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I. Introduction

When you see a smokestack spewing black pollution into the air or a flare burning and releasing noxious chemicals into the atmosphere, do you ever wonder what effect it is having on our environment?  If so, your concern is not unfounded.  Those emissions are responsible for the modern day phenomenon known as acid precipitation, more commonly referred to as acid rain.  Acid rain is responsible for the acidification of lakes and other bodies of water, damaging vegetation and man-made structures with its corrosive effects, and adversely affecting area wildlife.  As a result, the balance of the ecosystem is upset.  These effects can be long term and far-reaching.


The purpose of this paper to is to provide information on the many aspects of acid rain. First, a definition of exactly what acid rain is will be provided, including how it is formed and the basic chemistry behind it.  The rest of the paper will discuss the many negative effects acid rain has on all aspects of the ecosystem.  Finally, a brief case study of Sudbury, Ontario, a Canadian city that formerly suffered very serious acid rain problems and has managed to drastically recover will be presented.

II. Definition and Background


The source and chemistry of acid rain is not particularly complicated.  When coal, oil, and other fossil fuels are burned, sulfur dioxide (SO2) and nitrogen oxides (NOx) are released.  These compounds then react in the atmosphere and are oxidized to form sulfuric and nitric acids.  The formation of these acids is governed by the following equations, as presented by B.J. Mason (1992) in his book entitled Acid Rain:

Sulfuric Acid - Gaseous reactions in a dry atmosphere

SO2 + OH + M  (  HSO3 + M

HSO3 + O2  (  HO2 +SO3


SO3 + H2O (  H2SO4
Nitric Acid – Gaseous reactions in a dry atmosphere
NO is oxidized rapidly in sunlight by O3 to form NO2
NO + O3  (  NO2 + O2
And this reacts with the OH radical to form nitric acid vapor

NO2 + OH + M  (  HNO3 + M

Where:  M denotes a third non-reactive molecule, such as N2

Sulfuric Acid – Liquid-phase reactions in clouds and rain

2S02 +2H2O  (  SO3- + HSO3- +3H+
HSO3- + H2O2  (  HSO4- + H2O

Nitric Acid – Liquid-phase reactions in clouds and rain

N2O5 + H2O(liq)  (  2HNO3
Next, the acid will fall to earth as acid precipitation as close as a few or as far as a thousand miles away from the source.  In addition, these harmful substances can reach the earth’s surface as dry acid “fallout,” which can be as devastating to the environment as acid precipitation.  The following diagram, Figure 1, portrays these processes in a visual manner.

Figure 1.  Diagram of acid precipitation process
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(EPA, 2001)

There are several factors that affect the transport of acid rain, including wind speed, height of smokestacks, weather variables, and the chemical state of pollutants.  In North America, acid rain is a concern mainly in the northeastern United States and southeastern Canada.  Furthermore, the majority of problems in the United States stem from coal-fired power plants.  The emissions that cause acid rain are the focus of Title IV of the 1990 Clean Air Act Amendments (Bailey, Ellerman, Joskow, Montero, and Schmalensee, 2000).  These amendments were intended to lessen the harmful effects acid rain can have on the environment, which is the topic of the next several sections.

III. Effects on Ecosystems

Acid rain has a profound effect on essentially all areas of the ecosystem, from the environment itself to the living organisms that depend on its stability to survive.  This section will discuss the harmful effects acid rain has on wildlife, vegetation, and humans.

A) Bodies of Water and Aquatic Life
The mechanism by which wildlife is most strongly affected by acid rain is the acidification of lakes and other bodies of water.  When acid precipitation falls to earth, much it will end up in lakes and ponds, by falling directly into those bodies and also through run-off from the land.  In fact, most of the acid that reaches lakes comes from water that has percolated through the surrounding watershed (Bubenick, 1982).  As a result, the pH of the water can fall well below normal, healthy levels, and both animal and plant life are adversely affected.

The effect acidification of lakes and ponds has on the fish that inhabit them is the most widely studied topic related to acid rain.  Studies have shown that over time, prolonged acidity interferes with fish reproduction and spawning.  The result is a decrease in fish population density and shift in size and age of the population to older and larger fish (Bubenick, 1982).  Because of this shift in population distribution from younger to older fish, the population of fish in a given body of water could eventually be eliminated altogether as these older fish die off, from either natural causes or exposure to low pH values.  There are several factors affecting the tolerance of fish to acidified waters.  These factors include species, strain, age, size of fish, and physical characteristics of the water such as temperature, season, and hydrology.  At the top of the following page, Table 1 displays some of the effects waters of various acidities have on species of fish and other aquatic life.  It should be noted that at pH levels typically encountered in acidified waters (between 4 and 5), disruption of osmoregulatory function is the most likely cause of fish death (Bubenick, 1982). 

