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Summary 

 

Lakes in a large area around Sudbury, Ontario, Canada, have been affected by the atmospheric 

deposition of pollutants from over 



Introduction 

 

Metal mining and smelting began in the Sudbury, Ontario, Canada, area before the turn of the 20th 

century.  The Sudbury area subsequently grew into one of the largest metal-producing complexes in 

the world.  Smelter emissions peaked during the 1960's, when the Sudbury area smelters constituted 

one of the world's largest point sources of SO2 emissions. Thousands of tons of metal particulates 

have also been emitted from the Sudbury smelters over the years (Potvin & Negusanti, 1995).  

 

Lakes in a large area of northeastern Ontario have been severely affected by the atmospheric 

deposition of contaminants originating from the Sudbury smelter emissions. Over 7000 lakes within 

a 17,000 km2 area (Figure 1) have been acidified to pH 6.0, the point at which significant biological 

damage is expected (Neary et al., 1990).  The lakes most severely damaged were those located 

within about 20 to 30 km of the smelters, where acid conditions were combined with very high 

concentrations of potentially toxic trace metals, especially copper and nickel. Elevated 

concentrations of metals in combination with high acidity have had profound effects on biological 

communities (Yan & Welbourn, 1990). Some lakes near the smelters have been reported as among 

the most atmospherically-contaminated lakes in the world. For example, Hannah Lake, 4 km from 

the Copper Cliff Smelter, had pH 4.3 and copper and nickel concentrations of over 1000 µg/L, in 

1974 (Yan et al. 1996a).  Highly elevated metal concentrations have also been documented in non-

acidified Sudbury lakes and have had severe effects on lake ecosystems. Some Sudbury area lakes 

were also subjected to severe watershed disturbances (logging, fires, SO2 fumigations and vegetation 
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damage, soil erosion) that in extreme cases resulted in virtually barren watersheds (Gunn, 1996).  

 

However, much has changed in the aquatic ecosystems around Sudbury. As emissions of SO2 and 

metals were dramatically reduced during the 1970's (Figure 2), large improvements in lake water 

quality were observed in the surrounding area (Keller & Pitblado, 1986; Keller et al., 1992a) and 

biological improvements have followed (Gunn & Keller, 1990; Keller et al., 1992b; Havas et al., 

1995).  Unexpectedly, some of the most dramatic decreases in acidity have occurred in the most 

highly affected lakes close to the Sudbury smelters. Large additional decreases in SO2 emissions 

were achieved by 1994 (Figure 2) as part of Ontario's Countdown Acid Rain Program. Further 

decreases in metal emissions accompanied these SO2 emission reductions. Overall, reductions in 

SO2 and metal emissions of about 90% have been achieved in recent decades (Potvin & Negusanti, 

1995). 

 

This report examines recent trends in the chemistry of Sudbury lakes for evidence of continuing 

chemical recovery, and summarizes the current status of these lakes with respect to acidity and metal 

contamination. The biological characteristics of recovering Sudbury lakes and their possible 

relationships to physical, chemical and biological factors that may influence the lake recovery 

process are also examined. In this report our focus is on the lakes close (< 30 km) to the smelters that 

historically were the most severely affected, but information is included on some lakes out to about 

100 km from Sudbury.  
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Chemical Recovery and Status 



 

Table 1.   Time trend analyses (1990 to 2002) of the 44 SES Extensive Lakes using the Mann 
Kendall Test. Trends are significant at p <0.05. 
 
 

Parameter Positive Trend Negative Trend No Trend 
    
pH 29  (66%) 0 15  (34%) 
Sulphate 0 43  (98%) 1  (2%) 
Calcium 0 42  (95%) 2  (5%) 
Magnesium 0 39  (89%) 5  (11%) 
Sodium 2  (4.5%) 2  (4.5%) 40  (91%) 
Potassium 0 31  (70.5%) 13  (29.5%) 
Chloride 1  (2%) 2  (5%) 41  (93%) 
Copper 0 17  (39%) 27  (61%) 
Nickel 0 29  (66%) 15  (24%) 
Zinc 0 38  (86%) 6  (14%) 
Aluminum 0 33  (75%) 11  (25%) 
Manganese 1  (2%) 32  (73%) 11  (25%) 
Iron 0 17  (39%) 27  (61%) 
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Figure 2. Sulphur dioxide emissions (combined for the Sudbury area smelters) and total annual 
precipitation. 
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Metals 

