Understanding
Environmental Pollution



http://www.cambridge.org/9780521820240

This page intentionally left blank



Understanding Environmental Pollution

A Primer

Understanding Environmental Pollution systematically introduces pollution
issues to students and others with little scientific background. The first
edition received excellent reviews, and the new edition has been com-
pletely refined and updated.

The book moves from the definition of pollution and how pollutants
behave, to air- and water-pollution basics, pollution and global change,
solid waste, and pollution in the home. It also discusses persistent and
bioaccumulative chemicals and pesticides, and places greater emphasis
on global pollutants. The relationship between energy generation, its use,
and pollution is stressed, as well as the importance of going beyond pol-
lution control, to pollution prevention. Impacts on human and environ-
mental health are emphasized throughout. Students are often invited to
come to their own conclusions after having been presented with a variety
of opinions.

This textbook provides the basic concepts of pollution, toxicology, and
risk assessment for non-science majors as well as environmental-science
students.

MARQUITA HiLL developed a number of environmental courses at the
University of Maine, including “Issues in Environmental Pollution,” an
interdisciplinary introductory course, and “Pollution Prevention and
Industrial Ecology” in the Department of Chemical Engineering. She was
for 7 years a visiting scholar in Environmental Health at the Harvard
School of Public Health, and was a founding member and the first presi-
dent of the Green Campus Consortium of Maine, an organization devoted
to finding sustainable means of management for the state’s institutions
of higher learning.
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Preface

Understanding Environmental Pollution has been updated and almost
completely revised. The book summarizes the basics of pollution,
working to use language understandable to those with limited sci-
ence background, while remaining useful to those with more. The
impacts of pollution on environmental health receive greater atten-
tion in this edition, and there are more case descriptions, which pose
reflective questions to the reader. The second edition also has greater
emphasis on pollution problems in less-developed nations. It often
delves too into pollution that moves beyond national boundaries. In
addition, more references are included at the end of chapters, includ-
ing many web sites.

A framework: Chapters 1 through 4 provide basic information
on pollution, the issues that it poses, and on reducing pollution.
They also discuss concepts important to later chapters. Chapter 1
introduces basic concepts in pollution, and addresses how humans
are affecting the environment’s ability to provide “natural services.”
Chapter 2 describes “comparative risk assessment,” and overviews how
society deals with risks. The waste-management hierarchy with its
stress on pollution prevention is introduced here too, as is industrial
symbiosis, treating wastes as resources. Chapter 3 introduces toxicity
and factors affecting whether a chemical will have adverse effects.
Chapter 4 emphasizes that exposure must occur before a chemical
poses a risk, and describes how chemical risk is evaluated.

Pollution basics: Chapter 5 delves into the major pollutants in
ambient air, the concerns that they pose, their sources, and efforts to
reduce their emissions. Chapters 6, 7, and 8 examine global-change
issues that originate with air pollution - acid deposition, global cli-
mate change, and stratospheric-ozone depletion. Chapter 9 examines
major water pollutants, problems that they cause, their sources and
actions to reduce emissions. The “nitrogen glut” is also overviewed,
a problem now of global dimensions. Chapter 10 inspects drinking-
water contaminants with an emphasis on pathogenic organisms, espe-
cially in less-developed countries. Chapter 11 summarizes the basics
of the enormous quantities of solid waste that we produce, and
Chapter 12 does the same with hazardous waste.

More detail: Because so many pollution problems originate with
the way we produce and use energy, Chapter 13 is devoted to this
issue. It also examines alternative sources of energy, which often have
their own problems. Chapter 14 introduces “PBTs,” organic chemicals
that are persistent, that bioaccumulate, and are toxic too. Chapter 15
examines metals, many of which are also PBTs. As Chapter 16 summa-
rizes, pesticides are pollutants of continuing concern, but alternatives
to synthetic pesticides often raise their own problems. Chapter 17
focuses on pollution closer to home, the pollutants that concentrate
within our households. Chapter 18 ends the book on the hopeful
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PREFACE

theme of Zero waste, zero emissions. While society must continue to
grapple with the basics of pollution control and pollution prevention,
others are going further. Some businesses, cities, even whole coun-
tries aim for an ideal of zero waste, zero emissions and work toward
making resources out of what are now wastes.
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Chapter |

Understanding pollution

“The economy is a wholly owned subsidiary of the

environment. All economic activity is dependent upon

that environment with its underlying resource base.”
US Senator Gaylord Nelson on first Earth Day, 1970

What is pollution and why is it important? Why does pollution occur,
and is it harmful at all levels? What happens to pollutants in the
environment? What are the root causes of pollution? These are among
the questions that Chapter 1 will examine. Section I introduces the
major impacts that humans exert on Earth’s natural systems while
also emphasizing our profound dependence on the services provided
by those systems. Section II examines why pollution happens, what
substances are pollutants, and their sources. Traveling pollutants
are described, and the effects they sometimes exert at great dis-
tances from their origin. In turn the environment modifies pollu-
tants too, often lessening their harm, especially if levels are not too
high. A catastrophic instance of pollution, an explosion at a pesticide
plant in Bhopal, India is presented. The opposite extreme, the risk
of pollutants in the environment at very low levels is examined too.
Section III moves into impoverished parts of the world where pol-
lution sometimes devastates human health. Section IV looks at root
causes of pollution, in particular population growth, consumption,
and large-scale technology. Finally, Section V comes home to each of
us, pointing out that our actions have environmental consequences,
sometimes in ways we don’t suspect.

SECTION |
Humans are massively changing the Earth

As described in an article in Science,'! Human domination of Earth’s
ecosystems, “Between one-third and one-half of the land surface has

1 Vitousek, P. M., Mooney, H. A., Lubchenco, J., and Melilli, ]. M. Human domination of
Earth’s ecosystems. Science, 277, July, 1997, 494-99.
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been transformed by human action; the carbon dioxide concentra-
tion in the atmosphere has increased by nearly 30% since the begin-
ning of the Industrial Revolution; more atmospheric nitrogen is now
fixed? by humanity than by all natural terrestrial sources combined;
more than half of all accessible surface fresh water is put to use by
humanity; and about one-quarter of the bird species on Earth have
been driven to extinction . .. All . . . trace to a single cause, the
growing scale of the human enterprise. The rates, scales, kinds, and
combinations of changes occurring now are fundamentally different
from those at any other time in history; we are changing Earth more
rapidly than we are understanding it. In a very real sense, the world
is in our hands and how we handle it will determine its composition
and dynamics, and our fate.”

Nature’s services

In the past, we often did not even consider that we were changing
our environment, let alone how that could affect us. In the twentieth
century, many people willingly ignored gross pollution if its source
was a factory on which the community depended for employment.
“That’s the smell of money” they might say. This still occurs in some
places in the world. If it took so long to recognize that pollution could
directly affect human health, think how difficult it is to recognize our
total dependence on the environment.

Protecting drinking water

Recently, New York City spent over a billion dollars to buy land to
its north in the Catskill Mountains in the watershed that provides
drinking water to New York City. The City then restricted how the
land could be used, forbidding activities that could pollute the water-
shed’s streams and rivers. One action regulated was the application
of pesticides and fertilizers on land because these substances can run
off into local waters. By recognizing and protecting the Catskills’ nat-
ural water filtration capability - an ecosystem service — the City avoided
having to build a treatment plant to purify its drinking water. The
plant would have cost about $6 billion, plus $300 million a year to
run. The City saved itself $5 billion.

Protecting ecosystem services

New York City protects much of the land it bought from development.
Why? ® Trees and vegetation stabilize the soil preventing it from erod-
ing during rainstorms, and being carried into Catskill streams as a
pollutant. ® On undeveloped land, soil and tree and vegetation roots
absorb rainwater lessening the risk of flooding during heavy rains.

2 Atmospheric nitrogen is dinitrogen, it is composed of two atoms of nitrogen. Such
nitrogen is not reactive, and we breathe it in and out without effect. But under certain
conditions, especially high combustion temperatures, nitrogen is “fixed” into chemi-
cals such as nitrogen oxides. This fixing is environmentally very significant because
plants can use nitrogen oxides (and ammonia formed industrially). This will be covered
in Chapter 11.
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The water is instead slowly released to streams, while another por-
tion seeps down into and replenishes groundwater. ® Undeveloped
land acts as a home to wildlife and also provides timber, recreation
and aesthetic value, and has the advantage of being cooler than
cleared land. m Its wetland areas also provide services. Aquatic plants
and microorganisms purify polluted water carried into the wetlands
with runoff. They trap eroded soil, preventing it from running into
streams and lakes. Wetlands provide flood protection by serving as a
sink during heavy rains.® They also provide habitat to multiple bird
and other species.

Natural services provided by urban trees

Not only rural, but city trees too provide valuable services. The orga-
nization American Forests was concerned by the loss of tree canopy
in American cities. Using satellite and aerial imagery, they showed
that tree cover in 20 US cities had declined 30% over three decades.
This was disturbing: trees provide shade and cooling to the urban
buildings they shelter; they have aesthetic value; they trap polluted
storm water runoff via the soil held by their roots. And trees trap
air pollutants: they trap gaseous pollutants by the stomata in their
leaves; sticky or hairy leaves also filter particulates from air. Using a
computer-based geographic information system American Forests first
calculated how much air pollution urban trees remove, and then cal-
culated the economic loss of cutting the trees. In Washington, DC
trees lost to cutting would have removed about 354000 lbs (over
160 000 kg) of major air pollutants including carbon monoxide, sulfur
dioxide, and ozone. This lost capacity costs the city about $1 million
a year in additional air pollution abatement expenses. And because
cut trees were not there to trap storm water, there was a 34% increase
in storm water runoff. It costs Washington, DC about $226 million
per year to process the additional runoff. Fortunately, the average
American city, despite its losses, still has about 30% tree cover.
American Forests believes that this could reasonably be increased to
at least 40%.

Other natural services

Ecosystems provide many services; a few of these services are out-
lined in the following. ® Vegetation and trees absorb the green-
house gas carbon dioxide, while releasing the oxygen necessary to our
lives. m The atmosphere’s stratospheric-ozone layer protects us from
the sun’s strongest ultraviolet radiation. ® Worms and other organ-
isms, and vegetation enhance the fertility of soils that we need for
agriculture. m Healthy ecosystems provide insects, birds, and other
animals that pollinate plants - including crop plants. Birds and
some insects also reduce many agricultural pests. ® Natural systems

% In a different context, coastal wetlands provide a buffer to hurricanes. There is great
concern about a future hurricane hitting New Orleans, Louisiana since so many wet-
lands have been destroyed.
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provide seafood, wild game, forage, wood, biomass fuels, and natural
fibers. m They degrade organic wastes, both naturally produced and
human-produced waste.

Box I.l | “Less forgiving than our planet.”

Economists often argue that technology can substitute for natural life-support sys-
tems. One experiment in the ability of technology to support life is Biosphere 2, an
enclosed man-made structure built as a model for a self-sustaining extraterrestrial
colony in space. Completed in 1991 at a cost of $200 million, its 3.15 acres (1.27 ha)
were a closed-off mini-Earth containing tiny biomes — a marsh from the Florida
Everglades, an equatorial rain forest, a coastal desert, a savanna with a stream and
grasses from three continents, an artificial mini-ocean with a coral reef, plus an
orchard and intensive agricultural area. Its underbelly holds a maze of plumbing,
generators, and tanks.

Eight people moved into the Biosphere 2 for 2 years. The first year went
well, but in the second crops failed, and people grew thin. They became dizzy
as atmospheric oxygen levels fell from 21% to 14% — a level typical of 14000 ft
(4267 m) elevation. This occurred because excessive organic matter in the soil
absorbed oxygen from the air Atmospheric carbon dioxide “spiked erratically,”
while nitrous oxide rose to levels that could impair brain function. Vines and algal
mats overgrew other vegetation. Water became polluted. The Biosphere initially
had 3800 plant and animal species. Among the 25 introduced vertebrate species, 19
died out and only a few birds survived. All the Biosphere's pollinators — essential
to sustainable plant communities — also became extinct. Excitable “crazy’ ants
destroyed most other insects.

Much was learned from Biosphere 2, which was taken overin 1997 by Columbia
University to be used as an educational facility in which Earth stewardship is fun-
damental to the curriculum, a place to “build planetary managers of the future.”
Among its research efforts are long-term studies of the effects of various levels of
the greenhouse gas carbon dioxide on plant communities.

Someone noted that Biosphere 2 is less forgiving than our planet. But Earth
too is a closed system, a larger version of Biosphere 2. History records examples
of civilizations that failed or grew weak after having a severe impact upon their
local environment. But survivors often could move on to other environments.
Today, Earth's huge population cannot “move on” atthough many people struggle
to immigrate to betterlocales. And people cannot, not in inexpensive ways available
to everyone, substitute technology for nature’s services. How does one substitute
for breathable air?

Degrading human wastes

Think about biodiversity, the fantastic variety of species of animals,
plants, and microorganisms in our world. Among these species are the
insects and worms, bacteria, and fungi that degrade natural wastes
and the wastes we discard - the sewage, garbage, and other organic
wastes and pollutants. These waste-degrading creatures could live
without us, but we cannot live without them. Some larger creatures
eat wastes too - vultures are essential for scavenging dead animals
in some places. Which species are absolutely vital to our lives? We
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cannot answer that question, but we do know that a great many are
needed to maintain ecosystem services. And we know that humanity
is, through habitat destruction and disruption and pollution, destroy-
ing species at a rate perhaps 100 times faster than the natural rate
of extinction. And we know that scientists increasingly emphasize
that we are exceeding the capacity of some ecosystems to absorb our
wastes.

Assessing Earth’s ecosystems

Given that Earth’s ecosystems are vital to human lives we need to
know how those ecosystems are faring. What is the health of our
planet? In 2000 the United Nations Environment Program (UNEP)
assisted by about 1500 scientists, embarked on a worldwide study
the Millennium Ecosystem Assessment. Costing $5 million a year over
4 years, it is evaluating how well the planet’s ecosystems are func-
tioning. The ecosystems being monitored are: forests, inland waters
and coastlines, shrub lands, dry lands, deserts, agricultural lands, and
others. How well are they providing the ecosystem goods and services
that we expect of them including food, fiber, and clean water? How
are human actions affecting their capacity to provide these services?
The vitality of ecosystems is critical both to human life and health
and to the economic viability of nations. The Millennium Ecosystem
Assessment will provide reliable, scientifically reviewed information
on strengthening how we humans can better manage ecosystems
for our own use and for long-term sustainability. The assessment
received a great assist in the form of 16 000 photographs donated by
the US National Aeronautics and Space Administration (NASA). Taken
from space by satellite, the pictures show changes occurring in the
1990s in biomes as varied as coastlines, mountains, and agricultural
land.

Questions 1.1 |

I. What did Harvard biologist, E. O. Wilson mean when he said, “We need
invertebrates but they don't need us."?

2. What services are provided by: (a) Grasslands? (b) Estuaries? (c) Soil? (d) Coral
reefs! (e) Birds? (f) Bats? (g) Insects? (h) Microorganisms?

3. What pollution can result from: (a) Deforestation! (b) Grasslands loss?
(c) Wetlands loss?

4. Technology can mimic some natural services, for example when we purify
water, albeit often at high cost. What technology do you know of, or can you
envision, that might: (a) Provide drinking water at a reasonable cost? (b) Rebuild
agricultural soil damaged by erosion or by the build-up of salt? (c) Produce
adequate food in the absence of fertile soil?

5. A major question that society faces is how to value nature's many services while
still respecting private property. What approaches could we use to solve this
major problem?
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SECTION Il
Pollution

When pollution is obvious

If you read that a pollutant is “any substance introduced into the envi-
ronment that adversely affects the usefulness of a resource” you learn
little. But the importance of a pollutant may be obvious if you live in
a city where emissions from cars, trucks, and buses sting your eyes,
congest your nose, cause your head to ache, or tighten your breathing.
Thirty years ago pollution in the United States, a wealthy country, was
easy to see. Rivers were often obviously polluted. Industries located
on rivers often released large quantities of pollution into them. Oil
floating on the surface of Ohio’s Cuyahoga River caught on fire on
more than one occasion; one fire in 1959 burned for 8 days. Air pollu-
tion was obvious too. Soot in industrial cities drifted onto buildings
and clothing, and into homes. Severe air pollution episodes increased
hospital admissions and killed sensitive people. Trash was burned in
open dumps. Heavy pesticide use caused kills of fish, birds, and other
animals. The new century finds the environment in industrialized
countries much improved. But continuing population growth and un-
remitting, indeed accelerated, land development leave serious issues.

Just as a weed is “a plant out of place,” a pollutant is “a chemical
out of place.” Oil enclosed within a tanker is not a pollutant. Spilled
into the environment, however, it may be a pollutant although doing
harm involves more than being out of place. A small oil spill may
go unnoticed, but a large one can be disastrous. In addition, circum-
stances are always important: if the oil is of a type easily degraded,
or if wind blows a spill quickly away from shore, there may be little
harm. Blown toward shore it may devastate animal and bird popula-
tions, and sand-dwelling organisms.

Almost any substance, synthetic or natural, can pollute, but
it is synthetic and other industrial chemicals that most concern
people. If we learn that industrial chemicals in a water body are obvi-
ously impairing the ability of birds to reproduce, or are associated
with fish tumors we all agree that the water is polluted. But what if
only tiny amounts of industrial chemicals are present and living crea-
tures apparently unaffected? Is the water polluted? Some would say
“yes,” arguing that chronic effects could result; that is, adverse effects
resulting from long-term exposure to even very low concentrations,
or that even largely unnoticed effects could be negative over time.
The word “waste” differs from pollutant, although waste can pollute.
Waste often refers to garbage or trash. Examples include the garbage
discarded by households or restaurants, or the construction debris
discarded by builders, or material that has reached the end of its use-
ful life. See Table 1.1 for a description of how pollutant concentrations
are described.

