

Fill: disturbed mixture of natural and/or manufactured
materials; including mine tailings, waste rock piles and landfills

Wetland deposit:

Eolian deposits:

silt and sand; minor gravel, organic
matter and clay; deposited in modern flood plains

peat, muck and marl

sand and silt; also can occur as a veneer
(up to 0.5 m thick) over older deposits

Fluvial deposits:

Glaciolacustrine deposits:

Glaciolacustrine deposits:

Glaciolacustrine deposits:

Glaciofluvial outwash deposits:

PLEISTOCENE

sand; minor gravel, silt and clay;
deposited in remnant terraces (older alluvium)

sand; minor silt; massive to
laminated; nearshore or deltaic bottomset or distal fan deposits

silt and sand; minor clay;
massive to laminated or rhythmically bedded; basin deposits

clay and silt; massive to
laminated or rhythmically bedded; basin deposits

sand and gravel; minor
silt and clay; deposited in glacier-fed rivers and deltas

sand and 
gravel; minor silt, clay and flowtill; deposited in moraines,
eskers and kames

Glaciofluvial ice-contact stratified deposits:

Till:

Till:

silty-sand to sand; clast content moderate to very high;
massive to bedded; can include gravel, sand, silt, and clay;
deposited in end or recessional moraine

sandy-silt to silty-sand; clast content moderate to high;
massive; minor stratification; deposited as ground moraine

PRECAMBRIAN

Bedrock-dominated terrain: thin discontinuous cover of
Pleistocene and Recent deposits overlying bedrock; may

that are not mappable at the scale of the map
contain small areas of deposits greater than 1 m in thickness

*  Deposits on this sheet are mapped only where they reach 1 m or more in thickness.
Thinner deposits are not shown.
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Lakes, Rivers and Wetlands
in the

City of Greater Sudbury

City of Greater Sudbury boundary

Outline of watershed units

City lakes over 10 hectares in size

Other lakes

Rivers and Creeks

Wetlands

Primary roads

Watershed divide;
west of the line is the Spanish River watershed,
east of the line is the French River watershed