The fishing status of a lake or stream is often assessed in terms of the aforementioned factors: presence or absence of various species, number density, size (mass), and age distribution of current populations, and rates of hatching, recruitment, growth, and death.  The quality of the water, in terms of major ionic species (H+, Ca2+, Mg2+, Al species, SO42-, NO32-), and acidity or alkalinity, is closely related to the fishing status (Mason, 1992).  Unfortunately, many bodies of water all over the world have been rendered dead due to acid precipitation.  In Scandinavia, for example, over 10,000 lakes and streams show no evidence of life, and similar situations exist in

Table 1.  Effects of various pH levels on fish
	pH
	Effects

	11.5 - 11.0
	Lethal to all fish.

	11.5 - 10.5
	Lethal to salmonids; lethal to carp, tench, goldfish, pike if prolonged

	10.5 - 10.0
	Roach, salmonids survive short periods, but lethal if prolonged.

	10.0 - 9.5
	Slowly lethal to salmonids.

	9.5 - 9.0
	Harmful to salmonids, perch if persistent.

	9.0 - 6.5
	Harmless to most fish.

	6.5 - 6.0
	Significant reductions in egg hatchability and growth in brook trout under continued exposure.

	6.0 - 5.0
	Rainbow trout do not occur.  Small populations of relatively few fish species found.  Fathead minnow spawning reduced.  Molluscs rare.  Declines in a salmonid fishery can be expected.  High aluminum concentrations may be present in certain waters causing fish toxicity.

	5.0 - 4.5
	Harmful to salmonid eggs and fry; harmful to common carp.

	4.5 - 4.0
	Harmful to salmonids, tench, bream, roach, goldfish, common carp; resistance increases with age.  Pike can breed, but perch, bream, and roach cannot.

	4.0 - 3.5
	Lethal to salmonids.  Roach, tench, perch, pike survive.

	3.5 - 3.0
	Toxic to most fish; some plants and invertebrates survive.


the United States in Canada. Ironically, acid dead bodies of water are very clear and appear to be pollution free (Catalano& Makansi, 1984).  Moreover, once the life in a given body of water has been wiped out due to acidification, the recovery process is a long and difficult one.  As of now, acidified lakes and streams are recovered and lakes not yet damaged are protected using a procedure called liming.  Liming involves the addition of alkaline materials like limestone (calcium carbonate) to increase the buffering capacity of the body of water.  However, liming is only a temporary solution that has several limitations.  Liming streams is difficult, some lakes located high in mountain ranges are too inaccessible to treat regularly, and liming a lake may cause a sudden rise in alkalinity that can be harmful to the aquatic life, defeating the purpose (Gould, 1985).  There are a few cases in which liming can be effective, but overall it seems that liming acidified water is not a viable solution to the acid precipitation problem.

B) Vegetation and Soils

Acid precipitation has an equally harmful effect on vegetation and soils.  It is believed that acid rain is the cause of the decline of many of the evergreen forests in the United States and Western Europe.  Damage to forests due to acid rain is particularly problematic for Germany – at one time, 34% of the trees in the Black Forest were thought to be dead or dying (Gould, 1985).  

The buffering capacity of the soil in which vegetation exists determines how effective the soil will be in neutralizing the acid, and the buffering capacity is essentially a function of the thickness and composition of the soil.  In the United States, well-buffered soils exist in Nebraska and Indiana, whereas soils with less buffering capacity can be found in New York’s Adirondack and Catskill mountains, to name a few places (Bubenick, 1984).  Efforts can be made to increase the buffering capacity of the soil in an approach similar to the treatment of acidified lakes, through the addition of crushed limestone.  However, much like the case of lake treatment, the addition of crushed limestone to soil as a universal solution is not particularly practical.  Acid rain that seeps into the ground can damage soil microorganisms that are vital to the ecosystem, as they contribute to plant growth, and carry out biochemical processes that aid soil structure for root development as well as destroy synthetic manmade pollutants (Bubenick, 1984).  When these processes are impaired, the quality of the soil is reduced, and in turn, area vegetation is harmed as well.  

There are several ways in which acid rain harms vegetation.  Plants living in acidic soil can incur injury to their roots.  In addition to acid damage via contaminated soil, acid rain can damage plants in a more direct manner through leaf injury.  Acid precipitation initiates the distortion and collapse of cells on the upper leaf surface, and eventually, further injury occurs and all leaf surfaces become damaged.  How strongly vegetation is affected depends on: duration and frequency of exposure, acid content and size of raindrops, and the intensity of the rainfall (Bubenick, 1984).

C) Humans

The ways in which human beings are affected by acid precipitation includes the abovementioned effects on animal and plant life as well as some other unique effects.  The effects on wildlife and vegetation have an impact on the human population in that increased acidification of lakes and streams makes them less fishable.  Moreover, the harm that acid rain causes to the environment as a whole is inarguably a detriment to humans, since the earth is the only place we have available to live.  More specifically, the damage acid precipitation causes to plants affects humans directly through crop damage.  Interestingly, though, it is actually not acid rain that causes the most damage to crops.  Gaseous pollutants such as ozone and sulfur dioxide are of more concern, with ozone causing several billion dollars worth of crop damage annually (Gould, 1985).