 

During surveys in the 1970's, elevated concentrations of total copper and nickel were detected in 

lakewaters extending out to >50 km from Sudbury (Conroy et al., 1978). Reductions in smelter 

metal emissions have resulted in substantial decreases in lakewater metal concentrations. Reduced 

concentrations of copper and nickel were first observed in Sudbury area lakes after the emission 

reductions that were implemented in the late 1970's (Keller & Pitblado, 1986).  Some lakes showed 

evidence of continuing decreases during the 1980's but others showed no clear patterns or even 

showed metal increases (Figure 5). Evaluation of patterns during the 1980's is, however, complicated 

by the effects of two years (1982, 1983) of markedly reduced smelter emissions because of 

production cuts, and a two year (1986-87) drought (Figure 2) that had dramatic effects on lake 

chemistry, as discussed later.   

 

During the 1990's, reductions in metal concentrations in lakes close to Sudbury were again observed, 

accompanying the emission reductions resulting from the implementation of the Countdown Acid 

Rain Program (Figure 5; Table 1).  Copper and nickel concentrations exceeding Ontario's Provincial 

Water Quality Objectives (MOEE, 1994) for the prot
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Sediment surveys during the 1970's documented elevated concentrations of copper and nickel 

extending to >50 km from Sudbury (Semkin & Kramer, 1976; Conroy et al., 1978).  Metal 

contaminated sediments in Sudbury area lakes are still a concern. Comparatively recent (1990's) 

sediment data (Appendix 2) showed continuing relationships between concentrations of metals 

including copper, nickel, cobalt and lead in surface sediments and distance from Sudbury. Surface 

sediments were contaminated with copper and nickel out to ~ 50 km from Sudbury, and sediment 

copper and nickel concentrations of well over 1000 µg/g occurred in the lakes closest to the smelters 

(Figure 8). Such values are much higher than the Ontario sediment quality guidelines which consider 

severe biological effects to potentially occur above 110 µg/g for copper and 75 µg/g for nickel 

(MOEE, 1993). Concentrations of lead were elevated in some lakes in the Sudbury area, but the 

relationship to distance from Sudbury was not clearly defined, probably reflecting a general effect of 

urbanization, not simply an effect of smelter emissions (Figure 9). Lead concentrations in lake 

sediments often approached, and in one case exceeded, severe effect levels (MOEE, 1993). Cobalt 

concentrations exceeding open water disposal guidelines (MOEE, 1993) occurred in lakes within 

about 20 km of Sudbury (Figure 9).  Snetsinger (1993) reported concentrations of arsenic exceeding 

the severe effect guideline (33 µg/g; MOEE, 1993) in some lakes within 20 km. It is important to 

note, however, that sediment quality guideline levels can be naturally exceeded in northern Ontario 

lakes for some metals because of geological effects (Painter, 1992; Hunt, 2003).  



 

 



 

 



 

Factors Affecting Chemical Recovery 

 

Dramatic changes in lake chemistry have accompanied the recent emission reductions at the 

Sudbury smelters, however, the observed water quality changes can not simply be attributed to the 

direct effects of pollution controls.  Weather patterns can have a profound effect on long term 

patterns in lake chemistry (Schindler et al., 1990, 1996), as has been observed previously in the 

Sudbury area (Keller et al., 1992a).  Drought results in oxidation of reduced sulphur stored in lake 

catchments from years of elevated atmospheric deposition.  Wetlands are particularly important sites 

for sulphur storage within lake catchments (Dillon & LaZerte, 1992; Dillon et al., 1997).  

Remobilization of stored acidity when wet conditions resume can lead to lake re-acidification and 

many related physical and chemical changes including metal mobilization, changes in thermal 

structure, and increased UV-B penetration (Yan et al., 1996b). Such effects, which can have major 

impacts on lake biota (Arnott et al., 2001), were observed in Sudbury area lakes following the two-

year drought of 1986-87 (Keller et al., 1992a; Yan et al., 1996b).  Some of the recent changes in lake 

chemistry (Figures 3, 4 & 5) may still reflect recovery from this drought-induced acidification event. 