Pollution may be less obvious if you live in a wealthy country
where the twentieth century brought cleaner air and drinking water,



WHY DOES POLLUTION HAPPEN?

Table 1.1 | Terms used to describe pollutant concentration

ppm = parts per million?

ppb = parts per billion (one thousand times smaller than ppm)
ppt = parts per trillion (one million times smaller than ppm)
pPpqg = parts per quadrillion (one billion times smaller than ppm)

9The terms above refer to parts by weight in soil, water or food, or — in air — parts per volume.
To grasp these concentrations, consider the following:

| ppm = | pound of contaminant in 500 tons, that is | million pounds (Igin 1000kg, i.e. | metric
tonne)

| ppb = | pound of contaminant in 500 000 tons (I g in 1000 tonnes)

| ppt = | pound of contaminant in 500 000 000 tons (| g in 1000 000 tonnes)

| ppg = | pound of contaminant in 500 000 000 000 tons (I g in 1000000 000 tonnes)

For a different perspective, think about periods of time:
| ppm is equivalent to | second in | 1.6 days

| ppb is equivalent to | second in 32 years

| ppt is equivalent to | second in 32000 years

| ppq is equivalent to | second in 32000 000 years

sewage treatment, safe food laws, and food refrigeration. But it took
many years and hundreds of billions of dollars to reach those posi-
tive results. And wealth does not guarantee a healthy environment.
Read a 1994 description* of Hong Kong, one of the Earth’s wealthiest
spots, “Beaches that once were crowded by fun seekers are laden
with industrial debris or too polluted for swimming. Rivers not foam-
ing from pollutants often are purple from industrial dyes; others are
clogged with hazardous metals from scores of electroplating plants.
Some territorial waterways have been contaminated by untreated live-
stock wastes, and close to 25% of its 5.5 million inhabitants suffer
from respiratory problems, many due to high levels of sulfur dioxide,
nitrogen oxides, and particulate emissions from vehicles . . .” More-
over, over-fishing and pollution left its waters almost devoid of fish.
To make Hong Kong harbor less of an eyesore to tourists, boats collect
many tons of trash a day. But its stench could not be disguised - until
recently, 70% of the 1.7 million tons (1.5 million tonnes) of human
sewage produced each day in Hong Kong was not treated before dis-
charge. Only now are modern sewage-treatment plants being built
as Hong Kong begins to confront seriously its many environmental
problems.

Why does pollution happen?

Unless you assume that people and industry deliberately pollute, the
question arises - why does pollution occur? Pollution happens because
no process is 100% efficient. Consider your body - it cannot use 100%

4 Anon. Hong Kong starts pollution clean up in earnest. Chemical Engineering Progress,
90(2), February, 1994, 12-15.
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of the food you eat. ®m For example, the fiber in food is not bro-
ken down in the gastrointestinal (GI) tract, and is excreted with the
feces as solid waste. ®m Enzymes in the gut break down other foods to
molecules that can cross the GI wall into the bloodstream. The blood
carries these nutrient molecules to your organs. But organs cannot
use 100% of the nutrient value, and a portion is excreted in urine as
chemical waste. ®m Likewise your body cannot convert all the poten-
tial energy in food into useful energy. Part becomes waste energy.
® No natural or human process, such as manufacturing or fuel burn-
ing, is 100% efficient. See Box 1.2. Each process produces pollution or
waste and waste energy. Carelessness or poor technology aggravates
the amount of pollution produced, as do poorly designed processes.

Box 1.2 | A gallon of gasoline

Gasoline contains hydrocarbons (composed of hydrogen and carbon) along with
smaller amounts of contaminants. During combustion, the chemicals in gasoline are
converted into the products shown below, and are released through the vehicle's
exhaust pipe. Notice the involvement of oxygen (O,) in each reaction. Waste
energy is released as heat.

Hydrocarbon combustion
® Carbon reacts with atmospheric O, — carbon dioxide (a greenhouse gas).
® Hydrogen reacts with atmospheric O, — water (hydrogen oxide).

Combustion is not 100% efficient

® Hydrocarbons react with atmospheric O, — carbon dioxide + water. How-
ever, unless excess O, is present some hydrocarbons end up as incomplete prod-
ucts of combustion. These include polycyclic aromatic hydrocarbons (PAHS; see
Box 5.7), organic vapors, and soot. (Soot is mostly composed of fine black par-
ticles of carbon that has not reacted with O, at all.) Although this does not
ordinarily happen, excess O, can allow combustion to be almost 100% efficient;
i.e, little or no incomplete products of combustion form.

¢ Think about a forest fire ignited by lightning. It also produces incomplete products
of combustion such as the char in stumps, or dioxins.

Contaminants in gasoline react with O, too
® Metals react with atmospheric O, — metal oxides (particulate pollutants).
® Sulfur reacts with atmospheric O, — sulfur dioxide (a gaseous pollutant).

Gasoline contains very little nitrogen, but at high combustion temperatures . . .
® Atmospheric nitrogen reacts with atmospheric O, — nitrogen oxides.

Consider two natural laws. One tells us that matter is neither created nor
destroyed.

® The matter in gasoline does not disappear. It becomes the pollutants shown
above.
® The O, that reacted with all these substances is conserved too.
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Another natural law tells us that energy is neither created nor destroyed.

® As gasoline burns to produce energy, only a portion of its energy powers the
vehicle's engine — much is “lost” as heat to the environment. But, the energy is
not “lost” although it is dissipated.

Questions 1.2 |

I. One gallon (3.781) of gasoline weighs between 5 and 6 Ibs (2.3 to 2.7 kg).
Explain how it emits about 20 Ibs (9.1 kg) of carbon dioxide when it is burned.

2. (a) How does the sulfur in the fuel end up as sulfur dioxide? (b) How do the
metals in fuel end up as metal oxides?

What substances pollute?

Almost any chemical, any substance, any material, whether generated
by human beings or nature can pollute. Table 1.2 has but a few exam-
ples. Be sure to know how an organic chemical differs from an inor-
ganic chemical, an organic pollutant from an inorganic one (Box 1.3).
Organic chemicals even those difficult to degrade can be destroyed when
conditions are right. However, inorganic substances although they can
be converted into other compounds are not destroyed. Think about
rust, iron oxide, which is very different from its parent chemicals,
iron and oxygen. But the iron and the oxygen can be recovered from
the iron oxide; they have not been destroyed.

Box 1.3 | A review of elements and chemicals

An “element” is the fundamental (or basic) form of matter. It is composed of
atoms and cannot be further subdivided. There are 92 natural elements. Iron, gold,
sodium, calcium, and carbon are examples.

A “compound” is a chemical composed of more than one atom from two
or more elements. The very well-known compound water (H,O) is a molecule
composed of two hydrogen atoms plus one oxygen atom. Common table salt
(NaCl) is a compound with one atom each of sodium and chlorine.

Organic chemicals

® An organic chemical contains the element carbon. Except for very simple organic
compounds such as methane (CHy), organic chemicals have carbon-to-carbon
bonds, that is, the molecules contain more than one carbon atom. (Organic
chemicals contain other elements, frequently hydrogen.) If the chemical contains
only carbon and hydrogen it is called a hydrocarbon. But organic chemicals also
often contain oxygen, nitrogen, sulfur; and other elements. If a carbon atom is
bonded to a metal, the chemical is an organometallic. An example is tetraethyl
lead. A natural example of an organometallic is hemoglobin (containing iron).
An organic chemical can be simple, such as the methane or ethane found in
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natural gas, or it may be more complicated such as a vitamin. Or; it may be much
more complicated such as a protein or deoxyribonucleic acid (DNA, the genetic
material).

An organic chemical can be synthetic, that is, synthesized from chemicals found
in feed materials such as petroleum, coal, wood, or cultures of molds or bacteria.
An example of a simple synthetic chemical is formaldehyde (HCHO), which is
used for purposes varying from making plastics to embalming corpses. Many
synthetic chemicals, such as pharmaceutical drugs or certain vitamins, are more
complicated.

An organic chemical can be a petrochemical derived from crude oil or natural
gas or synthesized using that oil or gas as a feed material. Most of the chemicals
in petroleum are hydrocarbons. The methane (CHy4) in natural gas is a simple
hydrocarbon. To make more complex chemicals from petroleum or natural gas
other elements, such as oxygen or chlorine, may need to be added to the
hydrocarbon.

A biochemical is an organic chemical synthesized by microorganisms, plants, or
animals. Proteins, fats, and carbohydrates are biochemicals. Some organometallic
chemicals are also made in nature, including hemoglobin (containing iron) or
vitamin By, (containing cobalt). Sucrose (table sugar) and the tart-tasting acetic
acid (in vinegar) are examples of simple biochemicals. Humans can synthesize
many biochemicals including quite complex ones. If the structure of a chemical
made by synthetic means is exactly the same as the structure found in nature,
it is indeed the same chemical — the body treats both exactly the same, that is,
there is no biological difference between them either:

Naturally occurring chemicals derived from natural sources can be extensively

manipulated during extraction and purification and still legally be called natural. The

word “natural” is often misused or used without explanation.

Inorganic chemicals

An inorganic chemical usually does not contain carbon although a few do, such
as sodium bicarbonate (baking soda) and sodium carbonate (washing soda).
Inorganic chemicals may contain almost any element in the periodic table from
nitrogen and sulfur to lead or arsenic.

An inorganic chemical can be an elemental chemical such as elemental iron, or
elemental mercury or tin.

Many inorganic chemicals are found in nature such as the salts in the ocean,
minerals in the soil, the silicate skeleton made by a diatom, or the calcium
carbonate skeleton made by a coral.

As is the case for many organic chemicals, many inorganic chemicals can also
be made synthetically. Simpler inorganic chemicals can be manipulated to make
more complicated ones. However; the total number of inorganic chemicals is
much smaller than the number of organic chemicals.

Natural pollutants

This book emphasizes human-generated pollutants, but natural chem-
icals pollute too. This happens most dramatically when a volcano
erupts, spewing out huge quantities of ash, chlorine, sulfur dioxide,
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Table 1.2 | Pollutant types

Category Examples

Organic chemicals Polychlorinated biphenyls (PCBs), oil, many pesticides
Inorganic chemicals Salts, nitrate, metals and their salts

Organometallic chemicals Methylmercury, tributyltin, tetraethyl lead

Acid? Sulfuric, nitric, hydrochloric, acetic

Physical? Eroded soil, trash

Radioactive® Radon, radium, uranium

Biological Microorganisms, pollens

%Acids, and physical and radioactive pollutants can be either organic or inorganic - sulfuric
acid is inorganic, acetic acid (found in vinegar) is organic. Biological pollutants are mostly

organic.

and other chemicals. Other natural chemicals may become pollu-
tants too, but sometimes because man-made conditions allow them
to build up to dangerous levels. m The radioactive chemical radon is
produced from the radioactive uranium naturally found in rocks and
soil around the world. Only small concentrations of radon are found
in outside air. However, radon can seep up and into our constructed
buildings from underlying soil and rocks. Inside the building, con-
centrations build up to levels higher than those outside. Radon is
associated with human lung cancer. The US Environmental Protec-
tion Agency (EPA) ranks radon second only to environmental tobacco
smoke as an environmental health risk. ® Arsenic is also a natural
chemical. Until recently it was not a problem to people in Bangladesh
and India. However, millions of wells were drilled to provide clean
drinking water to Bangladeshis and Indians, freeing them from hav-
ing to drink badly contaminated surface water. Unfortunately, arsenic
in the rock and soil dissolves into the well water. The result is a mas-
sive ongoing poisoning event in which millions suffer from arsenic
poisoning. ® Governments regulate human exposure to the carcino-
gen asbestos, which is found in old insulation and tiles. However,
asbestos is a natural substance and is found in unexpected places. In
El Dorado County, California booming population growth has meant
building homes in previously unoccupied regions, including those
rich in asbestos deposits. Chronic asbestos exposure has been shown
in certain regions of Turkey, where asbestos exposure is naturally
high, to lead to respiratory diseases and cancer. It has also been a
dangerous workplace pollutant.

Pollutant sources

“I am, therefore I pollute.” That applies to any process: ® Motor
vehicles including cars, buses, airplanes, ships, and off-road vehicles.
® Chemical and petroleum refineries. ® Manufacturing facilities.
®m Commercial operations such as dry cleaners, bakeries, and garages.
®m Plants that generate electric power by burning coal, oil, or
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gl Urban runoff (paved)
surfaces as in malls,
roads, etc.

-

|
il

Water (lake, stream,
coastline)

Leachate from, e.g., dump can
contaminate surface water or

1 Point-source pollution (much
reduced in

groundwater industrialized countries
Sources of water natural gas. ® Agricultural operations growing crops or raising
pollution. Source: US EPA animals. ® Food processing operations. ® Mining operations. ® Con-

struction operations. ® Military operations. ® Forestry operations.
® Construction and road building. ® Consumer product use. ® Munic-
ipal operations including drinking-water and wastewater treatment,
and road maintenance. ® All activities occurring in commercial and
municipal buildings, and in private dwellings.

Pollutants reach the environment in many ways as illustrated for
a body of water in Figure 1.1. As the population grows, consumption
per individual grows. Technologies are becoming larger too. Thus,
the scope of all the activities just mentioned grows too. Without con-
certed effort to prevent it, pollution and other forms of environmen-
tal degradation will also grow.

Pollutants move

Although pollutants seldom stay in one place, we often act as if they
do. Countries, laws, and environmental agencies often have individual
laws for air, water, and solid waste. But pollutants move through air,
water, and soil, and may contaminate food as well. Pollutant effects
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are typically greater near their source, but pollutants often move and
may have effects far from their sources too.

Pollution is greatest near the source

Many pollutants are detected far from the point of emission, and can
exert adverse effects at a distance - acid deposition is an example. But
the greatest effects typically arise near the emission’s source. Dioxins
emitted from an incinerator can also travel thousands of miles. But,
again the highest fallout occurs near the incinerator. Dioxins settle
onto vegetation, crops, and soil. Cattle and other animals eat the
contaminated forage or grain and store absorbed dioxins in their fat.
Humans eating fatty meat, such as hamburgers, absorb dioxins into
their own bodies and fat.

Some effects occur far from the source

Pollutants often move transboundary; that is across national bound-
aries via air currents, rivers, or, sometimes, with migrating animals
such as whales. Damage may occur far from the point of emission.
This complicates the ability of a government to reduce pollution
within its borders.

Water movement

Chemicals spilled into a river in one country flow downstream into
other countries: ® In the year 2000 a Romanian mining operation
spilled cyanide and hazardous metals into a Romanian river which
flowed into the Tisza River and later the Danube. The Associated
Press reported that one Yugoslav mayor stated that 80% of the fish
in the Tisza near his town died. Another mayor said “The Tisza is
a dead river. All life in it, from algae to trout, has been destroyed.”
® In a different accident at a Swiss facility, large quantities of chemi-
cals washed into the Rhine River, which carried them into France and
Germany killing fish and other aquatic life along the way.

Air movement

Sulfur dioxide and nitrogen oxides emitted to the atmosphere from
sources burning fossil fuels can be blown many hundreds of miles.
Converted to acidic substances as they travel, the result is acid depo-
sition settling onto water and land over a whole region. Acid builds
up over time in soil and water bodies as emissions continue. Forests
and lakes in Sweden are harmed by acid originating in the European
countries to its south. Japan’s environment is damaged by coal burn-
ing in China. m The “grasshopper effect” is a special case of pollutant
movement. The insecticide dichlorodiphenyltrichloroethane (DDT) illus-
trates the grasshopper effect. When DDT is used in a Latin American
country, it evaporates and the wind blows it north. When it reaches
cooler air, allowing it to condense, it comes to Earth. On a warm
day, it evaporates again. The process repeats itself, sometimes many
times. Once it reaches the far North, it is too cold for DDT to evaporate
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again. The Arctic is a sink for DDT and other similar persistent organic
pollutants (POPs). Moreover, DDT and other POPs enter the Arctic food
chain and build up in the fat of marine mammals. Inuit, the Arctic’s
indigenous people, eat the contaminated mammals and DDT builds
up in their body fat to levels among the highest seen in the world.
Canada actively works for international treaties to cut pollutant flow
from the south into the Canadian north.

Sometimes, airborne pollutant movements are so prominent as to
lead to global change such as stratospheric-ozone depletion, or global
climate change. Even acid deposition, a regional phenomenon, is
so widespread as to be global. At least one water pollutant, “fixed”
nitrogen,? is also having such widespread regional effects as to be
global. You will observe more “moving” pollutants throughout this
text.

Box | .4 | Pollutants can be buried in sediments

Sediments are materials deposited at the bottom of a lake, river, or other water
body. They mostly contain materials carried to the water in rain or snow runoff
from surrounding land. Sediment is composed of soil, minerals, and organic material.
Once inthe water the material settles to the bottom as sediment. Very find particles
may remain suspended for quite some time rather than settling out; such suspended
solids can be very damaging to aquatic life. By its very nature, sediment is buried by
additional incoming sedimentary material. Pollutants such as metals or long-lived
organic chemicals may be buried in sediments, but cannot be depended upon to
remain buried. Bottom-feeding organisms may take the pollutants back up, and
reintroduce them into the food chain. Riverine and coastal-area sediments are
sometimes dredged, which also brings contaminants back to the surface. Natural
water currents such as a strong river flow also move sediment, especially that near
the surface. This is another illustration of the fact that pollutants, even after settling

in one place often don't stay put.

Pollutants also change form

Organic substances
In a very cold locale such as the Arctic, pollutants may persist indefi-
nitely. Fortunately, in more moderate climes, pollutants are modified.
In many, but not all, cases modifying the pollutant also lessens the
risk associated with it.

Microbial degradation is vital

Organic materials, including plant debris and animal remains, serve
as food to many microorganisms such as bacteria and fungi. Degrad-
ing waste is a major natural service that microorganisms provide
to the environment; otherwise debris and wastes would build up
to intolerable levels. m Carbon dioxide and water are end prod-
ucts of metabolism. An organic substance degraded all the way to
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these two substances is said to be mineralized.> One caution. Some
microorganisms do not require oxygen to degrade organic substances.
In these cases, carbon dioxide is not an end product of degrada-
tion. Instead, a common end product is methane, “swamp gas,”
arising from mud where it is produced by bacteria living without

oxygen.