180 - 220

220 - 260

260 - 300

300 - 340

340 - 380

380 - 420

420 - 460

460 - 500

500 - 540

540 - 580

Lake Name Area Perimeter Easting Northing Watershed Unit

(ha) (km) of Lake

Agnew 2940.0 210.1 433306 5135119 Lower Spanish River

Alice 28.6 5.3 511137 5144888 East Wanapitei River

Amy 35.8 9.3 511779 5173281 Wanapitei

Ann 29.4 4.5 465935 5128631 Lower Vermilion

Ashigami 434.7 39.8 532121 5166616 Sturgeon River

Baby 11.3 2.1 510387 5145322 East Wanapitei River

Bad 26.8 8.2 533064 5178467 Kukagami

Bannagan 18.9 3.1 502143 5189222 Wanapitei

Barnett 10.6 2.2 507459 5175875 Wanapitei

Bass 17.6 3.8 512504 5188900 Wanapitei

Bass 22.6 4.2 503872 5174311 Upper Vermilion

Bass 77.1 11.0 471912 5144529 Fairbank

Bassfin 49.0 9.7 529149 5175086 Kukagami

Bassoon 129.5 12.3 468797 5117392 Panache

Bear 691.9 40.4 464928 5115267 Panache

Beaver 30.4 4.1 510567 5200637 Wanapitei

Beavers 20.1 2.9 461391 5132006 Lower Vermilion

Beavers 16.9 2.4 462235 5131730 Lower Vermilion

Bell 33.5 3.6 457548 5131773 Lower Vermilion

Bennett 13.6 2.0 502187 5144888 Ramsey

Bernard 14.2 2.0 502277 5189840 Wanapitei

Bethel 31.2 2.4 502938 5146415 Ramsey

Bibby 17.4 2.3 502317 5134875 East Wanapitei River

Big Valley 70.8 9.2 533154 5190285 Kukagami

Blackthorn 10.8 1.7 525128 5182241 Wanapitei

Blue 136.4 19.5 512785 5169421 Wanapitei

Blueberry 19.2 7.0 497866 5178905 Upper Vermilion

Bolands 48.2 6.0 528281 5177611 Wanapitei

Bonanza 53.9 5.4 522709 5168262 East Wanapitei River

Bonesteel 10.7 2.2 531979 5189845 Kukagami

Bonhomme 34.6 4.5 522022 5185041 Wanapitei

Boot 34.5 4.8 531204 5175866 Kukagami

Bottom 14.3 2.9 525059 5183444 Wanapitei

Brady 42.2 3.6 467119 5123932 Panache

Broder 23 36.9 5.1 503216 5138233 East Wanapitei River

Brodill 112.1 12.9 503939 5135053 East Wanapitei River

Bugg 34.2 7.9 528074 5168811 Wanapitei

Bushy 16.5 3.8 528928 5177469 Wanapitei

Cache 14.6 2.7 504497 5183391 Upper Vermilion

Cameron 101.3 5.0 463752 5147652 Cameron

Camp 19.9 3.0 499831 5136497 East Wanapitei River

Capre 43.0 4.6 512802 5170837 Wanapitei

Caswell 39.8 6.3 522334 5189947 Wanapitei

Cathro 33.4 4.3 528461 5179172 Kukagami

Chief 105.2 12.6 499073 5134373 East Wanapitei River

Clara Belle 34.0 5.4 492817 5148734 Upper Junction Creek

Clear 19.9 3.1 468701 5162738 Onaping River

Clearwater 76.0 5.0 496066 5135181 Panache

Connelly 31.4 3.4 502424 5191399 Wanapitei

Crooked 26.3 3.9 497250 5140885 Upper Junction Creek

Crowley 43.5 6.2 501108 5136686 East Wanapitei River

Daisy 36.6 5.9 508885 5144258 Panache

Dean 27.7 4.1 504192 5191098 Wanapitei

Dewdney 172.2 15.1 526194 5191796 Kukagami

Diabase 36.3 5.3 473378 5164944 Onaping River

Dill (T) 44.4 8.2 507761 5137387 East Wanapitei River

Doon 46.6 7.0 533182 5180422 Kukagami

Drill 11.8 4.2 514500 5171157 Wanapitei

East Bass 29.1 4.7 512236 5179121 Wanapitei

Echo 13.0 2.8 485526 5142223 Lower Junction Creek

Ella 166.1 17.7 510418 5172643 Wanapitei

Ella 443.4 36.3 459668 5127715 Lower Vermilion

Emma 62.0 4.8 479084 5149527 Whitewater

Ethel 35.1 4.2 471100 5140319 Fairbank

Fairbank 705.1 28.2 467349 5146250 Fairbank

Falcon Gold 24.5 4.1 519287 5158423 Emery Creek

Farm 12.0 2.1 505519 5177678 Upper Vermilion

Fire 67.2 9.8 507377 5201295 Wanapitei

Forest 15.8 2.2 500219 5137660 Panache

Foster 11.0 3.4 488483 5176945 Nelson River

Fraleck 166.3 14.3 508892 5195448 Wanapitei

Framan 90.6 13.9 503934 5197526 Wanapitei

Franks 19.8 3.9 527270 5192020 Kukagami

Fraser 15.7 2.9 503174 5186231 Upper Vermilion

Frenchman 43.8 5.3 500980 5173530 Upper Vermilion

Garson 126.5 9.1 506027 5160385 Whitson River

Gibson 12.0 2.9 500626 5191988 Upper Vermilion

Goat 22.5 6.4 514862 5185771 Wanapitei

Gordon 180.0 13.7 472040 5148979 Mid Vermilion