Another way in which humans see firsthand the effects of acid rain is the way in which it corrodes and degrades many of the materials used in statues, buildings, and other structures, including marble, limestone, and paint.  Acid rain has caused highly visible damage to many of the world’s landmarks and monuments, including the Taj Mahal, the Acropolis, and the U.S. Capitol Building (Gould, 1985).  Below, Figure 2 depicts the kind of damage done to 

structures due to prolonged acid rain exposure.  An additional picture is located in Appendix 1.

Figure 2.  Typical damage done to a stone statue
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   (Kimball, 2000)

Between crop and structure damage, it is clear it would be in the best interest of humans to make a serious effort to reduce acid rain as much as possible.  Although the harmful effects of acid damage may not be seen at their worst immediately, continued exposure over time means the worst is most likely yet to come.  This is particularly true since the clean up of acid contaminated soils and bodies of water is a long and complicated process.  The following section, a brief case study of Sudbury, Ontario, will demonstrate just how severe acid rain problems can be, and exactly what recovery entails.

IV. A Brief Case Study:  Sudbury, Ontario
The best way to truly understand the devastating effects of acid rain is to examine a city that suffered some of the worst acid rain problems in the world.  Sudbury, Ontario has long been known for its massive nickel mine, owned by Inco Limited.  The methods by which Inco processed the nickel ore in 1929 are appalling by today’s standards: sulfurous ore was piled onto layers of cordwood in the open-air and ignited.  For months at a time, clouds of sulfur dioxide drifted across the area as the sulfur burned off of the ore.  This method was eventually eliminated, only to be replaced by smokestacks that lifted emissions higher into the atmosphere, carrying the pollution to other places (Lees, 2000).  In addition, in 1969 Inco unveiled plans for a 381-meter-tall smokestack, the world’s tallest.  The project went ahead, and the stack was completed in 1972.  However, it was around this time period (early 1970s) that proof came from Sweden that Scandinavian lakes were being destroyed by way of acidification, due to sulfur dioxide emissions from smokestacks in Great Britain.

Shortly thereafter, if the evidence from Sweden had not been proof enough for those in Sudbury, Ontario that their environment was in serious trouble, a wake up call came that let them know they had a big problem.  In 1971, American astronauts traveled to Sudbury to train for walking the lunar landscape, since Sudbury’s land was horribly barren by this point (Newman, 1991).  Continued exposure to sulfur dioxide pollution had killed off essential soil microbes, along with a loss of topsoil due to drying winds had rendered the soil lifeless.  In fact, some areas were so barren that the exposed rock was black from manganese-oxide fallout, sulfuric acid had etched the rock.  Interestingly, but not surprisingly, a smelter could be found at the center of each of the most barren tracts of land.  A chemical analysis of area soils showed that sulfur was not the only contaminant present – copper and nickel were also found.  The sulfuric acid dissolved the nickel and copper particles emitted from the smokestacks (Lees, 2000).

When the people of Sudbury realized just how bad the problem was, they immediately started taking steps to turn things around.  The Sudbury Environmental Enhancement Program (SEEP) was established, and the forbidding task of re-vegetation began.  Over the past 30 years, hundreds of people, both paid and volunteer, spent time on the hills of Sudbury, liming soil and planting grass, clovers, and conifer seedlings over more than 40 square kilometers of land.  In addition, smelters helped the cause by reducing their emissions.  The change did not happen overnight.  Initially, the seedlings planted either died or struggled to survive, and any lakes that were neutralized eventually reverted back to acidity.  But over time, persistence paid off and things began to look up.  In the 1980s, many of the lakes rebounded, and this was largely due to the re-vegetation effort, with trees and other plants absorbing acid from the soil, keeping it from seeping into the lakes. (Lees, 2000)  Past and present pictures of Sudbury are located in Appendix 2.

Sudbury, Ontario is an exceptional example of just how badly acid precipitation can damage the earth, but more importantly, it also demonstrates that recovery is entirely possible with the correct measures and attitude.  Sudbury has made the transition from a city known for tall smokestacks and barren landscapes to a newly green center for environmental know-how and sensibility.

V. Conclusion

In the future, hopefully a reduction in the number of acid dead lakes, contaminated groundwater, and damaged buildings and monuments will become a reality rather than something that only makes the world’s environmental wish list.  There is no doubt that improvements can be made, with the correct attitude and environmentally friendly legislation.


Acid rain is a serious environmental issue with very real effects, and is not something that, left alone, will just go away.  While recovery of a badly damaged area is possible, it is by no means a simple task, and frankly, salvaging polluted land is not the environmental policy goal we should be striving for.  The best thing that can be done for the future is reducing emissions, and making sure any emissions that must be made are as clean as possible through the use of fuel cleaning and switching, combustion process changes, flue gas clean-up, and operational changes (Yeager, 1984).  Only by reducing the toxicity and volume of emissions, thereby cleaning up the atmosphere, will great strides be made towards cleaner waters and soils.

Appendix 1

Damage to a statue due to acid rain 
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Appendix 2

Smokestacks in Sudbury, Ontario
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Sudbury, Ontario before environmental clean-up efforts
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(continued next page)
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(continued next page)

After clean-up
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