Physical factors contribute

Physical factors help to break down organic substances, including syn-
thetic organic substances. ® Even in the absence of microorganisms,
atmospheric oxygen helps to degrade organic substances especially at
warm temperatures and in sunlight. ® Heat is important, the higher
the temperature, the more rapidly organic materials break down.
® Summer sunlight, especially its ultraviolet radiation, assists in
degrading organic materials. ® Wave motion in water brings pollutants
to the surface, exposing them to sunlight, heat, and oxygen. This also
assists in degradation.

When natural systems are not enough

There are cases, often situations for which humans are responsi-
ble, when natural systems are overwhelmed. Food-processors, tanner-
ies, and paper mills are among the facilities that, especially in the
past, released large quantities of organic pollutants to rivers, severely
degrading water quality. ® Another reason for slow degradation will
be seen in Chapter 14: certain synthetic organic chemicals have struc-
tures that make it very difficult for microorganisms and other living
creatures to degrade them. This is true of many polychlorinated chemi-
cals dioxins such as DDT, and polychlorinated biphenyls (PCBs). These
persistent pollutants may remain for many years in the environ-
ment and in animal tissues and, in very cold climates, may persist
indefinitely.

Inorganic pollutants

Inorganic chemicals are not converted into carbon dioxide and
water - they are already mineral substances. Inorganic substances
undergo chemical changes, but are not destroyed in the same man-
ner as organic materials. Think about a metal. It undergoes chemical
changes, but is not destroyed. Box 1.2 shows metals burned to metal
oxides. However, oxidation can occur without burning as when the

5 Mineralization can involve many reactions and, depending on conditions, a long
period of time. Mineralized substances are oxidized; that is, oxygen has become part
of their structure. Although many organic chemicals, such as sugars, already contain
oxygen, oxygen is still involved in their degradation. Organic substances such as hydro-
carbons do not contain oxygen, but oxygen is incorporated as they are mineralized to
carbon dioxide and water. Go back to Box 1.2 and notice that oxygen is also added dur-
ing combustion; that is, these substances too are oxidized. This is a similarity between
how fire and living creatures transform substances. However, oxidation carried out by
living creatures is the very process of life, and is much more elaborate and controlled
than is the case with fire.
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iron in a bridge reacts with oxygen in the air, and is oxidized to the
reddish iron oxide. However, if you take a sample of iron oxide, and
heat it, you can recover the iron. The oxygen can also be recovered
if you prevent it from escaping into the air. Also in Box 1.2 you see
that sulfur reacts with oxygen to yield sulfur dioxide. Again, under
proper circumstances, both the sulfur and oxygen can be recovered.
To review the difference between organic and inorganic chemicals,
see Box 1.3.

Questions 1.3 |

I. What characteristic of inorganic acids allows them to build up in water and soil
over time?

2. Why do organic pollutants typically degrade more slowly in groundwater than
in surface water?

3. (a) How are physical conditions in sediment different to those in surface water?
(b) How does this affect the degradation of organic pollutants?

4. Sediment contains anaerobic microorganisms (microbes that do not, or cannot,
use oxygen). Anaerobic microbes often produce methane as an end product.
How might the methane be mineralized?

Pollution extremes

Pollution that devastates

Sometimes an event is so devastating that it changes our way of look-
ing at the world. The deadly explosion occurring in Bhopal, India
is one such event. Union Carbide, an American-owned factory in
Bhopal, manufactured the pesticides Temik and Sevin. In the pro-
cess it used methyl isocyanate (MIC), an extremely toxic volatile liquid
that reacts violently with water. However, the factory lacked stringent
measures to exclude water from contact with MIC. On the night of
December 2, 1984, as Bhopal’s people slept, water entered a storage
tank containing 50 000 gallons (189 000 1) of MIC. The Indian govern-
ment later said that improper washing of the lines going into the
tank caused the catastrophe. Union Carbide claimed that a disgrun-
tled employee deliberately introduced water. Whatever the cause, the
resulting explosion released 40 tons (36 tonnes) of MIC and other
chemicals over the city. Up to 2500 residents of Bhopal were killed
overnight, and about 8000 died in the following 3 days. Another
120000 to 150000 remain chronically ill, as of 2003, with respira-
tory infections and neurological damage. The catastrophe was wors-
ened because many people lived crowded close around the factory
(Figure 1.2) and because poisoned residents received little medical
attention at the time of the accident. Compensation for people’s
injuries even in small amounts was also long in coming. In 1984,
Union Carbide had almost 100 000 employees. After Bhopal it almost
went out of business and by 1994 only employed 13 000. As of 2003,
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a Bhopal court still has criminal charges pending against the per-
son who was Chief Executive Officer of Union Carbide at the time,
accusing him of having consciously decided to cut back on safety and
alarm systems at the plant as a cost-cutting measure. In 2001, Dow
Chemical purchased what was left of Union Carbide.

Pollution that is less obvious

Whereas Bhopal represents horrendous pollution, its opposite can
present a quandary - how risky are barely detectable amounts of pol-
lutants in the environment? Modern analytical chemistry can detect
industrial chemicals almost anywhere: soil, water, air, food, and in the
bodies of people, animals, and plants. When chemical levels are high
or obviously causing harm, we agree that something must be done.
But think about a hypothetical lake in which 20 different synthetic
chemicals have been detected. Each is present in a tiny amount very
unlikely to cause a problem, certainly not in the short term. Should
we concern ourselves with these?

Some possibilities could increase your concern.

¢ Some of the 20 contaminating chemicals are very similar to one
another. Similar chemicals may have the same mechanism of
action, that is, each may exert toxic effects in similar ways. The
levels of each added together could pose a potential problem.
Organophosphate pesticides are a case in point. There are many
different organophosphates, but each acts in a similar way. So, if
several lake contaminants are organophosphates, the total concen-
trations added together may be cause for concern.

¢ Even if none of the chemicals act in the same way in the body,
the possibility exists that some combination of them may exert a
synergistic effect, that is, one chemical could magnify the effect of
another out of all proportion to its concentration. It is difficult to

Bhopal shanties
adjacent to Union Carbide plant
(towers seen at upper right in
1985). Photo by Wil Lepkowski.
Permission: Chemical & Engineering
News, American Chemical Society
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test for synergistic effects in the laboratory because, even if there
were only a few rather than 20 chemicals, we could not test them
in all possible combinations. Even testing a few simple mixtures is
complicated and expensive. However, it is possible to examine the
effect of the contaminated water itself (not its individual compo-
nents) on wildlife species.

Species differ widely in their sensitivity to toxicants. One species
may be thousands of times more sensitive than another. Within
individual species, including humans, there is also a range of sen-
sitivity.

Other possibilities could decrease your concern.

Some chemicals inhibit the toxicity of other chemicals, lessening
the chance of an adverse effect; that is, they act as antidotes.
There are hundreds or thousands of natural chemicals in the water
too, and many may be chemically similar to the synthetic contam-
inants.

* An animal or human body has no way of knowing whether a chem-

ical is natural or synthetic - it deals with contaminants using
biochemical pathways that have evolved over millions of years.
Twenty or thirty years ago you would have been unable to even
detect most of these contaminants - it is only now with sophisti-
cated analytical methods that they can even pose a concern.

Questions 1.4 |

I. Both of the following two statements refer to the hypothetical contaminated
lake described above. (a) It is alarming that no pristine places are left on Earth,
and even more alarming that chemicals are detected in our bodies. Our health,
our children’s health, and the environment may be affected. Let's force com-
panies to adopt the precautionary principle, that is, to demonstrate that a new
chemical is safe before it can be sold or allowed into the environment. And let's
make sure that chemicals already on the market are tested too. (b) We cannot
worry about every low-level contaminant. It would be prohibitively expensive
or impossible to reduce emissions to zero or (if the chemical occurs naturally)
to reduce it to natural background levels. Nature adjusts well to small levels
of most chemicals. We should devote our resources to higher-risk problems.
Taking the chemical off the market could introduce other problems. Or it may
be replaced by another chemical that, although it seems fine now, may also be
found to pose problems in the future. Which of these two statements do you
most tend to agree with and why?

2. Consider a different situation, one occurring more frequently as people move
into areas previously devoted to farming. New residents may complain about
farm odors when farmers spread sewage sludge as a fertilizer or to improve soil
quality. Both state and federal Environmental Protection agencies support the
spreading of carefully treated sludge. However, new residents complain. One
said, “The human body knows when something is not good for you. Sludge
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must be bad. It smells so bad, it can make you nauseous.” Put yourself in the
position of these residents. (a) Does the fact that it smells badly mean that
airborne substances are present at a harmful level? Explain. (b) Before you
decide whether concerns are legitimate, what questions do you want to have
answered? (c) Another complaint of nearby residents was, “When someone
spreads sludge, you get flies in your house and on your house. It's awful.” Do
flies present a potential danger? Explain. (d) When people are thinking about
buying homes in a rural area, what questions should they ask? (e) Should sellers
be required to give potential buyers information on sludge spreading or similar
operations around their possible homes? (f) What would your reaction be if
a large industrial farm (one with thousands of pigs or cattle) moved into the
neighborhood dfter you had already settled there? Would you be concerned?
Explain.

SECTION 1l
Global pollution and global environmental health

At the Earth Summit held in Rio de Janeiro, Brazil in 1992, the heads
of 120 governments met together. Their mission was to decide how
to deal with the Earth’s environmental problems, including climate
change, air pollution, deforestation, and loss of biodiversity (extinc-
tion of species). Agenda 21 came from the 1992 summit, a strategy
for sustainable development or, as one participant phrased it, “a
blueprint for how humankind must operate in order to avoid environ-
mental devastation.” Five years later in 1997, 158 governments gath-
ered for an Earth Summit +5 to discuss progress. Unfortunately, they
agreed that the world environment continued to deteriorate - green-
house gases continue to accumulate, air pollution in cities is worse,
fresh water is more contaminated, biodiversity continues to decline,
and deforestation continues - an area of tropical forest the size of
Iowa disappears each year. A saddened Malaysian delegate exclaimed,
“Five years from Rio we face a major recession - not economic, but
a recession in spirit. We continue to consume resources, pollute, and
spread and entrench poverty as though we are the last generation on
Earth.”

Pollution in less-developed countries

Environmental degradation in less-developed countries (impoverished
countries, also often referred to as “third-world” countries) is “per-
vasive, accelerating, and unabated” according to the Asia Develop-
ment Bank (see issues in Table 2.1). In an Atlantic Monthly article,®
author William Langewiesche describes one third-world city, New
Delhi, India: “. . . the pollution . . . seemed apocalyptic. The streams

¢ Langewiesche, W. and Halweil, B. The Shipbreakers. Atlantic Monthly, 286(2), August,
2000, 33-49.
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were dead channels trickling with sewage and bright chemicals, and
the air on the street barely breathable.” Rivers in some impoverished
cities are described as “open stinking sewers.” The impact of such
conditions on humans is sobering. ® The World Health Organization
reports’ that in 1995 at least 3 million people, mostly impoverished
children, died from drinking water contaminated with untreated
human waste containing infectious microorganisms or parasites.
Having too little drinking water also contributes to these deaths.
Almost half the world’s population suffers from waterborne diseases.
® Millions of additional deaths arise from infections resulting from
eating contaminated food, and from unsanitary living conditions.
® Just by breathing the air, children in a heavily polluted third-world
city such as New Delhi inhale the equivalent of two packs of cigarettes
each day. But living in a rural area may not help - of 2.7 million deaths
each year that result from air pollution, 2 million arise from indoor
air pollution in rural areas. Intolerable indoor air pollution occurs
because almost 90% of third-world households burn straw, wood, or
dried manure inside their homes for cooking and often for heating,
with very poor ventilation.

Gross pollution immediately endangers people, but the damage
goes further. Air pollution affects the growth of natural vegetation
and of human crops. Regardless of this dreary description, the Asia
Development Bank expressed the belief that Asia, “still has the oppor-
tunity to follow a different economic-environmental pathway, one
that builds a clean urban-industrial economy from the bottom up,
and avoids much of the costly, inefficient, and embattled institutional
and technological experience of industrialized countries.”

Box 1.5 | “A letter from India.”

Vapi is an industrial city in Gujarat, India. Author Jean-Francois Tremblay® heard a
former resident of this city describe ponds that looked like jelly, and brightly colored
streams flowing from dye-making factories. Tremblay was intrigued by these stories
and decided to visit Vapi, which along with other industrial areas in Gujarat was
named by Greenpeace (an environmental organization) as among the world's most
toxic “hot spots.”

Tremblay found that the pollution was due to the manufacture of dyes, fine
chemicals, pharmaceuticals, and pesticides. Facilities flagrantly pollute, presumably
to keep production costs low. He wrote: “most of the plants are repugnant, spewing
thick smoke and typically surrounded by dirty water: During my hours in a rickshaw
touring the city, | see little evidence of attempts by industry to give something
back to the town. The sides of the road are littered with garbage, which apparently
is never picked up.” He found it: “perplexing . . . how little effort local companies

7 World Health Organization. Bridging the Gaps. The World Health Report 1995. Geneva:
World Health Organization, 1995.
8 Tremblay, ] -F. Letter from India. Chemical and Engineering News, 78(20), May, 2000, 27-28.
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put into trying to look even a little less repulsive.” He described a stream with
people living along it in shacks in the midst of pollution. Its squalor and poverty
reminded him of a Charles Dickens novel. But, unlike nineteenth-century England,
Vapi factories have guards who tried to prevent Tremblay from taking photographs.
The obviously old factories suggested to Tremblay that the manufacturers were
using old and inefficient processes, more likely to cause industrial accidents. VWhen
he asks his rickshaw driver about accidents, the man takes him to a factory that had
blown up 2 years earlier, and then drove him to another that had closed because
of a fire.

Finally Tremblay finds a clean modern facility, one with a wastewater-treatment
plant. Here a guide assures him that all emissions from Vapi factories “meet stan-
dards” and “pollution is very minor.” Later a long-term Vapi resident says pollution
is lessening. His family now dares to go outside their home and breathe the air
again, and the leaves on a tree in his front yard are turning green again. In the year
that Tremblay visited, an Indian publication reported that an inquiry into conditions
in the Vapi area, “found evidence of reckless discharge of industrial effluents and
disposal of hazardous wastes.”

Poverty and the environment

The UN Environmental Program’s Helmsman Topfer has said, “To
fight poverty is also to fight environmental problems in the world.”
Indeed poverty is often associated with gross pollution and poor envi-
ronmental health. It need not be that way. Good governance - a caring
government that is not corrupt - can accomplish much, even with few
resources. An example is Curitiba, Brazil, described as a first-world city
in a third-world country. A less dramatic example is the Indian state of
Kerala where people with very low incomes have better environmen-
tal health than many in more well-to-do Indian states. On the other
hand, pollution still occurs in wealthy countries. In the US cities of
Houston and Los Angeles, air pollution levels are above health-based
standards. Moreover, consider food contamination. The US Center for
Disease Control and Prevention says that millions of Americans each
year suffer diarrhea thought to be due to contamination of foods by
infectious organisms. Serious outbreaks of waterborne diseases have
also occurred in recent years. As discussed in Chapter 10, unless ongo-
ing vigilance is maintained, and water- and wastewater-treatment sys-
tems are carefully maintained, communities can regress to conditions
of an earlier era.

SECTION IV
Root causes
“If current predictions of population growth prove accurate and pat-

terns of human activity on the planet remain unchanged, science and
technology may not be able to prevent either irreversible degradation
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of the environment or continued poverty for much of the world.” Such
was one sentence in the first-ever joint statement of the US National
Academy of Sciences and its British equivalent, the Royal Society of
London, in 1992. One member commented, “Scientists . . . are doing
a lot more talking about global warming and ozone depletion than
they are about the basic forces that are driving those things.” The
equation I = PAT is sometimes used to describe the environmental
impact of humans:

Impact = Population x Affluence x Technology

The Earth’s increasing population has the greatest impact in areas
where population is increasing the fastest. High levels of consumption
occur disproportionately in rich countries. The technology of greatest
concern is large-scale technology, which has the greatest impact.

Population

Most population growth is occurring in impoverished countries, espe-
cially in their “explosively growing” cities. By 2005 more than 3 bil-
lion people, half the world’s population, will live in cities, according
to the UN Population Division. By 2025 the world may have 650 cities
each with a population greater than 1 million. By 2015, 23 “mega-
cities” (cities with populations of 10 million or more) are expected,
all but 4 in third-world countries. Four cities, Bombay, Dhaka, Lagos,
and Sao Paulo, are each expected to have over 20 million people.
Much of this dramatic growth is due to in-migration from impover-
ished rural areas. Cities are growing much faster than a country’s
overall population. The average age of people in cities is very young.
As Harvard biologist Edward Wilson phrased it: “The people of the
developing countries are . . . far younger than those in the industrial
countries . . . The streets of Lagos, Manaus, Karachi, and other cities
in the developing world, are a sea of children. To an observer fresh
from Europe or North America, the crowds give the feel of a gigantic
school just let out.”

Think about the waste produced by a huge city, even one in a very
poor country. In Manila, a city of 10 million, just one garbage dump,
Payatas, receives 3000 tons (2730 tonnes) of garbage a day. Most poor
cities cannot pick up all the trash. Streets are littered with paper, plas-
tic, bottles, and scraps of all kinds. Although only a small percentage
of third-world residents own motor vehicles, the pollution from these
vehicles is often uncontrolled and fouls the city air. So does the com-
mon practice of open burning. Worldwide, about 2 billion people lack
basic sanitation. City residents may lack even simple sanitary latrines,
let alone flush toilets. Because most sewage remains untreated, water
supplies are polluted. Many people lack clean drinking water, or lack
even enough drinking water. Beyond the major effects on their own
peoples’ health, large cities have impacts far beyond their borders:
“Modern high-density settlements now appropriate the ecological
output and life-support functions of distant regions through trade
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and commerce, the generation and disposal of wastes, and the alter-
ation of nature’s cycles. As cities continue to attract more people and
produce and consume more, they become “black holes” that soak up
the ecological output of entire regions,” this according to a Johns
Hopkins University report.’