Grassy 94.9 8.2 469681 5132297 Lower Vermilion

Greens 34.0 2.3 505795 5170290 Upper Vermilion

Hagarty 16.3 3.0 513991 5167736 Wanapitei

Hanmer 54.4 5.9 502090 5173090 Upper Vermilion

Hannah 27.7 2.8 497012 5143279 Ramsey

Happy's 15.0 3.8 482171 5143885 Lower Vermilion

High 28.0 3.6 468394 5116893 Panache

High Cliff 11.6 3.5 468048 5164069 Onaping River

Houston 13.8 2.8 530921 5184387 Kukagami

Hutton 80.9 15.1 500497 5184258 Upper Vermilion

Irish 26.9 4.4 532042 5191159 Kukagami

Ironside 80.4 10.8 495154 5186465 Roberts River

Irving 31.2 3.5 504665 5189155 Wanapitei

Island 15.5 3.7 475293 5170112 Sandcherry Creek

Joe 216.2 18.7 498483 5176113 Rapid River

Jones 11.5 2.7 528082 5187001 Kukagami

Jumbo 12.2 1.7 517281 5141461 Red Deer

Karstula 15.5 2.7 459428 5125515 Lower Vermilion

Kelly 340.8 15.5 494785 5143348 Upper Junction Creek

Kosmerly 24.4 3.1 508948 5189264 Wanapitei

Kukagami 1864.8 130.9 534075 5175840 Kukagami

Kumska 142.0 13.9 496356 5182705 Roberts River

Lady Macdonald 11.0 3.2 494387 5148074 Upper Junction Creek

Laundry 17.0 3.2 529127 5190755 Kukagami

Laurentian 157.0 14.9 503561 5144068 Ramsey

Lawlor 34.1 4.6 522183 5191291 Wanapitei

Linton 27.7 4.7 501146 5135723 East Wanapitei River

Little Amy 12.3 3.5 512405 5173050 Wanapitei

Little Ella 29.4 3.6 460375 5126144 Lower Vermilion

Little Fairbank 15.1 2.3 470288 5145596 Fairbank

Little Italy 13.6 3.1 514231 5186619 Wanapitei

Little Otter 17.7 4.0 524406 5185314 Wanapitei

Little Panache 102.9 6.9 471914 5125349 Panache

Little Raft 19.7 2.3 502359 5138600 East Wanapitei River

Little Rat 33.9 3.2 473284 5128441 Lower Vermilion

Little Round 19.7 1.8 491986 5137070 Panache

Lohi 41.6 4.4 496679 5137048 Panache

Long 11.6 4.6 507403 5173707 Upper Vermilion

Long 861.3 52.9 492911 5134619 Panache

Longvack 13.3 3.4 474750 5170950 Sandcherry Creek

Louie 24.0 3.4 470928 5130521 Lower Vermilion

Lake Name Area Perimeter Easting Northing Watershed Unit

(ha) (km) of Lake

Lynn 20.8 2.9 509152 5193368 Wanapitei

Makada 353.8 18.9 488493 5134886 Panache

Malbeuf 37.9 6.0 509867 5183758 Wanapitei

Margaret 64.2 7.1 465866 5126727 Lower Vermilion

Marshy 18.2 4.1 505427 5172783 Upper Vermilion

Matagamasi 1317.1 107.9 529062 5182171 Kukagami

McCharles 150.1 12.7 481957 5136841 Lower Junction Creek

McCrea 15.7 2.6 499878 5158775 Whitson River

McFarlane 166.1 9.6 502959 5140549 Panache

McFie 16.1 2.2 508362 5186538 Wanapitei

McLaren 29.0 6.6 530260 5170128 Kukagami

Meatbird 175.0 20.3 488842 5145440 Lower Junction Creek

Middle 28.1 3.4 498050 5142739 Ramsey

Minnow 32.0 5.6 512593 5174850 Wanapitei

Minnow 20.9 2.1 503350 5148800 Ramsey

Mond 13.3 4.6 470251 5141753 Fairbank

Monk 12.2 2.2 473115 5140959 Lower Vermilion

Moore 38.7 4.3 482520 5151267 Whitewater

Moose 21.8 2.9 508340 5174340 Wanapitei

Moose 37.0 3.6 508044 5169222 Whitson River

Moose 211.7 23.8 475776 5166886 Onaping River

Morgan 43.4 4.3 477736 5169044 Sandcherry Creek

Mowat 67.4 6.3 503973 5189967 Wanapitei

Mud 12.6 1.8 487248 5144851 Lower Junction Creek

Mud 47.8 4.2 487727 5138969 Lower Junction Creek

Nelson 308.8 21.2 492751 5174938 Nelson River

Nepahwin 127.0 11.8 500304 5145008 Ramsey

Northeast 23.1 3.8 468566 5126172 Lower Vermilion

Norwest 46.4 6.3 466195 5124977 Panache

Number Ten 11.4 1.8 468180 5129534 Lower Vermilion

Onwatin 34.2 5.4 503976 5170474 Upper Vermilion

Otter 50.6 6.2 524566 5186286 Wanapitei

Overhead 14.8 2.9 509419 5199681 Wanapitei

Page 23.9 3.0 491658 5135718 Panache

Panache 8034.1 417.9 477948 5120439 Panache

Parkin 109.8 14.3 510332 5191904 Wanapitei

Pelo 37.7 6.3 529758 5185741 Kukagami

Perch 31.1 2.4 505557 5143922 Ramsey

Perch 28.3 3.3 467684 5138069 Lower Spanish River