 Recent changes may also, in part, still be a continuation of the general long-term recovery of lakes 

and watersheds that began decades ago in the Sudbury area.  

 

The general relationship between lakewater sulphate concentrations and distance from Sudbury that 

has been observed during previous surveys spanning several decades (Keller & Carbone, 1997) is 

still evident (Figure 10), although sulphate concentrations have declined greatly over the years. This 
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indicates a continuing smelter effect.  However, much of this effect may be historical and not due to 

current smelter emissions.  Based on studies in 1978-80, the Sudbury emissions appeared to be a 

relatively minor contributor to sulphur deposition in the Sudbury area, contributing about 25% 

(Chan et al., 1984).  W



 



 

in watersheds are undoubtedly a very important factor in the recovery of severely damaged Sudbury 

lakes. Lakes and their watersheds are intimately linked (Dillon & Evans, 1995). Thus, in situations 

of landscape-scale disturbance like some areas around Sudbury, the recovery of terrestrial 

communities may play an important role in the recovery of aquatic systems. For example, land 

liming and tree planting programs have had noticeable effects on the water quality of some lakes 

(Yan et al., 1996a). The respective roles of the above factors on the recent lake recovery trends are 

not known. However, it is clear that water quality improvements are continuing in response to a 

combination of these factors.   

 

With time, reduced inputs of metals originating from smelter emissions are also expected to lead to 

improved sediment quality in Sudbury lakes, although interpretation of any changes in metal profiles 

is quite complicated (Belzile & Morris, 1995).  There is some evidence of improvements in sediment 

quality (Nriagu & Rao, 1987), but studies are limited.  Relatively recent (1996) examination of core 

profiles in four lakes within 15 km of Sudbury showed apparent declines in copper and nickel 

concentrations in the uppermost (1 cm) sediments in two of the lakes (Borgmann et al., 1998). The 

burial of contaminated sediments by cleaner sediments will, however, be a slow process. 
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Biological Recovery and Status 

 

Much evidence of biological recovery is emerging from lakes in the large zone affected by the 

Sudbury smelter emissions (Keller & Gunn, 1995; Keller & Yan, 1998; Keller et al., 1999b; Keller 

et al., 2002; Findlay, 2003; Holt & Yan, 2003; Snucins, 2003).  Comparatively few investigations 

have focused on the severely affected city lakes closest to the smelters. However, there are some 

encouraging signs of biological recovery even in these lakes.  

 

Fish  
 

The City of Greater Sudbury has over 330 lakes, the vast majority of which support fish 

communities. Viable sportfish populations, some of them re-introduced in recent decades to lakes 

from which they had disappeared (Gunn & Keller, 1995), are very positive evidence of 

improvements. Fortunately, fish in Sudbury lakes also appear to have quite low concentrations of 

mercury in their flesh, probably because of an antagonistic effect between selenium from smelter 

emissions and mercury assimilation (Chen et al., 2001).  The total number of fish species that 

occur within the city is approximately 30, consisting mainly of indigenous species, typical of 

lakes in this region of the Precambrian Shield (Appendix 3).  Rainbow smelt (Osmerus mordax) 

an exotic species of marine origin, and largemouth bass (Micropterus salmoides) a southern 

warm water species, are probably the only two current species that were not present when the 

area was settled at the turn of the last century.  However, there have been dramatic changes in 
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species composition within individual lakes in recent decades.  Three main changes include: 

1)  Widespread legal and illegal introduction of several sport fish species (walleye 

(Sander vitreus), lake trout (Salvelinus namaycush), brook trout (Salvelinus fontinalis), 

and smallmouth bass (Micropterus dolomieu)), and other species introductions including 

rock bass (Ambloplites rupestris), -d0Ppkinsed [()]TJ
/TT2 1 Tf
0.0403  Tc 0.11847Tw 6.203 0 Td
(MLepmies gibboss)Tj
/TT1 1 Tf
0.00179 Tc 0.1194 Tw -[(), and omaelt thoutgh



 

Walleye is probably the most sought after sport fish in the Sudbury area, and walleye 

populations exist in about 30 of the city lakes.  Many of the current populations were established 





 

The phytoplankton community of Clearwater Lake, one of the most highly affected Sudbury lakes in 

the 1970’s, has now become similar to communities of near-neutral, more pristine lakes on the 

Precambrian Shield (Winter et al., 2004). The crustacean zooplankton community of Clearwater 

Lake has also shown recovery but is not yet similar to communities in non-acidic reference lakes 

(Yan et al., 2004a). Changes in fish communities may be having significant effects on 

invertebrate communities in Clearwater Lake and other area lakes as fish populations become 

established. Clearwater Lake was fishless for over 50 years.  Bait species such as fathead 

minnows (Pimpephales promelas), northern redbelly dace (Phoxinus eos) and brook sticklebacks 

(



 

responsible for sediment toxicity to the amphipod Hyalella in Sudbury lakes (Borgmann, 2003). 