World population growth is illustrated in Figure 1.3. However, dis-
eases — AIDS most prominently — are expected to lower the population
of some countries, especially in sub-Saharan Africa. If AIDS contin-
ues to spread, population may fall in other countries as well. Drug-
resistant tuberculosis is also rapidly increasing. In Western Europe,
population has stabilized, but the US population is increasing rapidly
especially through immigration. At current growth rates, the US pop-
ulation may double within 60 years. It is difficult for a nation of
immigrants such as the United States to consider curbing immigra-
tion. However, a growing population has an adverse environmental
impact whether the growth is due to increasing births within a coun-
try or ongoing immigration.

Questions 1.5 |

Some students in prosperous societies, upon learning that AIDS may reduce pop-
ulation in badly affected countries say the following: AIDS deaths are sad, but if
they decrease population maybe that is good. Aside from the moral implications of
this reaction, consider other factors. One is that history tells us that a population
reduced by disease, such as Europe's medieval plagues, quickly rebounds. Another
is that AIDS is unlike other infectious diseases, which usually infect all portions of
the population. Those dying of AIDS are the sexually active population — primarily
young adults, including farmers, teachers and health-care workers. Sub-Saharan

° Hinrichsen, D., Blackburn, R., and Robey, B. Cities will determine living standards for
mankind. Population Reports (Special Istanbul+5 edition), June, 2001.

World population
growth. Source: UN Population
Program
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Africa already has about |10 million orphans, a number expected to quadruple in
the coming years (see Brown and Halweil in Further reading).

I. What is the likely stability of countries with large numbers of uncared-for
orphans, countries that are also losing the most productive portion of their
population? Explain.

2. How could this lack of stability affect a country’s environment?

3. How could conditions in these unstable countries affect wealthy countries?

Affluence and consumption

“Since 1950 we have consumed as many goods and services as has
all previous humanity in the past 10000 years.” Even if population
growth ceased today, many believe that a world with more than
6 billion people (the current population) is not environmentally sus-
tainable - not without major changes. Rich countries sometimes
blame environmental degradation on huge populations in poor coun-
tries. Poor countries resent this, and blame high levels of consump-
tion in wealthy societies for environmental degradation and resource
depletion. Indeed, rich individuals consume a great deal more per per-
son than do their third-world counterparts. The United States, with
less than 5% of the world’s people, uses 25% of the Earth’s material
and energy resources. The richest 20% of the world’s population own
87% of the world’s motor vehicles, use 84% of all paper and 57% of
the energy. Rich individuals are also more likely to affect environ-
ments distant from where they live, as they buy more products pro-
duced elsewhere in locales with poor environmental protection. Citi-
zens of wealthy countries are only slowly beginning to confront these
issues.

Technology

Large-scale technologies sometimes devastate an environment. A case
in point is “mountain-top removal” described by one reporter as
“mountain-range removal” that leaves “flat moon-like expanses of
land.” Coal-mining companies in the US states of West Virginia and
Kentucky blast away as much as 700 ft (213 m) from mountain tops,
to reach coal seams. Then 20-story-high machines, “draglines”, move
in to shovel away the material at 130 tons (118 tonnes) a bite. Over
recent decades, hundreds of millions of tons have been dumped into
adjacent valleys burying at least 900 miles (1450 km) of streams. One
stream, the Little Coal River, once supported barge traffic. Now parts
are so congested that not even canoes can pass. Companies claim it is
too expensive to handle the waste in any other way. The noise, dust,
and truck traffic, and sometimes flying rocks, lead to the demise of
nearby communities as people continue to move away. A 1977 federal
law specifically forbids extracting coal in this way, but influential min-
ing companies continue to evade enforcement. The law also requires
that a mountain’s contour be restored after coal mining. This too gets
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poor compliance. Another result of mountain-top removal is slurries
stored in about 600 pits that contain mining spoil, coal dust, water,
and metals. In the year 2000, a Kentucky pit burst spilling about
250 million gallons (946 million liters) into the Ohio River watershed
“burying or poisoning 90 miles (145 km) of stream; polluting pub-
lic water supplies; clogging water-treatment plants; shutting down
schools, restaurants, laundries, and power generation; and wiping out
fish, snakes, turtles, frogs, salamanders, mussels, and other aquatic
fauna.”

To give you an idea of how much waste mining produces, look at
Worldwatch Institute figures.!® m Only 2.5% of the lead ore mined in
the United States is lead; the other 97.5% is waste. ® Gold is much
worse: of the 7235 million tons gold ore mined, 0.00033% is gold. The
other 99.999 67% is waste. Gold ore produces so much waste because
of its high value. Low-percentage ores that would not be worth mining
for most metals are, for gold, worth the cost. Although mining of coal
or mineral ores is one of the world’s major polluting industries, it is
not alone. Modifying technology to lessen environmental damage is a
major challenge. Indeed, lower environmental impact is necessary if
the poor of the world are to attain better living standards. Approaches
used to lessen the impact of population growth, consumption, and
technology will be discussed in later chapters.

SECTION V
Our actions have consequences

Each of us impacts upon the environment. Consider a car. We indi-
rectly impact upon the environment when we buy a car because of
the impact of recovering the resources to make the car and of man-
ufacturing the car. It produces pollution and other environmental
impacts to use and maintain. And it has impacts when disposed of
or recycled. When we buy a product, we accept the impact caused
by producing it. However, for a specific product, we typically don’t
know the environmental impact of recovering the resources that go
into it, or the impact of manufacturing it. If it’s a food product, we
often don’t know the conditions under which it was grown or pro-
cessed. Lastly, we often don’t even know what will happen to it once
it is disposed of. Think about several agricultural products. m Affluent
individuals who buy flowers in winter may be unaware that the less-
developed countries producing them use more dangerous pesticides
or larger quantities of pesticides than used in developed countries,
that the pesticides often pollute surface or groundwater, and that
workers may be heavily exposed to them. ® Coffee drinkers in rich

10 Sampat, P. Scrapping mining dependence, in State of the World 2003, Chapter 6.
Washington, DC: Worldwatch Institute, 2003.
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countries typically don’t know that they drink “sun coffee.” Full sun
enhances bean yields. However, because “sun plantations” lack the
tree canopy of shade farms, fewer insect-eating birds and spiders find
shelter among them. What is the result? More pesticides must be
used to destroy insects. And without a tree canopy, less tree litter is
produced so more synthetic fertilizer is needed. m North Americans
eat shrimp, most of which is imported. Diners don’t see the pollu-
tion or environmental degradation produced by third-world shrimp
farms. ® Even when an agricultural product comes from within a
wealthy country, the buyer often doesn’t know how it is produced.
Think about the waste produced by the animals we eat. The US Senate
sponsored a study indicating that the United States produces
130 times as much animal waste each year as human waste. But there
are no sewage-treatment plants for animal waste. Instead a facility
housing thousands of pigs stores their urine and feces in open-air
lagoons, and later sprays it onto fields. When amounts sprayed are
greater than the soil can absorb, rain can carry pollutants from it
into nearby water.

We can evaluate the full impact of a product, including an agri-
cultural product, by using a technique called life-cycle assessment
(LCA). This involves evaluating the environmental impact of a prod-
uct at each stage of its life: (1) When recovering and processing the
resources used to make it. (2) During manufacture. (3) During its use
and maintenance. (4) During recycling, reuse, or disposal. More infor-
mation will be given on LCA later.

The “tyranny of small decisions”

There are many ways in which individuals impact upon their envi-
ronment. “One of the more intimate ways . . . is by taking a pill or
washing their hair.” Some components of medicines leave the body
in urine and feces and enter the sewage system. Also going down
the drain are shampoos, cosmetics, toiletry products, and household
chemicals. Because wastewater-treatment plants do not remove them
all, some enter rivers, sediment, and groundwater. Many pharma-
ceuticals including antibiotics can be detected in rivers. Some are
even detected in drinking water, although at very low levels. Wildlife
has the highest exposure to these substances from our toilets, laun-
dry rooms, and kitchens, especially fish and other aquatic life living
directly below the effluent pipes of municipal and other wastewater-
treatment plants. Although these substances are present in low con-
centrations, they present real concerns, especially antibiotics. Expos-
ing wildlife and bacteria in water even to low levels of antibiotics can
promote the development of resistance. Resistance is a phenomenon
in which bacteria develop means to “fight back,” to fend off the antibi-
otics used to treat humans and animal disease. And, “intimate wastes”
such as birth-control hormones can exert hormonal action on wildlife
even at very low levels.
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Box 1.6 | Our actions have impact

B “More and more we are realizing that a large part of remaining environmen-
tal problems comes from the cumulative impacts of our individual actions. These
impacts are far more subtle and . . . harder to manage than the single smokestack
or wastewater discharge.” (Martha Kirkpatrick, Maine Department of Environ-
mental Protection.) B “More than half the nation’s water pollution problems spring
from everyday actions.” (National Geographic Society and the Conservation Fund
report.) ® “We know that further progress on many fronts, notably air and water
quality, means getting a handle on diffuse sources of pollution that result from
millions of people making countless individual choices.” (William Reilly, former US
EPA administrator:)

Questions 1.6 |

1. Conservationist Wendell Berry'" writes, “One of the primary results — and one
of the primary needs — of industrialism is the separation of people and places
and products from their histories.” From an environmental perspective, how
does knowing the origin of consumer products or agricultural goods matter?
Provide an example.

2. Consider: ‘The more the population grows, the more the rights of the common
willimpinge on the rights of the individual.” How do you interpret this statement?
Provide an example.

3. Choose any product. Answer the following questions about it to the best of
your knowledge. (a) Where was it produced? What are the environmental
impacts of (b) recovering the resources needed to make it, () manufacturing
it, (d) using it? (e) What will happen to the product at the end of its useful life?

4. In the United States, the business community spends more money on adver-
tising than on environmental control. Many believe advertising fuels a “culture
of waste” that leads to heavy use of energy and other resources. People with
money are enticed to buy unneeded products — more clothes, another car
or TV, a new product to replace one that is still working well, and frequently
second homes. Think about your understanding of the word sustainability. Is
consumerism compatible with sustainability? Explain.

5. What are three possible ways that society could control the release of the
“intimate” wastes described in this chapter, or reduce their impacts?

6. (@) What are five small decisions that you as an individual make that impacts
upon the environment?! (b) How might you make each decision differently if
you took potential environmental impact into account?

Environmental agencies in developed countries regulate an ever-
increasing number of chemicals from an increasing number of
sources. But can government regulate every chemical and every
source of emissions? Again, think of motor vehicles. Although these

11 Berry, W. Back to the land, in The Best American Science and Nature Writing, ed. D.
Quammen. Boston: Houghton Miflin Co., 2000.



28

UNDERSTANDING POLLUTION

are a major source of air pollution, many people resist testing emis-
sions from their vehicles, or do so resentfully. Could federal, state, and
local environmental agencies realistically monitor every small busi-
ness operation, every home, and every vehicle in the nation? What
are other ways to deal with pollution and environmental degrada-
tion, and how do we get individuals to buy into these approaches?
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Chapter 2

Reducing pollution

“We aren't passengers on Spaceship Earth; we're the
crew. We aren't residents of this planet; we're citizens.
The difference in both cases is responsibility.”

Astronaut Rusty Schweikart

Some pollution problems are daunting. Thus, even before discussing
them, this chapter introduces ways to control - better still, not pro-
duce - pollution. This chapter also introduces tools that we can use for
assistance in moving toward sustainable societies. Section I considers
the risks of individual chemicals (to be covered in more detail in
Chapter 4). It also introduces comparative risk assessment, which
allows us to compare not just the risk of individual chemicals, but
the seriousness of various environmental problems: Which pose the
greatest risks? Section II addresses how a society can protect its envi-
ronment. Legislation plays a major role. But, many laws stress trap-
ping pollution once it is produced. A newer paradigm is pollution
prevention (P?) or source reduction - changing the process to generate
less pollution to begin with. If P? is not feasible, reuse or recycle are
often good options. P? has limitations too, so Section III introduces
industrial ecology (IE), which looks for ways to mesh human activities,
industrial and otherwise, into the natural environment. The tools of
IE include life-cycle assessment and design for the environment.

SECTION |
Risk assessment

A question that has confronted us for many years is how to evaluate
environmental threats. To respond to this question, the tool of risk
assessment was developed over a period of decades. Chemical risk
assessment is used to evaluate the risk of individual chemicals one
by one. Or, when a number of pollutants or environmental problems
must be compared and rated, comparative risk assessment is used.
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Chemical risk assessment

Questions 1.4 asked you to reflect on how to decide when pollutants
pose an unacceptable risk, but gave you no method to do so. Nonethe-
less, you probably came to realize that a risk acceptable to one per-
son is unacceptable to another. This chapter introduces a tool, chem-
ical risk assessment, which is used to evaluate the risk of individual
chemicals. In the United States, members of the National Academy of
Sciences have struggled to make this tool more useful, as have sev-
eral other federal and state agencies including the US EPA and the
Agency for Toxic Substances Disease Registry. Risk assessment raises
questions that science alone cannot answer, and no one is fully sat-
isfied with the process. However, applied consistently, chemical risk
assessment is — within its known limitations - trusted. One of the
many instances in which chemical risk assessment is used is in the
evaluation of hazardous-waste sites.! Just having hazardous chemicals
present does not mean that a site is dangerous. Of greater impor-
tance is the question: Are humans exposed to these chemicals? If so,
in what amounts and how are they exposed - through air, water,
food?

Red-flag chemicals

Over the years, investigation has shown that some chemicals have
characteristics that warn us of a likely problem. ® Is the chemical
persistent in the environment and within living creatures? Persistent
chemicals include metals, which cannot be broken down. But some
organic chemicals are persistent too, in particular those that microbes
or animals have difficulty in degrading, such as dioxins or DDT.
® Does the chemical bioaccumulate, i.e., build up in plants and animals
to concentrations higher than found in the environment? Again, diox-
ins and DDT are examples. ® Is the chemical very toxic? If a chemical
has these characteristics, it is referred to as a persistent, bioaccumulative,
toxic (PBT). Even a low level of a chemical characterized as a PBT warns
us to treat it respectfully. Chapter 14 will address organic chemicals
that are PBTs and Chapter 15 covers metals that are PBTs.

Comparative risk assessment

Comparative risk assessment can be used in a relatively simple way to
compare the risk of one chemical to that of another chemical, as
when comparing benzene to lead. However, comparative risk assess-
ment can take us far beyond the risks of individual chemicals. We
can use it to compare the risks of various environmental problems
with the aim of distinguishing high-priority risks from medium- and
low-priority risks. The environmental risks compared may include
complicated issues such as acid deposition and stratospheric-ozone
depletion - see column 1 of Table 2.1. Comparative risk assessment

1 The US EPA uses an exhaustive procedure to analyze a site as to whether it poses a
high-enough risk to place on the National Priority List (NPL). NPL sites receive federal
attention whereas individual states are left to clean up less-risky sites.
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Table 2.1 | Results of comparative risk assessment studies. Results of three separate studies are summarized

below

I. United States 1990s”
Pollution and non-pollution environmental
risks

High risk

Habitat alteration and destruction
Species extinction and loss of biodiversity
Stratospheric-ozone depletion

Global climate change

Medium risk

Herbicides and pesticides

Acid deposition

Airborne toxics

Toxics and nutrients, biochemical oxygen
demand, and turbidity in surface
waters

Low risk

Oil spills

Groundwater pollution
Radioactive chemicals

Acid runoff to surface waters
Thermal pollution

High-risk threats to human health
Drinking-water pollution

Ground-level air pollution

Worker exposure to chemicals

2. Worldwide 2000°

Pollution and non-pollution environmental risks — all

risks below were deemed high risk

Pollution

Freshwater pollution and scarcity

Air pollution (especially ozone, fine particles)

Global warming

Acid deposition

Municipal-solid-waste generation

Hazardous-waste generation

Increasing energy use

Insufficient knowledge of chemicals in use

New threats: nitrogen-fertilizer and heavy-metal
pollution

Other environmental threats

Human population growth

Land degradation (undermines agriculture)
Deforestation and forest quality loss
Marine fisheries over-fished

Habitat loss for wildlife

Extinction of plant and animal species

Loss of biodiversity

3. High-risk threats to human health®
Drinking-water pollution
Heavy air pollution, outdoors and indoors

Untreated human waste and lack of basic sanitation
(with resulting exposure to pathogenic
microorganisms)

(industry/agriculture)
Indoor air pollution

% As determined by the Science Advisory Panel of the US Environmental Protection Agency. US EPA Reducing
Risk: Setting Priorities and Strategies for Environmental Protection. The Report of the Science Advisory Board to W. K. Reilly,
Administrator, SAB-EC-90-021. September, 1990.
b Compiled from: United Nations Environmental Program (UNEP) report, Global Environment Out-
look 2000 (http://[www.grida.no/geo2000/), and the OECD (see below) Environmental Outlook report
(http://[www.oecd.org/department/0,2688,en_2649_34305-1_1_1_1_1,00.html).
¢ According to the World Health Organization (WHO). Described in: Tannenbaum, D. Tackling the big three
[contaminated drinking water, untreated human waste, and air pollution]. Environmental Health Perspectives,
106(5), May, 1998, 234-38.

The OECD (Organization for Economic Cooperation and Development) has 29 member states, mostly
developed nations including the United States, the United Kingdom and other Western European countries,
Australia and New Zealand, and Japan. The conclusions of these two organizations were very similar.
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can also be used when comparing pollution issues to non-pollution
issues such as the extinction of plant and animal species (Table 2.1).