Peterson 10.1 2.4 513357 5185010 Wanapitei

Pig 16.2 2.8 469664 5120298 Panache

Pigeon 18.8 3.0 497079 5173246 Rapid River

Pike 23.4 4.5 471681 5169027 Onaping River

Pike 11.3 1.6 520703 5168768 Wanapitei

Pine 58.0 6.0 506429 5197600 Wanapitei

Pine 19.5 3.3 498068 5135809 Panache

Portage 22.4 4.5 531917 5175176 Kukagami

Pump 49.8 9.2 493170 5150522 Whitewater

Raft 109.6 9.3 504384 5139804 East Wanapitei River

Ramsey 792.2 34.0 503620 5146649 Ramsey

Rand 22.2 4.4 489058 5179597 Nelson River

Rat 16.5 4.6 532218 5176096 Kukagami

Rat 174.9 10.5 473732 5129602 Lower Vermilion

Rathbun 81.2 8.5 525768 5180518 Wanapitei

Rathwell 21.4 4.4 528883 5192507 Kukagami

Red Deer 158.1 19.0 522018 5139528 Red Deer

Richard 83.6 6.7 506648 5142850 Panache

Robinson 33.6 2.8 497579 5144731 Ramsey

Rockcut 24.2 5.2 505766 5175774 Upper Vermilion

Roland 12.0 1.9 489915 5175767 Nelson River

Ross 31.0 6.5 503533 5184475 Upper Vermilion

Ross 35.5 4.8 461742 5149678 Cameron

Sam Martin 151.7 20.1 515468 5191114 Wanapitei

Seal 39.7 4.9 470643 5173022 Onaping River

Selwyn 57.9 9.8 509503 5178143 Wanapitei

Shed 93.1 7.1 523084 5192165 Kukagami

Silver 21.8 3.6 498832 5141753 Panache

Silvester 56.1 5.7 527033 5187451 Kukagami

Simmons 36.9 2.7 467839 5154303 Mid Vermilion

Simon 102.0 6.2 485039 5138171 Lower Junction Creek

Skill 112.7 10.0 469386 5143721 Fairbank

Skynner 18.1 3.6 511058 5177592 Wanapitei

Snider 16.3 3.3 488212 5170316 Mid Vermilion

Southeast Baby 25.4 3.6 517972 5137926 Red Deer

Spar 23.9 3.0 527450 5168408 Wanapitei

St. Charles 41.3 5.1 498761 5143702 Ramsey

St. Jean 78.5 5.4 511199 5168745 Wanapitei

St. Pothier 27.9 4.2 470959 5136349 Lower Spanish River

Stake 10.1 2.0 504779 5188184 Wanapitei

SU-093 22.5 2.1 461297 5148337 Cameron

SU-1109 14.5 2.6 479296 5168840 Onaping River

SU-1112 11.2 1.8 476817 5164002 Mid Vermilion

SU-183 23.1 2.4 475574 5164981 Mid Vermilion

SU-235 45.6 3.2 477988 5140574 Lower Vermilion

SU-237 11.8 2.1 478610 5168311 Onaping River

SU-258 29.1 3.5 523314 5143428 Red Deer

SU-345 23.5 3.7 483798 5170269 Sandcherry Creek

Sweezey 11.0 1.5 475122 5165455 Mid Vermilion

T (Dill) 44.4 8.2 507761 5137387 East Wanapitei River

Tailings 12.1 1.9 493454 5147287 Upper Junction Creek

Tailings 45.9 2.9 491607 5146732 Upper Junction Creek

Tailings 64.8 3.3 493107 5145888 Upper Junction Creek

Tailings 101.8 4.5 491766 5144737 Upper Junction Creek

Tank 20.1 3.2 499643 5176357 Rapid River

Thomas 22.6 2.9 526631 5183417 Kukagami

Threecorner 31.8 3.4 467376 5128782 Lower Vermilion

Tilton 51.7 3.1 494459 5133655 Panache

Tower 15.6 3.0 512977 5190717 Wanapitei

Towermans 22.3 2.5 493795 5173549 Nelson River

Turner 21.1 4.8 488042 5147126 Whitewater

Upper Gipsy 17.6 3.6 504055 5201003 Wanapitei

Upper Gordon 55.8 5.8 470129 5147132 Mid Vermilion

Upper Mowat 74.9 6.5 504313 5194550 Wanapitei

Upper Thomas 16.7 4.3 526793 5184180 Kukagami

Vermilion 1126.6 32.4 467532 5151144 Mid Vermilion

Wabagishik 591.6 25.6 454765 5126624 Lower Vermilion

Waddell 69.5 11.4 509905 5176137 Wanapitei

Wallin 12.1 2.0 507748 5177904 Upper Vermilion

Wanapitei 13256.8 160.4 519438 5174503 Wanapitei

Webfoot 10.0 3.1 473065 5170204 Onaping River

Wessel 34.1 4.4 531999 5188514 Kukagami

West 122.9 17.1 471227 5128296 Lower Vermilion

West Cameron 77.7 5.3 456611 5149323 Cameron

West Morgan 87.2 9.0 476706 5168774 Sandcherry Creek

Whitewater 949.1 29.5 488958 5153282 Whitewater

Whitson 473.4 45.9 501549 5158782 Whitson River

Windy 10.1 2.9 513409 5172707 Wanapitei

Windy 1129.0 40.4 465628 5160392 Onaping River

Wisner 27.3 5.0 500995 5179678 Upper Vermilion

Wolf 87.5 7.8 527993 5189098 Kukagami
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