Elevated waterborne metal concentrations are a likely explanation for the lack of recovery of 

cladoceran zooplankton in Middle Lake, in Sudbury (Yan et al., 2004b).  

 

It is generally felt that while acidification can greatly alter the composition of aquatic communities, 

the important functional processes of aquatic ecosystems such as productivity and nutrient cycling 

remain essentially intact (Schindler, 1987).  Evidence from some Sudbury lakes indicates that this 

may not always be the case in lakes subjected to extreme stress. Low species richness appears to still 

be a general characteristic of many lakes close to Sudbury, which have been subjected to a variety of 

anthropogenic stresses in addition to high atmospheric contaminant inputs. Many of these lakes still 

have crustacean zooplankton communities that have fewer species than expected in more pristine, 

near-neutral lakes (Figure 12; Appendix 5). 

 

 The zooplankton species composition of lakes within the core area of the City of Greater Sudbury is 

also still quite different from communities expected to occur in more natural lakes (Figure 13a ). In 

agreement with the observations of Yan et al. 2004b, copepod assemblages in Sudbury lakes (Figure 

13c) appear to be somewhat more typical and show more recovery than cladoceran assemblages 

(Figure 13 b). This may be attributable to the generally greater sensitivity of cladocerans to metals, 

in comparison to copepods (Yan et al. 2004b). 
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Figure 12. Number of species of crustacean zooplankton collected from Sudbury lakes in 1990 
(solid bars) and 2003 (open bars). Lakes were sampled once during summer, at a single deep 
basin, with a net haul from one m above bottom to surface. Lakes are arranged in order of 
increasing current pH (indicated in brackets). Species richness (± 2 SD) for 22 near-neutral 
reference lakes around Dorset, Ontario, about 200 km southwest of Sudbury, is provided for 
comparison. 
 

Even at near-neutral pH, some Sudbury lakes still exhibit other very unusual biological 

characteristics, including the absence or extreme scarcity of molluscs, amphipods, mayflies and 

crayfish, ubiquitous organisms that would be expected to be common in such lakes (Gunn & Keller, 

1995; Heneberry, 1997; Reasbeck, 1997; Borgmann et al., 1998). Grazers such as these play an 

important role in energy transfer and their absence or scarcity may have important implications for 

nutrient cycling in Sudbury lakes. For example, Middle and Hannah lakes, which were 

experimentally neutralized in the 1970's and have since maintained near-neutral pH (Yan et al., 

1996c), have unusual, extensive benthic growths of filamentous algae  (Heneberry, 1997) which  
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appear to be related to the absence of large grazers, particularly crayfish (Figure 14).  In turn, 

impaired energy transfer through lower trophic levels may be a factor causing low fish biomass in 

these lakes (Wright, 1995). As well, a scarcity of large invertebrate prey may greatly directly affect 

the growth of fish such as yellow perch in Sudbury lakes, resulting in populations comprised mainly 

of stunted individuals (Iles, 2003).The relative roles on fish growth of physiological stress from 

elevated body burdens of some metals and the indirect effects of metals on food availability are, 

however, not yet completely understood (Sherwood et al., 2000; Audet & Couture, 2002; Sherwood 

et al., 2002; Rajotte & Couture 2003). 
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 Conclusions 

 

Smelter emission reductions in the Sudbury area have resulted in substantial improvements in the 

water quality of area lakes.   Evaluation of the di
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Appendices 
 
The following appendix tables contain various chemical and biological data for a number of 
Sudbury area lakes. The name



 

Appendix 1- Water Chemistry 
 
Water chemistry data for 31 lakes in the core area of the City of Greater Sudbury in 1990 and 2003. 
Non-volume-weighted, tygon tube composite 
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