Comparative risk assessments are difficult undertakings. They are
often used to answer questions asked by environmental policy makers
and others. Are we spending society’s tax dollars in the most efficient
way; that is, are we spending more on major risks than on relatively
less serious ones? Are there some risks we worry about too much?
Answering such questions even imperfectly helps us decide which
issues will receive more attention and resources. In fact, that is the
major criticism of comparative risk assessments - some are concerned
that problems deemed “low priority” may be dealt with inadequately
or not at all. Comparative risk assessment goes beyond questions that
science can answer and may include evaluations of community val-
ues, quality-of-life or economic issues. For example, how important
to us is the corrosion of city monuments by acid haze? Or how do
we react to an unattractive algal bloom at a popular lake caused by
fertilizer runoff? A summary of steps often used in comparative risk
assessment is given below.

Choosing issues to compare

Think about being part of a group given the task of comparing envi-
ronmental risks. You may first ask: What issues shall we compare? This
is not an easy question because there are dozens, hundreds of issues.
Which will you examine? If you are looking at issues of national
scope, you choose those that can affect the whole nation or large
regions. Take time to examine Table 2.1, and the issues evaluated. A
national group would probably want to rank global climate change
as compared with other issues. But if you are examining issues spe-
cific to your state or province you may choose to emphasize issues
specific to that state. And, if you are examining issues for a city your
group might focus on issues immediately relevant to that city such
as local hazardous-waste sites, or local air-pollution or water-quality
problems. Nonetheless, even local evaluations may also include global
issues such as climate change or acid deposition.

Getting technical assistance

Your group will need expert information on each issue. Group mem-
bers must agree on who the experts are and whether you trust them
to give you objective information. For questions that you might expect
experts to answer, see Table 2.2. Remember though, that no matter
how well informed your experts are there will be information gaps
and uncertainties. Typically no further research is done during the
risk assessment process to help fill in such gaps.

Making decisions

Once you receive the technical evaluations from your chosen experts,
your group examines the information for each risk. What is the qual-
ity of the information? What information may be missing entirely?
And, how can you compare risks that seem to have no relationship to one
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Table 2.2 | Analyzing environmental risks

Criterion and explanation

Examples

What is the scope of the effect?

. How large an area is exposed to the
pollutant or problem?

2. How many people are exposed?

3. Fora resource, how much is exposed?”

How likely is an adverse effect?
I. Among people exposed to the risk?

2. For aresource — how likely is there to be an
adverse effect?

If an effect occurs, how severe would
it be?
I. Among people exposed to the risk?

2. On a resource exposed to the risk?

What is the trend for a specified
pollutant?

l. Is its concentration increasing, decreasing,
or staying the same?

2. What is the pollutant’s life span?

3. Does it bioaccumulate (build up in
concentration in animals or plants?

What is the trend for other stresses?
I. Does a resource continue to be degraded?
Or has the situation stabilized?

2. Is the quality of the resource stable? Or
does the resource continue to be degraded?

What is the recovery time?
I. Can the environment recover? Or is
permanent damage likely?

A region of a state? The whole nation? Or the
whole world?

Ten thousand? Millions?

A small percentage of a nation’s forests? Or all
of them?

. Small chance that a few people might suffer

asthma? Or might many thousands develop
asthma?

Is acid rain falling on an alkaline soil (and being
neutralized), or is it falling on an already acidic
soil?

. Will they suffer no obvious ill-effect from a site

containing high levels of lead? Or will children
suffer a lowered |Q?

Will fish in a polluted lake have stunted growth
for one season? Or will millions be killed?

. Is it carbon dioxide with an ever-increasing

level? Or, is it dioxins with falling levels in
developed countries?

Is it ground-level ozone, which will degrade in
a few weeks? Or; a metal, which cannot
degrade?

. Is it a chemical easily removed from the body?

Or; is it chemicals such as dioxins or lead that
accumulate?

. Do the nation’s wetlands (or its forests, fishing

grounds, etc.) continue to be destroyed? Or
has the loss been curbed?

Are coastal waters able to support fish
spawning and growth? Or do they support
growth poorly?

I. Wil it be 10 years to recover from an oil spill?

Or, 100 years to remove excess atmospheric
carbon dioxide?

%The word “resource”
soil, etc.

refers to a natural resource - such as a wetland or lake, forest, fish or other wildlife,



USING LEGISLATION TO PROTECT NATURE’S SERVICES

35

another? How for instance, do you compare “habitat alteration and
destruction” to stratospheric-ozone depletion? Or how do you com-
pare air pollution to groundwater pollution? Look at Table 2.2 for
some approaches to these questions. Given even the best expert opin-
ion, your group must make judgments. And because members of your
group probably represent many backgrounds - e.g., industry, environ-
mental organizations, government, or academic institutions - each
may see and interpret exactly the same information differently. More-
over, even as you make judgments, you recognize that your chosen
priorities are not absolute, and that others may revisit your work in
the future. Nonetheless, many continue to find these exercises worth-
while.

SECTION li
Using legislation to protect nature’s services

Laws in the United States

Environmental laws existed before 1970, but none controlled pollu-
tion and hazardous chemicals comprehensively. The 1970s saw a dra-
matic change. In the United States, major laws enacted included the
following.

¢ The Clean Air Act (CAA) in 1970, the Clean Water Act (CWA) in 1972,
and the Safe Drinking Water Act (SDWA) in 1974. Legislators then
turned to land pollution and passed the Resource Conservation and
Recovery Act (RCRA, pronounced “rick-rah”) in 1976 to control the
management and disposal of solid waste, including municipal and
hazardous waste.

* The late 1970s revealed many abandoned hazardous-waste sites
around the United States and Congress responded by passing the
Comprehensive Environmental Response, Compensation, and Liabil-
ity Act (CERCLA or Superfund) to clean up such sites.

¢ Toxic chemical laws were also passed. The Federal Insecticide, Fungi-
cide, and Rodenticide Act (FIFRA) in 1972, and the Toxic Substances
Control Act (TSCA, pronounced “tosca”) in 1976, regulate chemicals
not already regulated under the other laws passed earlier. For exam-
ple, TSCA mandated controls for polychlorinated biphenyls (PCBs),
chemicals not covered by other legislation. A major TSCA mandate
was to develop an inventory of all commercial chemicals used in
the United States. Subsequently, any chemical not on the inventory
would be subject to scrutiny by the EPA before it could be used com-
mercially or imported. Passing TSCA was an attempt to “close the
circle,” to ensure that all chemical issues were addressed. However,
the 1984 tragedy in Bhopal, India resulted in the “right-to-know”
legislation discussed below. Important international treaties have
also been passed. Some of these are noted in later chapters.
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End-of-pipe laws

The above laws produced many so-called “command-and-control” or
“end-of-pipe” regulations. End-of-pipe regulations can be very effec-
tive especially as applied to large facilities. The Clean Water Act
(CWA) can illustrate this. When it was passed in 1972, only 30% of
American waters were judged fishable and swimmable. By 1994, this
figure was greater than 60%. “Fishable” means that fish from the
water are safe to eat; “swimmable” means that the water can be
used for swimming without fear of infectious organisms or other
contaminants at levels potentially harmful to health. After passage
of the CWA, industries and cities built many wastewater-treatment
plants, and industries began recovering hazardous components from
wastewater. In response to other laws, air effluents and hazardous
wastes were treated before disposal, and irresponsible waste dumping
was greatly reduced. Municipalities and industries designed and built
secure landfills to replace old leaking dumps. Controls were placed
on motor-vehicle emissions.

Laws in less-developed countries

Controlling pollution and protecting the environmental health of
workers is more difficult in less-developed countries. Many of these
countries have excellent laws on the books. However, laws are often
not enforced because of weak and corrupt governments, and because
they lack money to enforce them. Some industries also take advan-
tage of such conditions. An instance is “shipbreaking,” the process
of dismantling old ships for scrap metal and other valuables. Ship-
breaking was carried out in the United States and Europe until the
1970s. Then, as labor costs and environmental regulations increased,
shipbreaking moved to Korea and Taiwan. Lastly, in what is referred
to as a “race to the bottom,” it moved to the very poorest countries,
including India, Bangladesh, and Pakistan. There, using simple tools
such as blowtorches and without worker or environmental protec-
tion, hand labor is used to tear ships apart. About 700 ships come to
the end of their useful life each year, of which about 90% end up in
these impoverished countries.

The picture is not all dismal. A year 2000 “Greening Industry”
report from the World Bank? notes that some poor countries are
finding ways to put pressure on polluters. They use local newspa-
pers and community observers to report on factory behavior. Low-cost
computer technology is used to distribute information to communi-
ties and to business stockholders. m Indonesia’s approach is seen in
Table 2.3. Its regulatory agency color codes factories based on their
environmental performance, and publicizes the results. Gold is
awarded for top performance, green for above standards, blue for

2 World Bank. 2000. Greening Industry, Public Information Strategies. http:www.
worldbank.org/nipr/pub_info.htm (accessed January, 2002).
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Table 2.3 | Rating polluters in Indonesia

Performance level Rating

Gold Clean technology, waste minimization,
pollution prevention

Green Above standards and good maintenance,
housekeeping

Blue Efforts meet minimum standards

Red Efforts don't meet standards

Black No pollution control effort, serious

environmental damage

Adapted from the World Bank web site (http://www.worldbank.org/
research/greening/cha3new.htm).

minimum standards, red for doesn’t meet standards, and black for
causes serious environmental damage. When the project began in
1995 with 187 factories, two-thirds were out of compliance with regu-
lations. “Gold” winners were publicly honored while facilities found
to be violating standards were given 6 months to clean up before hav-
ing their rankings made public. When pressured in this way, many
more factories complied with the law. Indonesian officials hope to
expand this system to include the 2000 facilities accounting for 90%
of its water pollution. ® In the early 1990s, 95% of Columbia’s indus-
trial wastes were dumped untreated into receiving waters. After the
government started to charge industries and municipalities per unit
of water pollution released, many factories and towns began treating
their wastewater. ® China also charges some large factories for the
amount of pollution released. In some cases facilities have held pol-
lution constant even as production doubled. m The Philippines, India,
and Mexico are starting similar programs.

Dishonest individuals can obviously corrupt these approaches.
However, as more people become more aware or even involved, and
with the promise of positive publicity or the threat of negative public-
ity, there is more compliance. The World Bank optimistically stated,
“After 6 years of research, policy experimentation, and first-hand
observation, we believe that environmentally sustainable industrial
development is within reach.”

Limitations of command-and-control

Almost all US pollution legislation controls pollutants end-of-pipe;
that is, capturing pollutants after they are formed. ® A case in point
is an electric power plant. One major pollutant produced by burning
coal is sulfur dioxide. The power plant may capture much of that
sulfur dioxide from its stack so that it does not enter the air. ® Or a
metal plating firm recovers chromium from its wastewater to prevent
releasing it into a river. In these instances, the pollutant still exists,
but has been captured so that it can be disposed of responsibly.
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End-of-pipe controls cannot recover 100% of a pollutant. An indus-
try or electric utility may remove the first 80% of a pollutant from a
waste stream efficiently and cost-effectively. Removing the last 20%
may cost 10 times more than the first 80%, and a small amount
of the pollutant will still escape into the environment. A specially
designed incinerator may destroy 99.99% of the hazardous materials
that it burns. For pollutants of special concern, a more costly, tech-
nologically sophisticated incinerator can destroy 99.9999%. But the
incinerator cannot destroy that last small amount. Even to eliminate
the amount they were designed to remove takes frequent monitor-
ing and constant maintenance of equipment. Some believe that the
only acceptable amount of a pollutant is zero, which gives rise to the
problem of the vanishing zero. Analytical chemists constantly devise
ever more sensitive methods to detect pollutants. So, even if essen-
tially all of a pollutant seems to have been removed, a newer more-
sensitive detection method may find it again. A chemical undetected
and unregulated in one year could be detected and regulated the
next.

There is a serious limitation to the end-of-pipe approach: the recov-
ered pollutants still exist and must be disposed of. We must incinerate
them or bury them in landfills. Or, we strip volatile pollutants from
water and allow them to escape into the air. In this case, the water pol-
lutants have become air pollutants. Moreover, the cost to industries
of pollution control - recovering, treating, and disposing of recov-
ered wastes — continues to rise. Costs to communities of managing
municipal wastes and sewage likewise continue to rise.

Another limitation of command-and-control regulations that
industry much dislikes is that “one size fits all.” A regulation tells
industrial facilities not only to limit the release of specific pollutants,
but also tells them exactly how to accomplish that reduction - all facil-
ities must reduce emissions in the same way. But no two industrial
facilities are identical and frequently there is more than one way to
reach the same end. m A Wall Street Journal article told the following
story some years ago. The AMOCO refinery of Yorktown, Virginia was
required to install a $41 million system using a specific technology
to capture benzene emissions. However, AMOCO, working with the
EPA, found a different method that could capture five times more
benzene for only $11 million. But, the law was inflexible and the EPA
could not modify requirements, so a greater amount of money was
spent to capture less pollutant. In more recent years the EPA is find-
ing ways to allow facilities to avoid the “one-size-fits-all” approach by
demonstrating that they can indeed capture more pollution using
different methods. ® In 1995 a Scientific American article® described
regulations intended to ensure that hazardous wastes were safely han-
dled. The automotive industry produced a sludge containing zinc. In
earlier years, factories sent the sludge to smelters, and the zinc was

3 Frosch, R. A. The industrial ecology of the 21st century. Scientific American, 273(3), March,
1995, 178-81.



USING LEGISLATION TO PROTECT NATURE’S SERVICES

39

recovered and reused. However, in the 1980s, the zinc sludge was
listed as a hazardous waste and smelters no longer accepted it.
Instead, as a hazardous waste the sludge had to be treated and
disposed of in accordance with strict regulations. Clearly, this was
an unintended consequence. Most agree that such problems arise
because we try to deal with one environmental problem at a time -
bit by bit - instead of looking at issues holistically. Given the huge
number of detailed regulations that resulted from complex environ-
mental laws, some counterproductive results are inevitable. The US
EPA has been working to develop regulations that take into account
all the emissions and waste streams issuing from a facility, but
they must do this within the constraints of the laws passed by
Congress.

A right-to-know law
The world reacted with horror to the Bhopal disaster described in
Chapter 1. Then, US citizens discovered that a Union Carbide plant
in Institute, West Virginia used the same highly reactive chemical,
methyl isocyanate (MIC). This plant also lacked adequate means to
keep water away from the MIC. However, after Bhopal it was quickly
redesigned. More generally, an important aftermath of Bhopal was the
realization that such a disaster could happen anywhere. Recognizing
this, the US Congress passed the Emergency Planning and Commu-
nity Right-to-Know Act in 1986. m The legislation required industries
and communities to prepare emergency plans to minimize harm in
case of an accidental chemical release from a factory, or from a truck
or train passing through a community. ® The law also gave Americans
easy access to information on what hazardous chemicals were used
in, stored in, or transported through their communities. ® Another
section of the law, the Toxics Release Inventory (TRI), provides commu-
nities with a new source of information: it requires businesses to
make public each year their emissions of any of about 600 chem-
icals such as ammonia, hydrochloric acid, methanol, toluene, ace-
tone, and lead and cadmium. The TRI does not require that emissions
be reduced, only reported. Nonetheless, pressures on industries and
municipalities led to a halving of releases of TRI chemicals to air,
surface water, and into underground injection wells. An editorial in
the journal, Environmental Health Perspectives, stated, “This legislation
may yet prove to be one of the most important events in the history
of environmental health because it instigated the idea that people
had the right to know about hazardous agents being manufactured,
used, or stored in or around their communities. In a free and open
society, the concept of ‘right to know’ of possible risks to their health
seems fundamental.”

But the TRI has limitations. ® A major criticism is that the TRI
merely reports the amount of a chemical released. It does not tell

4 Hook, G. E. R. and Lucier, G. W. The right to know is for everyone. Environmental Health
Perspectives, 108(4), April, 2000, A160.
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us how toxic the chemical is. Nor does it tell us whether humans
and wildlife are actually exposed to it. In other words, the TRI does
not tell us the risk of a chemical emission. In fact the environmental
organization, Environmental Defense points out that TRI emissions
account for only 4% of the total cancer risk nationwide. In contrast,
emissions from mobile sources such as cars and trucks, contribute
88% of the cancer risk. Diesel exhaust poses an especially high risk.
But motor-vehicle emissions are not reported under the TRI. Thus, the
question is raised: Would some different disclosure provide more use-
ful information than the TRI? m Other critics note that TRI releases
tell us very little about the overall environmental performance of
a facility. m Despite criticisms, European countries too are develop-
ing “right-to-know” legislation that requires corporations to disclose
emissions of certain chemicals, and to report what chemicals are
transported through communities. Europeans believe these disclo-
sures are a powerful and low-cost means of informing the public.
The public may then, as happened in the United States, pressure
companies to reduce emissions. Egypt, Czech Republic, and Mexico
also have similar programs, but only for chemicals deemed especially
hazardous.

Can we completely control pollution?

As noted, the TRI requires industrial facilities to report many legal
chemical emissions. In 1988, the first year that TRI emissions were
divulged, people were shocked to learn that industry had released
nearly 2.6 billion 1bs (1.2 x 10° kg) of chemicals into the air the pre-
vious year. This is a large quantity, but was only the beginning of
the story. About the same time, a nationwide study was carried out
on all volatile organic chemical (VOC) emissions into air. The study
concluded that 47 billion lbs (21 billion kg) of VOCs were released to
the air each year - 18 times greater than 2.6 billion lbs (1.2 billion kg).
What were the origins of these VOCs? ® A portion came from indus-
tries not then required to report TRI emissions; these included mining
operations, sewage-treatment plants, landfills, and hundreds of thou-
sands of small businesses such as dry cleaners, printers, painters,
shops maintaining motor vehicles, even bakeries and food-processing
operations.> m Most strikingly, half of the 47 billion 1bs (21 billion kg)
came from motor vehicles, driven billions of miles a year by you
and me. And, as indicated above, motor-vehicle emissions may pose
a much greater risk than TRI chemicals. A new car pollutes much
less than one made in 1970, but each year more people drive
more vehicles more miles. And many drivers do not maintain their
vehicles to run as cleanly as they were designed to run. ® Indi-
viduals also contribute VOC emissions when using charcoal grill

5 As one example, about 20 million kg (44 million 1bs) of one VOC, hexane is released
into US air each year. The source of hexane is its use as an organic solvent to extract
millions of tons a year of food oil from soybeans, and to extract millions of tons more
from other seeds and grains.
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starters, paints, aerosol sprays, pesticides, and many other products.
Emissions from one individual alone are small. However, multiply
yourself by hundreds of millions - some of these emissions become
significant.

Environmental agencies regulate an increasing number of chem-
icals from a great many sources. But can government regulate every
emission? Again, remember motor vehicles. Although these are a
major source of air pollution, many people resist testing emissions
from their vehicles, or do so resentfully. Could federal, state, and
local environmental agencies monitor every small business opera-
tion, every home, and every vehicle? What other approaches are
available?

The waste-management hierarchy

End-of-pipe control means capturing the pollutant after it is formed,
but before its release into the environment. End-of-pipe control has
been called first-generation thinking. A second-generation concept is
pollution prevention (P?) - create less of the pollutant or waste in the first
place. Better yet, eliminate it. P? is at the top of a waste-management
hierarchy (Figure 2.1). When P2 does not work or is not used, the
second preference is recycling and reuse. When a material can no
longer be recycled or reused, the third step, treatment, is used to
reduce the volume or toxicity of the waste. At the bottom of the hier-
archy is disposal. The four steps of the waste-management hierarchy
are described below.

Steps in the waste-management hierarchy

Pollution prevention

P? is source reduction, decreasing the amount of pollution produced
in the first place. Resource conservation is also P%, using less of a raw
material or increasing the efficiency of its use. Using less energy is
resource conservation and P? also; pollutant emissions that would
result from generating and using that energy are not produced while,
at the same time fuel is conserved. The same holds for water and
mineral conservation. You may quickly observe that P? can save its
practitioners money. Illustrations of industry use of P? are seen in
Tables 2.4 and 2.5. No law mandates P2, so anyone using P? in the
United States is going beyond mere compliance with the law.

MINIMIZING SPILLS IS P?

The first step a company often takes to begin a P? program is to eval-
uate its housekeeping practices. This is true because if a hazardous
substance is spilled it becomes hazardous waste and the materials
used to clean it up also become hazardous waste. Thus, minimizing
spills is P2. Using less water is P?; so is using less energy. Using fewer
material resources to make a product is PZ; so is reducing pollutant

Pollution prevention
Reuse[recycle

Treatment

Disposal

The waste-
management hierarchy
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Table 2.4 | Examples of industrial use of P?

Previous action and result

Change that lessened pollution

Company A used trichloroethane, an organic
solvent, to clean metal; discarded
trichloroethane is a hazardous waste

Company B painted steel joists by dipping them
into open vats of paint; the vats released large
amounts of fumes

Company C used energy-inefficient motors;

Trichloroethane was replaced with a
water-based solvent, which worked just as
well

Paint vats were layered with ping-pong balls,
cutting emissions while not interfering with
dipping the joists

More energy-efficient motors were purchased as

the old ones broke down
Packaging was redesigned to use less material

energy was wasted

Company D packaged detergent in a box too
large for its contents; the consumer throws
away the packaging

Company E manufactured plastic beverage
bottles

Company F is a coal-burning electric power
plant; it captured the sulfur dioxide that
formed as coal is burned

The bottle was redesigned to use less plastic, but
produce an equally strong bottle

It found a source of coal with a lower sulfur
content

Table 2.5 | P? in the motor-vehicle industry

A manufacturer designs a vehicle that: The result is:

Has reduced tailpipe emissions
Has better fuel mileage

Less air pollution is produced

Less air pollution is produced

Gasoline is conserved

Less air pollution is produced

Gasoline is conserved

Worker exposure to chemicals is reduced
Hazardous-waste generation is reduced

Some component parts can be reused; others are
recycled; materials are conserved; less pollution
is produced

Is lighter weight, but still safe
Uses less-toxic chemicals as it is manufactured

Can be disassembled at the end of its life

emissions when manufacturing the product. Finding less-hazardous
chemicals to use in a process when a very hazardous chemical was pre-
viously used is also P2. Reducing worker exposure to toxic chemicals
during product manufacture, often called “toxics use reduction,” is
another P? goal.

To make P? work, top management must commit itself to its suc-
cess. At the same time employees are the ones who regularly work
with a process. They are often best informed as to where and how to
modify a process to decrease pollution. Some companies - 3M Corpo-
ration is a prominent example - offer bonuses to employees to develop
workable P? ideas. Interestingly, after many years of implementing P2
ideas, 3M Corporation employees continue to generate new ideas - P2
is an ongoing process.
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Questions 2.1 |

Examine the waste-management hierarchy (Figure 2.1). Then look at Table 2.4.

I. Company “A" effectively replaced trichloroethane with a water-based solvent.
How is this P??

2. Assume that another company uses trichloroethane as a metal-cleaning solvent
too, but uses it once only before discarding it. It finds that it can reuse the
trichloroethane several times before the solvent becomes too dirty to perform
well. Is there any effective difference in this case between P? and reusing the
solvent? Explain.

3. What change could Company “D" make so that even less packaging is discarded?

4. (a) What else might Company “E” do to make its bottle more environmentally
benign? (b) Where would your suggested change fit on the waste-management
hierarchy?

Taking improved housekeeping steps may not be difficult. Other
P? practices, such as changing from a hazardous organic solvent to a
water solvent or changing one step in a production process, may also
be implemented without great difficulty. But the rate of return must
be high to consider changing a whole production process, because
the risk is much greater - more money is spent without complete
assurance that the new process will work properly. At its most effec-
tive, P? involves design for the environment (DfE). In DfE, from the
moment that a new product is conceived, it is designed with the idea
of keeping its environmental impact low. DfE aims for a product with
a longer life, fewer environmentally harmful effects, and easier dis-
assembly at the end of its life for reuse or recycling. We will return
to DfE later.

In the United States, only the 1990 Pollution Prevention Act
addresses P2. It does not mandate P2. Rather it uses the Toxic Release
Inventory report to encourage it: when a business reports TRI emis-
sions, it must describe what it is doing to reduce emissions. The EPA
and state governments also collaborate with industry to stimulate P2.
In one EPA effort, the 33/50 Program, 1150 participating companies
reduced emissions of 17 chemicals that are very toxic or emitted in
especially large amounts. Companies reduced emissions at least 33%
by 1993 and at least 50% by 1996. In the Green Lights Program, both
the EPA and the US Department of Energy work with business and
institutions to reduce the energy used in lighting. They also have pro-
grams to reduce energy use by other appliances, by industrial motors,
etc. Remember though that it is not only industry that can benefit
from P?. Agencies, municipalities, institutions, and individuals can
all benefit, e.g., Table 2.6.

Recycling and reuse

Most people are familiar with recycling common materials such
as paper, glass, and aluminum cans. The advantages of recycling
aluminum are dramatic. Recycling saves 95% of the energy over
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Table 2.6 ‘ Individual examples of using P2

You:

* Purchase a car with good fuel economy

* Maintain the car to keep its fuel economy high

* Avoid buying batteries for trivial purposes

* Buy energy-efficient appliances, electronics, and light bulbs

¢ Turn them off when not in use

¢ Turn down the thermostat at night

* Eat less meat because less land, energy, water; pesticides, and
fertilizers, are used when grain is eaten directly (rather than fed
to livestock)

* Practice water conservation in your home and yard

Purchase durable consumer goods

* Repair appliances and electronics rather than buying new ones

* Buy products with as little packaging as possible

Drink tap water or beverages prepared at home

Table 2.7 | Examples of industrial recycling and reuse

Reuse

* A welding plant does not discard its empty wire spools, but
returns them to the supplier, who reuses them

¢ Engine parts from vehicle engines are refurbished and reused

Recycle and reuse

* An oil refinery refines motor-vehicle oil for reuse

* A paint manufacturer reprocesses waste household paint

* A factory cleans a metal with a solvent, reusing the solvent
several times

* When the solvent does become dirty, it purifies and reuses it —
the solvent never becomes waste

* A factory reuses some of the water it uses in manufacturing its
product

Recycle

* A paper maker uses post-consumer paper to make paper

* A manufacturer makes recyclable products, bottles, cans,
packaging, etc.

* A manufacturer identifies each consumer plastic it uses in a way
that allows the plastics to be separated after use, and recycled
into high-quality products

that needed for mining aluminum from scratch and making new
containers; recycling also reduces air and water pollution by about
95%. Recycling also serves to conserve aluminum resources. Although
less dramatic, savings in energy, resources, and pollution are signifi-
cant when recycling other metals too. Industrial recycling and reuse
examples are given in Table 2.7, and examples of individual efforts
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Table 2.8 | Individual recycling and reuse

You:

* Recycle every household item that you can

* Recycle not just aluminum cans, but foil and materials made
from aluminium

* Find an organization to use your leftover paint rather than
disposing of it

* Take used oil and antifreeze to a service or recycling station

* Compost grass clippings and leaves rather than placing them in
the trash

* Reuse paper and plastic bags many times over, or, buy fabric bags

are shown in Table 2.8. Reusing a product is usually closer to P? than
is recycling - fewer resources are needed and less pollution is pro-
duced. As an illustration, it takes about one-third less energy to clean
and refill glass bottles than to recycle them. However, glass is heavy
and the energy saved would be lost if the bottles were transported to
a distant market.

Remember that recycling produces waste too, sometimes a great
deal. Paper is an illustration. Coatings and fillers amount to as much
as 50% of the paper’s weight. When recycling paper, these must be
recovered and, because they have no practical use, they are disposed of
in a landfill. Recycling metal and glass can be continued indefinitely.
However, paper or plastic can be recycled only a few times before
losing their quality.

Treatment

When a material cannot be recycled or reused, treatment, the third
step on the waste-management hierarchy, is used. There are two impor-
tant reasons for treating a pollutant or solid waste — to reduce its volume
or to reduce its toxicity (or other hazard). The major reason municipal
solid waste (MSW) is burned - considered a treatment - is to reduce its
volume. The major reason hazardous waste is treated is to reduce its
toxicity. Beyond incineration, there are many ways to treat hazardous
waste. Table 12.1 provides a number of examples.

Questions 2.2 |

I. Other than the examples already given (Table 2.6) what are two P? steps that
you, as a vehicle owner, could take?

2. Consider the reuse examples in Table 2.7. Give two examples of how reuse
and P? are similar.

3. Why is reuse ordinarily seen as environmentally preferable to recycling?

4. What are two more examples of recycling at an individual level (not in
Table 2.8)?
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Box 2.1 | German recycling

Germany has a tough recycling law including a program to collect packaging mate-
rials. Indeed, so much packaging was collected in the early 1990s that Germany
could not recycle it all. The excess was shipped to other European Union (EU)
countries, which interfered with recycling programs in those countries. EU coun-
tries now forbid member states from setting recycling targets far in excess of what
they can handle within their own borders. But the German law had the desired
effect — the amount of packaging used went down, 4% in 1993 alone. German
manufacturers now tend to package products in glass and paper which are easier
to recycle than plastic. Other European countries began in their individual ways to
follow Germany's example.

Disposal

Disposal may be at the bottom of the waste-management hierarchy,
but responsible disposal is of major importance. Industry must treat
a hazardous waste to destroy its hazardous character before disposing
of it in a landfill. A municipality must dispose of its MSW and sewage
sludge in ways carefully defined by law. No laws apply to how indi-
vidual citizens dispose of their waste. However, information can be
obtained from a library or town office to aid responsible disposal. In
the future, if society moves toward industrial ecology (defined below),
wastes may be resources.

SECTION I
Beyond pollution prevention

Industrial symbiosis

P? is tremendously attractive, but we cannot avoid all waste and pol-
lution. Moreover, pollution prevention alone cannot save land or pre-
serve species biodiversity, both critical issues. In addition to using P?
we can redefine “waste.” Kalundborg, a city in Denmark, is a model
of treating wastes as useful byproducts in a process called “industrial
symbiosis:” byproducts, whether materials, energy, or water are sold
or given to nearby facilities, which use or reuse them (Figure 2.2 and
Table 2.9).

¢ Asnaes is Kalundborg’s coal-burning electric power plant. ® Asnaes
uses its high-temperature steam to generate electricity. Lower-
temperature steam, which would otherwise become thermal pol-
lution, is piped into 5000 Kalundborg houses and buildings to
provide space heating, and also into Statoil and Novo Nordisk to
provide them with needed steam. ® Asnaes uses a scrubber to cap-
ture the sulfur dioxide emissions resulting from burning sulfur-
contaminated coal - it converts it into calcium sulfate, which is sold
to Gyproc. Gyproc uses it to make wallboard. Previously, Gyproc
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Petroleum refinery | Natural
gas fertilizer on
Sulfur farms
KEMIRA

Sulfuric acid manufacturer

purchased calcium sulfate from Spanish mines, but now Asnaes
meets two-thirds of its needs. ® Instead of landfilling the fly ash
and clinker resulting from burning coal, Asnaes sells them for use
in road-building and cement making.

Statoil is a petroleum refinery. ® Qil refineries often burn off the
natural gas found in petroleum. However, Statoil pumps its gas to
Gyproc, which burns it to fire the ovens that dry their wallboard.
Gyproc has butane gas back-up for times that Statoil is shut down
for maintenance. Statoil also sells gas to Asnaes, so that facility
burns gas as well as coal. ® Natural gas contains sulfur; this is
removed by a process producing hot liquid sulfur. This is shipped
50 miles to Kemira where it is used to produce sulfuric acid. m Fresh
water is scarce in Kalundborg. Statoil pipes its used water to Asnaes,
which uses it to clean plant equipment, provide feed water to its
boiler, and reduce the thermal pollution that it produces. Overall,
town water reuse schemes have reduced demand by 25%.

Novo Nordisk is a pharmaceutical firm using microorganisms to
ferment food-grade material into usable products. ® Fermentation
produces a nutrientrich sludge. Steam - piped in from Asnaes - is
used to kill surviving microorganisms. The sludge is distributed by
a pipeline to 1000 nearby farms that use it for fertilizer.

Kalundborg redefined waste and pollutants. “Wastes” and “byprod-

ucts” have become useful products. Let’s envision changes in other sit-
uations. Think about computers. ® What if the pollutants and wastes
produced as we extract and process the raw materials to manufac-
ture computers could find uses? What if the wastes and pollutants

Industrial symbiosis
in Kalundborg
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Table 2.9 | Pollution prevention and industrial symbiosis in action

Facility and problem Action and result Facility and problem Action and result

l. Los Angeles * Sends it to 4. Bell Helicopter in  * Pumped sludge
airport disposed of sewage-treatment Fort Worth used back to process;
19 000 tons (17 300 plant where magnesium found it could use

tonnes) of food waste

microbes digest it

hydroxide, Mg(OH)3,,

it 3 to 4 times

a year and generate in electroplating; lost before dumping
methane part of Mg(OH), to e Less sludge to deal
* An electric utility sewer, and it ended with, so saved
burns the methane up in wastewater money
* Saves waste disposal sludge ¢ Saves money by
costs buying less
* Make money from Mg(OH),
selling methane
2. ITT Industries’ * Nitrogen was found 5. International * Natural gas burning
Virginia facility used to work as well as Paper mill in Jay, facility was built on
sulfur hexafluoride, SF¢ without adverse Maine generated site; its owner sells
SFe, a strong environmental effect steam by burning steam to the mill
ozone-depleting gas  ® Nitrogen is cheaper number-6 fuel oil with e Burning natural gas
to test tubes in to buy than SF¢ [.8% sulfur and other ~ generates less air
night-vision devices components that pollution and CO,
become air pollutants
3. Tennessee Valley * Sold CaSOy4 to 6. International ¢ Found alternative

Authority (TVA) a
large public utility
trapped sulfur dioxide

as calcium sulfate,
CaSQOy, and landfilled e

wallboard-making
company; eliminates
landfill costs and
makes money

Sells ash and slag for

Paper mill in Jay,
Maine found its
wastewater contained
mercury, Hg. Traced
Hg to purchased

suppliers to furnish
uncontaminated
products;
wastewater Hg fell
to levels no higher

it; TVA also landfilled use in concrete and products than background
fly ash and boiler slag abrasives (contaminated acid levels in river
and alkali)

Source: examples 1 to 4, Deutsch, C. H. Together at last: cutting pollution and making money. New York Times,
9 September, 2001; examples 5 and 6, Hill, M., Saviello, T., and Groves, S. The greening of a pulp and paper
mill. Journal of Industrial Ecology, 6(1), 2002, 107-20.

generated during computer manufacture were used? Is it possible for
computers, at the end of their useful life, to be disassembled and
all components used again? ® Think more ambitiously still. What if
we could blend all man-made products, wastes, and pollutants into
the natural ecosystem - without harming it? ® To make this exercise
more than a fantasy we need to change the nature of wastes and pol-
lutants to make them more benign. We need to develop systems in
which all biological wastes including sewage become “food” for pro-
cesses producing useful chemicals. Rather than depleting nature’s
services, man-made systems could contribute to their viability.
Chapter 18 further examines these possibilities.
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Creative waste reductions
Sometimes methods are improvised to solve the problem at hand. See
Table 2.9 and the following subsection.

A 91% reduction in solid waste

International Paper’s pulp and paper mill in Jay, Maine landfilled an
average 1643 cubic yards (1256 m?) of waste a day in 1988. Efforts
at recycling, pollution prevention, incineration, and beneficial reuse
reduced waste by 91% to 150 cubic yards (114 m?) by 2001 (Figure 2.3).
The mill now: ® Recycles wood, metals, and paper. ® Compacts paper
that is non-recyclable into burnable pellets. ® Uses improved lime-
kiln operations to fire all lime mud (previously landfilled). m Sells
flume grit (dirt and contaminants carried with logs into the mill) to
a contractor that processes it into landscape material ® Burns bark
and sludge. The ash produced is not landfilled, but incorporated into
AshCrete, a product developed at the mill ® Also incorporates green-
liquor dregs (produced during a recovery operation) into the AshCrete.
The only wastes now going to the landfill are MSW types of materials
including garbage.

Questions 2.3 |

I. (2) What are two cases in Table 2.9 that represent pollution prevention? Explain.
(b) What are two cases that go beyond P? and how?

2. Review Figure 2.2. Now consider facilities in your locale and what possibilities
for industrial symbiosis exist! (a) What factors — physical location, financial
considerations, liability, and so on — could favor the development of symbiosis?
(b) What factors could limit the development of symbiosis? (c) How could
materials collected for recycling or landfilling by a municipality become part of a
symbiosis scheme? (d) What local agricuttural wastes might fit into the scheme?

3. Many believe that American and Western European lifestyles are unsustainable,
that per capita resource use is too high by as much as ten-fold. What is an

Reducing the solid
waste that a pulp and paper mill
sends to landfill. Credit: The
greening of a pulp and paper mill.
Journal of Industrial Ecology 6(1),
107-20
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instance where a technology evolved in a way that reduced its material input
by at least ten-fold?

4. What are four products that you could halve your consumption of without
affecting your lifestyle?

5. Reduced consumption could damage the economy. What factors could mitigate
adverse economic effects?

6. Make a list of the wastes that you throw away on a typical day: (a) in your home;
(b) at work; (c) during trips away from home (transportation, lodging, meals,
etc.).

7. (2) What wastes do you generate indirectly by purchases from the grocery,
gasoline station, vehicle maintenance shop, dry cleaners, doctor's office and
dentist’s office, restaurants, and retail stores? (b) Do you bear any responsibility
for these? Explain.
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Chapter 3

Chemical toxicity

A major reason that we care about a pollutant is that it may be
toxic - to ourselves, to wildlife, and to plants, including our crops.
This chapter examines the toxicity of chemicals and factors affect-
ing toxicity. Section I introduces “the dose makes the poison,” and
acute and chronic toxicity. It follows a chemical as it contacts the
body, is absorbed into and distributed around it, its transformation
within the body, and its excretion. Some chemicals are stored and
bodily concentrations build up. Section II discusses factors that affect
toxicity, including gender, age, nutrition, and variation in sensitiv-
ity to toxic substances both within one species and between species.
Section III emphasizes adverse effects that especially concern us. One
is those that harm the very young, developing embryos and small
children, why they are especially sensitive to toxic effects and often
have greater exposures than adults. Section IV examines two types of
chemicals that concern many people, agents that can cause cancer
and those that can mimic natural hormones.

SECTION |
All substances are toxic

Paracelsus, a controversial sixteenth-century physician, was faulted
for treating his patients with arsenic and mercury that were known
to be toxic. Paracelsus responded with a statement still repeated
500 years later: “All substances are poisons. There is none, which
is not a poison. The right dose differentiates a poison and a rem-
edy.” That is, a “non-toxic” substance can be toxic at a high-enough
dose. And an extremely toxic substance can be safe if the dose is low
enough. “The dose makes the poison” is indeed a convenient rule
(Figure 3.1). However, there are exceptions to the rule, and many fac-
tors other than dose also affect toxicity.
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Terminology

Table 3.1 gives some definitions of terms used for toxic substances.
Sometimes the term “toxic chemical” is used almost as one word,
but as the paragraph above has already told you, toxicity is seldom
so simple (see Box 3.1). A chemical’s effects depend on many factors,
including: dose; how fast the dose is given; health, age, and gender
of the person or animal exposed; and other conditions of exposure
(Table 3.2).

Box 3.1 | Two paradoxes

Vitamin A worldwide

Vitamin A deficiency may cause the deaths of millions of children each year; and
hundreds of thousands of cases of childhood blindness. However, large doses of
Vitamin A taken by a pregnant woman can cause birth defects such as cleft lip,
cleft palate, or major heart defects. For this reason, women of childbearing age
are urged not to exceed the recommended daily intake for vitamin A (Figure 3.2).
Pharmaceuticals derived from vitamin A can also cause such defects.

Aspirin

Common aspirin is not a nutrient, but has many positive effects. It relieves pain,
reduces fever and the inflammation of arthritis, treats and prevents heart attacks
and strokes, and may prevent colon cancer. But it can irritate the stomach and
can adversely affect children with fever and individuals with blood-clotting prob-
lems. It can cause bleeding in pregnant women, and is highly toxic to individuals
hypersensitive to aspirin. Aspirin also causes birth defects in rats. Modern drugs
are extensively tested before marketing. If aspirin were a new substance and test-
ing demonstrated that it caused birth defects in animals, it would be suspected of
doing the same in humans. If available to people at all, it would be as a prescription
drug. However, aspirin has been on the market since the nineteenth century and
has not been associated with human birth defects. See Table 3.2.
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Table 3.1 | Definitions

Toxicant

Toxin

Poison

Hazardous substance

Xenobiotic

A substance that causes adverse effects in a plant, animal, or human; it does
so by impairing vital metabolic functions

A toxin is a toxicant produced by a living organism such as a microorganism,
plant, insect, spider, or snake

The word poison is a synonym for toxicant; however, it is a word often used
loosely; so is the word “toxin”

A hazardous substance may be toxic, corrosive, reactive, flammable,
radioactive, or infectious, or some combination of these

A chemical foreign to (not synthesized in) the body of animal exposed to it

Table 3.2 | Is this chemical toxic or beneficial?

Botulinum toxin

Warfarin

Atropine

Thalidomide

Curare

Nitroglycerine

Sodium chloride (salt)

Nickel and chromium

Nitric oxide

* The most acutely toxic chemical known, which has caused many deaths
in people eating improperly processed food

* In very tiny doses, it treats muscular spasm and twitching that have
responded to no other treatment; it is also used cosmetically to
temporarily “relax wrinkles

¢ A synthetic chemical used as a rat poison

* Itis used to prevent strokes and heart attacks

* The deadly nightshade plant makes this “supertoxin”

* |t is used as an antidote for nerve gas and organophosphate-pesticide
poisoning

* A drug that caused tragic birth defects in the 1960s

* It is used to treat leprosy, may be used in treating acquired immune
deficiency syndrome (AIDS), and is being studied as an immune system
suppressant

* A natural poison, used on arrow tips by Amazon natives

* It is used to promote muscle relaxation during surgery

* A chemical used to manufacture dynamite

* |t is employed to treat angina (spasms of heart arteries)

* A nutrient (essential to life)

* It has killed small children who ingested too much; too much leads to
retention of body fluids, and is implicated in high blood pressure; chronic
eating of highly salted foods is associated with stomach cancer

¢ Both these metals are nutrients

* High doses are toxic and can cause cancer

* It is a neurotransmitter produced within the body

* It is an ambient air pollutant

Acute and chronic toxicity

“Acute toxicity” is an adverse effect seen soon after a one-time expo-
sure to a chemical. An acute effect may be vomiting, diarrhea, irreg-
ular heartbeat, lack of coordination, or unconsciousness. Symptoms
might arise in a child who ingested a parent’s prescription drug, a
farm worker who sprayed a pesticide without proper protection, or
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Table 3.3 | How do substances exert their toxic effects?

There are many ways that a substance can exert a toxic effect. Three examples follow.

Carbon monoxide. The blood protein hemoglobin picks up oxygen in the lungs, transports it to
the tissues, and releases the oxygen. Because carbon monoxide binds to hemoglobin much more
strongly than oxygen it can, when present, block oxygen binding and so lower the amount of
oxygen available to the body. If enough hemoglobin is blocked, death results. Lesser doses can
cause headache, nausea, and other flu-like symptoms. Chronic exposure is implicated in the
development of heart disease.

Botulinum toxin. This powerful bacterial toxin binds to nerve endings at the points where they join
to the muscles. There it blocks the release of acetylcholine, a neurotransmitter ordinarily released
by nerve fibers. With no stimulus, the muscles become paralyzed. The immediate cause of death is
usually paralysis of respiratory muscles.

A nerve gas or organophosphate pesticide. These agents do not block acetylcholine release.
Rather, once it is released they prevent it from being degraded. The result is that acetylcholine
continues to accumulate leading to uncontrolled firing of the nerves.

a teenager who sniffed glue or gasoline vapors. In contrast, “chronic
toxicity” results from long-term exposure to lower doses of a chemical
or occurs after exposure has ended. Long term may be several weeks
or as long as 30 or 40 years. A well-known chronic effect is cancer,
which usually does not develop until long after initial exposure. The
typical latency period for cancer (the time of initial exposure to the
time that cancer is diagnosed) is 15 to 25 years. Leukemia, a cancer
of white blood cells, may result from long-term exposure to benzene.
Lung cancer may result from chronic exposure to cigarette smoke,
liver cirrhosis from chronic alcohol ingestion, or a damaged nervous

system from chronic mercury exposure.

A substance that does not cause acute effects may show chronic
toxicity. If you break a mercury thermometer, your one-time exposure
to elemental mercury vapor is unlikely to hurt you, but chronic expo-
sure to mercury vapor in a workplace can seriously affect the nervous
system. Conversely, an acutely toxic substance may not cause chronic
effects. The foul-smelling gas hydrogen sulfide is acutely toxic. How-
ever, long-term exposure to low doses of hydrogen sulfide, such as
the concentrations found naturally in “sulfur waters,” is not known
to have adverse chronic effects. Indeed, such exposure was once con-

sidered beneficial to health.

Dose

Anything is toxic at a high-enough dose. Figure 3.1 shows a dose-
response curve, the increasing effect seen as dose increases. Even
drinking very large quantities of water has killed people by disrupt-
ing the osmotic balance in the body’s cells. As the dose of a chem-
ical increases there are many possible toxic effects. Examples are
an enzyme that suffers increasing loss of its activity or nerves that
become unable to conduct impulses. Table 3.3 illustrates some of the

ways in which toxic substances exert their effects.
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Table 3.4 | Comparing the toxicity of chemicals

Toxicity LDg, Examples

Slightly toxic 500-5000 Aspirin, vanillin, salt

Moderately toxic  50-500 Phenobarbital, caffeine, nicotine, warfarin
Highly toxic [-50 Sodium cyanide, vitamin D, parathion
Supertoxic Less than 0.01 Atropine, nerve poisons 2,3,7,8-TCDD (dioxin)
Biotoxins Much less than 0.01  Botulinum toxin, ricin (in castor oil beans)

%LDsg is the dose killing 50% of the animals exposed to it, expressed in milligrams per kilogram

(mg/kg) body weight.

Adapted from: Crone, H. D. Chemicals and Society. Cambridge: Cambridge University Press, 1986, 35.

Optimum amount

Too much
(Toxic)

Result

Too little
(Deficiency)

v

Increasing nutrient dose

Table 3.4 provides comparisons of how toxic one chemical is as
compared to another. LDs, is measured by noting the dose lethal to
half of the animals exposed to it. Determining an LDs, is crude, and
many consider it cruel. Moreover, it provides little information as
to how a chemical exerts its toxic effects. However, people continue
to ask how toxic is this chemical? In 2001, an alternative test was
announced that uses as few as 6 to 9 rats, instead of the 50 to 200 now
used, although results take longer to obtain. A European procedure
uses clear signs of toxicity as an endpoint rather than the lethal dose.

Figure 3.2 shows another type of dose-response curve, one for
chemicals essential to life such as vitamins, minerals, or amino acids.
Adverse symptoms, and even death, may occur if you take in too little
of the nutrient. As the dose increases, the animal or plant responds
positively up through an optimal dose range. However, if the dose gets
too high then adverse effects again occur. Serious illness or death may
result if the dose is high enough.

The period of time over which the dose is consumed is as impor-
tant as the total dose. m Taking one aspirin a day for 100 days may be
beneficial, but taking 100 aspirins at one time can be lethal. Ingesting
one ounce (30 ml) of hard liquor every day for 25 days is fine for most
people, but drinking a fifth (25.6 ounces, 760 ml) at one sitting could
be lethal. m Caffeine is moderately toxic, but people safely drink it.
To be lethal, the dose of caffeine in a cup of strong coffee would need

Dose-response for a
nutrient
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to be 100 times higher than it is. ® Anyone who has chewed a piece of
raw rhubarb knows the effect of oxalic acid (also found in spinach) on
the mouth. But author Alice Ottoboni observed that you would need
to eat 20 1bs (9.1 kg) of spinach or rhubarb at one sitting to ingest
a lethal dose of oxalic acid. m Potatoes make their own insecticide,
solanine. But to ingest a lethal dose of solanine you would need to eat
100 1bs (45.4 kg) of potatoes at one sitting. However, certain potato
varieties (not on the market!) make enough solanine to be toxic to
human beings. Potato skin is a nutritious part of the potato but
pare away any green skin. Green indicates exposure to sunlight and a
higher amount of solanine. Bruised potatoes and potato sprouts also
contain higher solanine levels. ® These examples also demonstrate
that potentially toxic substances are found in anything that we eat
or drink.

Does the dose always make the poison?

The “dose makes the poison” is a - usually reasonable - corner-stone
belief in toxicology. However, if we simply believe that the dose makes
the poison, some results can be confusing. This is true because there
are instances when a dose that seems very low, can have an effect.

Fetal development

In the case of fetal development, timing of an exposure can be crucial.
Expose a pregnant woman to a chemical late in her pregnancy, and
the chemical probably won’t harm her fetus unless the dose is high
enough to harm her too. But go back to the first 8 weeks of pregnancy,
and expose her to the same dose: the embryo may suffer serious
consequences because it is particularly vulnerable during those early
weeks. This was tragically demonstrated by the pharmaceutical drug
thalidomide, prescribed to pregnant women in the 1950s. Taken early
in pregnancy at doses that did not harm the mother, thalidomide led
to babies that often had only stumps of arms and legs.

Environmental hormones

Consider a hormone. Hormones are natural chemicals produced in
the thyroid, ovaries or testes, pituitary, and other glands. Carried
in the bloodstream to target tissues, each exerts effects specific to
the hormone. As one illustration, estrogen produced in the ovaries is
transported to responsive tissues where it stimulates and maintains
changes that make an animal female. At natural levels estrogens and
other hormones exert actions vital to an animal’s well being. The
estrogen hormone reacts with a specific receptor molecule in its tar-
get tissue, and the hormone-receptor complex elicits a response. Only
a tiny dose of a hormone is needed to react with the receptor although,
up to a point, the response increases as the dose increases. How-
ever, if the dose continues to rise, negative feedback comes into play
and this can turn off the hormone’s effect. So what will happen if
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an environmental hormone (pollutant) can mimic a hormone? For-
tunately, a pollutant is a very weak “hormone” compared with the
real one. Nonetheless, wildlife is often directly exposed to such pol-
lutants and sometimes serious effects are seen. Could human devel-
opment also be affected? This question will be discussed later in this
chapter.

Exposure to multiple chemicals
Usually an animal, person, or plant is exposed to more than one
chemical at a time. What is the result of multiple exposures?

* The most common effect is additive. This commonly happens when
all the chemicals exert their effects in the same manner, as when a
person is exposed to several organophosphate pesticides at the same
time (14 1+ 1=3). Each organophosphate pesticide acts the same
way, it inhibits the activity of a specific enzyme. In this case, add
up the concentration of each organophosphate pesticide to obtain
the total dose.

* Synergism presents the greatest concern. When two chemicals act

synergistically their combined effect is greater, sometimes much

greater, than additive (1 + 1 equals more than two.) An instance is
lung-cancer risk from radon. The lung-cancer risk is magnified if

a person smokes. In another case, researchers administered a low-

dose mixture of lead, mercury, and arsenic to pregnant mice. They

observed greater deformities in the fetuses than would be expected
by simply adding up the concentrations of the three metals.

Potentiation is another possibility. Chemical 1 does not harm a spe-

cific organ, but chemical 2 does. But adding chemical 1 makes expo-

sure to chemical 2 much more toxic.

* Antagonism occurs with some chemicals. One chemical interferes
with the action of another - it acts as an antidote. Consider a child
that has ingested a household product or a person who ingested a
poison in a suicide attempt. Emergency-room personnel may admin-
ister ipecac to induce vomiting, ridding the system of the poison.
Or charcoal may be given to absorb the poison, preventing it from
crossing the intestinal wall into the bloodstream. Another type of
antagonism occurs when two chemicals react with one another to
produce a less toxic product. This can happen when a person poi-
soned with a metal is treated with the chemical dimercaprol, or
British anti-Lewisite (BAL), which chelates (binds) the metal ions and
prevents them from exerting their toxic effect.

Systemic and local effects

This chapter primarily discusses systemic effects. A systemic effect is
one occurring at a point distant from where a chemical enters the
body. The terms “toxicant” or “poison” most often refer to substances
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having systemic effects. For example, cyanide exerts its poisonous
effects within the body after it has been absorbed; so do snake, spider,
or other venoms. However, we need also to be aware of local effects.
Local effects are those that occur at a substance’s point of contact
with skin, eyes, lungs, or gastrointestinal tract. An acid for instance
irritates (or has corrosive effects) at the point where it contacts the
body - it shows local effects. A reactive gas such as formaldehyde also
has local effects although absorbed into the body it can have systemic
effects too. Or, the metal nickel irritates the skin, but after absorption
into the body can also exert systemic effects. Some plants have local
irritant effects at the point of contact too. This chapter, unless local
effects are referred to specifically, discusses systemic effects.

Absorption, distribution, metabolism, and excretion

The acronym ADME may help you to remember what happens to a
chemical with systemic effects as it is absorbed into, moves through, is
modified by, and leaves the body. A chemical enters the body through
the lungs, the gastrointestinal tract, or the skin. From its point of
entry, it may be absorbed (A) into the bloodstream, and distributed
(D) throughout the body. It is typically metabolized (M) by the body’s
tissues, and finally excreted (E) from the body.

Absorption (A)

Up to this point the word exposure has been used as if you could
suffer an adverse effect just by having a chemical in the environment
around you. But, unless a chemical has a local effect on the skin,
mouth, nose, or eyes, it must be absorbed into the body. This ordi-
narily can happen in three ways. You inhale it into the lungs, ingest
it into the digestive tract, or absorb it across the skin. Sometimes
a chemical gains entry in non-ordinary ways, for example when it
is injected into a vein or under the skin. Some xenobiotics (foreign
chemicals) are toxic only by one route of entry whereas others are
toxic in two or three ways. ® Formaldehyde can act as a carcinogen
only if inhaled. m Radon is also primarily a carcinogen by inhalation.
® However, arsenic is toxic by all three routes: skin absorption, inges-
tion, and inhalation.

Ingestion

Anything taken into the body by drinking or eating is ingested. Once
in the digestive tract, a substance may be absorbed across the wall
of the small or large intestine into the bloodstream. Most absorption
occurs through the small intestine. From there a chemical enters a
portal blood system that carries it directly to the liver. Because the
liver is the first organ a toxicant contacts — before it has been much
diluted by the bloodstream - the liver receives the highest dose of an
ingested toxicant.
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Inhalation

Unless you deliberately inject a chemical into the body, inhalation
is the fastest means by which a toxic substance can enter the body
and exert an effect. Think about inhaling a gaseous anesthetic such
as ethyl ether. Anesthesia results very rapidly after the inhaled gas
passes from the lung’s alveoli into the bloodstream. Many other sub-
stances can also be inhaled - think about hot-metal fumes, or the
particulates in smoke, or aerosol droplets from a spray can. Because
effects can often occur so rapidly, workplace exposures in enclosed
spaces can be especially dangerous.

Skin absorption

By stopping or slowing the absorption of most chemicals, the skin
provides excellent protection from the outside world. Nonetheless
some chemicals are absorbed across the skin, sometimes efficiently.
The pesticide parathion is one that is absorbed as rapidly through
the skin as by ingestion or inhalation. The chemical dimethyl sulfoxide
(DMSO) enhances absorption of chemicals that the skin otherwise
would not efficiently absorb. When thinking about skin absorption,
remember: ® Thin skin such as found on the abdomen or scrotum is
more permeable to chemicals than the thicker skin on the soles of
the hands or feet. m The larger the area of skin exposed to a chemical,
the more that is absorbed. m The longer a chemical remains in con-
tact with skin, the more that is absorbed. ® Chemicals such as acids,
alkalis, or metals needn’t be absorbed to exert effects; their effect is
local.

Distribution (D)

After absorption, a chemical is distributed throughout the body by
the blood and is taken up, to varying extents, by different organs.
A specific chemical often has a greater effect on one organ than
on other organs; this is the organ most sensitive to it, the “target
organ”. To be toxic, a chemical must reach the most sensitive tissue
at a high-enough dose to exert an adverse effect - it is this dose that
is important. ® The nervous system is a major target organ of lead
and mercury. However, these metals can affect other organs too as
dose increases or time of exposure increases. ® Benzene, at high con-
centrations, causes narcosis due to its impact on the central nervous
system. Chronic exposure to lower benzene concentrations can result
in anemia or leukemia due to its impact on another target tissue,
bone marrow. ® Often substances are stored in the body; if this hap-
pens, they don’t usually show toxic effects (Box 3.2).

Metabolism (M)

To be able to rid their bodies of absorbed xenobiotics, animals and
humans may need to biotransform them into forms that can be
excreted. The liver and kidney are especially active in this process.
Usually, the xenobiotic is converted into a less toxic chemical. On
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occasion, the result is a more toxic chemical, for example when
the liver converts the pollutant benzene into benzene oxide, a reactive
chemical; it is benzene oxide that damages bone marrow. Animals
have always had poisons in their environment, and the biotransfor-
mation system that evolved to deal with xenobiotics is an ancient
one. From this perspective, modern human-produced toxicants are
no worse than the toxins that living creatures have dealt with for
millions of years. There are major exceptions, in particular chemicals
that the body has difficulty in degrading such as a number of PCBs
and dioxins.

Excretion (E)

After exposure decreases or ceases, an absorbed xenobiotic begins to
be released. The rate of excretion depends on a number of factors
including if and how it has been stored in the body (Box 3.2). A water-
soluble xenobiotic is excreted in the urine. If it is not water soluble,
the body attempts to biotransform it into a form which is.

* Water-soluble chemicals are largely excreted in urine. Some chemi-
cals such as salt or the xenobiotic sodium cyanide are already water
soluble.

e If a xenobiotic is not water soluble, the body attempts to biotrans-
form it into a form which is, then excreting it in the urine.

* Some chemicals cannot be transformed into water-soluble forms.
These are excreted with the bile from the liver into the intestine,
and exit the body in the feces.!

¢ Volatile chemicals such as ethyl alcohol and acetone are partially

excreted on the breath - you may have detected the smell on the

breath of a person drinking alcohol. Other gases that you cannot
smell such as carbon monoxide are also exhaled.

The milk of a nursing mother serves as a vehicle for some xenobi-

otics to leave the body. This sometimes significantly increases the

exposure of infants to chemicals such as PCBs and dioxins. ® Smaller
amounts of chemicals are also excreted in sweat.

Box 3.2 | Other important concepts

Bioavailability

Chemicals in the environment such as dioxins, polychlorinated biphenyls (PCBs),
and polycyclic aromatic hydrocarbons (PAHSs) bind tightly to soil and sediment par-
ticles. They often move into, and become trapped within, a particle’s interior: There
they are largely inaccessible; that is, they are not bioavailable. If an animal ingests
such particles, only that portion of the chemical that is not trapped is available
for absorption into the bloodstream from the intestine. ® This is an example of a

1 However, part of a chemical excreted with bile may be reabsorbed across the intestine
into the blood and carried once again to the liver. It may cycle a number of times
before it is completely excreted.
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physical factor affecting bioavailability. @ Chemical factors also affect how much of a
pollutant will be absorbed and how fast. Consider that not all the chemical forms of
ametal are absorbed equally well. Ifa person accidentally ingests elemental mercury,
little of this water- and fat-insoluble element will be absorbed, and it passes through
the gastrointestinal tract into the feces. However, some mercury compounds can
be absorbed. Methylmercury, which is fat soluble is especially well absorbed — and
once within the body is highly toxic. On occasion, chemical differences are used
advantageously. The metal barium is toxic, but ingested barium sulfate is safely used
in X-ray diagnosis of the colon because it is insoluble, passes through the body,
and is excreted. Barium chloride would not be used this way because it is soluble
enough that a portion would be absorbed.

Storage

A portion of the chemical distributed around the body may be stored for short
or long periods. Even blood stores chemicals by binding them to blood proteins.
As long as a chemical remains bound, it does not usually exert adverse effects.
When exposure to a chemical is reduced or eliminated, the stored amount usually
decreases at a relatively slow rate. However, some conditions result in rapid release.
B | ead is an important example. It is ordinarily released very slowly over many
years from its storage place in bones. During pregnancy, a mother's bones release
calcium into the blood to meet the needs of her fetus. At the same time, lead
stored in bones is released rapidly and is also carried to the fetus, exposing it to
abnormally high lead levels. ® Fat-soluble chemicals that the body has difficulty in
transforming into water-soluble forms are often stored in the fat of animals, birds,
and humans and tend to accumulate there. DDT is an example of such a chemical
that is usually only slowly released from its storage place in fat. To enhance its rate
of release, an experiment was done. Laboratory rats were fed high amounts of
DDT for 3 months. No ill-effect was seen in the rats although high levels of DDT
accumulated in their fat. Their food intake was then cut in half, forcing their bodies
to use stored fat for energy. The DDT stored in fat was rapidly released too, and
the rats showed visible symptoms of poisoning. ® Wild animals go through periods
when they use stored body fat. Periods of famine is one instance, but it also occurs
when nursing mother animals use body fat for the extra energy needed to produce
milk — consider a bear that gives birth during winter hibernation. At these times,
pollutants stored in fat may be rapidly released.

Bioaccumulation

When a pollutant concentrates in the body to a level higher than in the envi-
ronment, the chemical being stored is said to “bioaccumulate.” ® PCBs and diox-
ins bioaccumulate in fat. ® Strontium, fluoride and lead bioaccumulate in bones.
B Metals such as cadmium bind to proteins and bioaccumulate in the liver; kidney,
and other soft tissues.

2 An exception to this protective effect occurs with radionuclides. Stored or not, a
radionuclide can undergo radioactive decay and cause potential harm. Consider
strontium-90, a radioactive element found in the fallout of nuclear bombs tested in the
atmosphere in the 1950s. Absorbed into the body, strontium-90 was stored in bones,
and increased the risk of bone cancer.
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Phytoplankton
0.025 ppm

Zooplankton
0.123 ppm

Herring gull eggs

‘ Lake trout

4.83 ppm

Biomagnification of Biomagnification

polychlorinated biphenyls. Source: When a pollutant reaches progressively higher concentrations as it moves through
US EPA

the food web, itis said to “biomagnify.” Figure 3.3 shows the organic pollutants PCBs,
biomagnifying in the Great Lakes food web. Phytoplankton,® one-celled plants at
the base of the food chain, bioaccumulate PCBs. Zooplankton, small invertebrate
animals, eat enough phytoplankton to accumulate PCBs to levels higher than those
in phytoplankton. In turn, smelt eat enough zooplankton that their PCB level is
greater than that of the zooplankton. Lake trout eating the smelt have higher levels
still. The eggs of herring gulls that eat the fish have a PCB concentration higher than

lake trout, and dramatically greater than that in the phytoplankton. Not only gulls,
but other predators including humans may eat the contaminated fish, and also show
very high PCB levels. ® An especially important example of biomagnification is that
of methylmercury (Chapter |5). Bacteria in sediment convert elemental mercury
to methylmercury, which then biomagnifies through the food web as shown for
PCBs. It may biomagnify a million-fold or more in some birds and mammals (eagles,
gulls, seals, minks). @ DDT and dioxins are other well-known examples of chemicals
that undergo biomagnification.

SECTION I
Factors affecting toxicity

How toxic will an absorbed xenobiotic prove to be? This depends
on the chemical’s intrinsic toxicity (Table 3.4), the dose, dose per

3 Plankton are tiny, often microscopic, organisms found drifting near the surface of
fresh water and salt water. Zooplankton, tiny animals that include corals, rotifers, sea
anemones, and jellyfish, eat the phytoplankton.
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Table 3.5 | Variation in dioxin toxicity

Species LDsg’ Species LDs(’
Guinea pig (male) 0.6 Rabbit 15
Rat (male) 22 Dog 30-300
Rat (female) 45 Monkey 70
Hamster [ 160-3000 Humans (estimate) >100

%LDsg is expressed in micrograms per kilogram (ug/kg) body weight. Information
adapted from: Tschirley, F. H. Dioxin. Scientific American, 254(2), February, 1986,
29-35.

time, and other factors that affect toxicity including those consid-
ered below.

Species
A chemical that harms one species at a given dose may not be toxic
to another.

m Silicosis was a lung disease commonly found in miners exposed
to silica dust, but not in their mules which were also exposed. ® Or,
consider Table 3.5. The extreme toxicity of 2,3,7,8-tetrachlorodibenzo-
p-dioxin (also called TCDD or just dioxin) is well known. However,
toxicity varies greatly by species. Considering how widespread dioxin
is in the environment, humans are fortunate to be less sensitive than
many other species. Even so, dioxin poses major concerns.

Variation within a species

Within a given species, individuals may vary greatly in their sensitiv-
ity to a toxicant. Some may be very sensitive, others very resistant.
Consider aspirin or the sulfites (widely used in wine and food preser-
vation). Some humans are hypersensitive to these chemicals, but there
is no indication of adverse effects in most people at levels commonly
used.

Gender, age, and nutrition

Gender

The sexual hormones, androgens and estrogens, affect animal
anatomy, physiology, and metabolism in many ways, so it is not
surprising that the two genders can react differently to a xenobi-
otic. Women, for example, have less alcohol dehydrogenase, an enzyme
involved in breaking down alcohol, than do men. Thus, a woman can
become intoxicated more rapidly than a man of the same weight.
In the past, new drugs were tested only in men. Now, with greater
awareness of variations that depend on gender, drugs are tested in
both sexes. Moreover, a chemical sometimes affects only the ovaries
of a female but not the testes of a male, or vice versa.

Age
The immune system in babies and small children is less well devel-
oped than in adults. They often - but not always - are more sensitive
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to toxicants than adults; see Section III, Children and the fetus. m At
the other end of life, the immune system of elderly persons may func-
tion less well than in younger adults. Thus, the elderly may react more
strongly to a drug or pollutant than younger adults. National health-
based standards for pollutants and food contaminants are often set
to protect the “most-sensitive” populations of which the very young
and the very old are major examples.

Nutrition

Good nutrition provides protection against xenobiotics and infectious
microorganisms (pathogens). ® Alcoholics are an example of a poorly
nourished population more likely to be affected by xenobiotics and
pathogens. People with low-calorie diets or diets with a poor sup-
ply of nutrients are another; see Questions 3.1. ® Individuals who
consume high-fat diets have a greater risk of colon and skin cancer.
m Fat or even “normal-weight” rats and other animals develop more
cancer than animals fed a well-balanced, but low-calorie, diet. Obese
people have a greater risk of cardiovascular diseases and of a num-
ber of cancers. m For more examples, see the discussion questions
below.

Questions 3.1 |

I. The metal cadmium is not a nutrient, and can be toxic at low doses. Some years
ago, a poisoning occurred in Japan that affected only poor; elderly women living
in one locale. Most had several children. Their diet consisted primarily of rice
grown in paddies contaminated with cadmium. They developed itai itai (“pain-
pain”), a disease characterized by kidney damage and brittle, painful bones.
Others eating the same diet were not adversely affected. What factors may
have caused only these individuals to be adversely affected?

2. Small children are at special risk of lead poisoning in a contaminated envi-
ronment as they are most likely to ingest contaminated soil during play or
inhale contaminated dust. The US Centers for Disease Control and Prevention
believes that children with blood lead levels greater than |0 micrograms per
100 milliliters (10 png/100 ml) are at risk of lead poisoning. As you read the
following two cases, recall the term, comparative risk, from Chapter |.

Case |: Smuggler Mountain

The area around Smuggler Mountain, Colorado was mined for metals until the
early twentieth century. Mining operations left behind large areas contaminated
with lead and cadmium. Soil tests in 1982 showed such high levels of lead that
the US EPA listed Smuggler Mountain as a Superfund site — a hazardous-waste
site posing special risk to human health. The EPA proposed a $12 million clean-
up that involved excavating and removing contaminated soil. However, despite
the high levels around them, lead in Smuggler Mountain children averaged only
2.6 pg/100 ml of blood. ® Typically, communities near Superfund sites are anxious
to have sites cleaned up thoroughly. However, the EPA’s planned excavations could
destroy their community, and considering that their children had low blood levels,
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citizens protested against the clean-up plan. An independent panel of experts
evaluated the situation and made recommendations.* The panel noted that: Only
a few hot spots in Smuggler Mountain had soil containing high lead levels. Grass
in summer; and snow in winter; covered the most heavily contaminated areas.
Residents had diets high in iron and calcium, which mitigate exposure to lead. The
panel recommended a more limited remediation at a cost of only $400 000. One
panel member observed: “Lead is not lead is not lead: trying to devise a single
clean-up value for soil lead is not practical to use at all sites; each site must be
analyzed individually.”

Case 2: Lead paint in poorly maintained old houses

Many houses in older US cities were built before the |970s, and were often painted
inside and out with leaded paint. ® Homes in older inner cities are often poorly
maintained, and their leaded paint may be peeling. ® Once peeled or chipped
off, the paint crumbles to dust, which children inhale. ® Small children may eat
the sweet-tasting paint chips or lick the lead-painted sills of windows. ® Inner-city
inhabitants often have low incomes and poor diets.

Compare the risk of lead to children in the above two cases. (a) What are
the routes of exposure to lead in old lead-painted houses? Consider air; water; soil,
and food. (b) What are the routes of exposure in Smuggler Mountain? (c) Which
group of children do you see as most at risk? Explain.

How toxicants affect organs

Toxicants can affect any tissue or organ within the body. However, a
specific toxicant often has a “target” organ that is more sensitive to
its adverse effects. A few of the organs that toxicants may affect are
seen below.

Liver

This organ carries out many vital functions, one of which is to detoxify
xenobiotics. The liver is the first organ that a xenobiotic encounters
after it is absorbed into the blood from the small intestine - thus the
liver is exposed to higher toxicant levels than organs that the chem-
ical reaches after it has been diluted in the bloodstream. m Although
the liver usually detoxifies xenobiotics, sometimes it converts a chem-
ical into a more toxic substance. One example you have already seen is
the conversion of benzene, to benzene oxide. ® The liver is sometimes
exposed to larger amounts of a chemical than it can detoxify, as when
a person drinks large amounts of an alcoholic beverage. ® Chemicals
that are toxic to the liver (hepatotoxicants) include organic solvents
such as chloroform and carbon tetrachloride. Ethyl alcohol is a well-
known hepatotoxicant. Acute toxic effects of excessive alcohol intake
are familiar to us all. Chronic effects on the liver of excessive alco-
hol intake include cirrhosis and cancer. ® Worldwide, perhaps half a
million people a year die from liver cancer despite the fact that most

4 US EPA. 2003. Smuggler Mountain [Superfund site]. http:/www.epa.gov/region08/
superfund/sites/cojsmugmtn.html (accessed January, 2004).
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should be preventable. The information in Box 3.3 indicates how dif-
ficult prevention can be.

Box 3.3 | Reducing liver cancer

Chronic alcohol drinking is the biggest risk factor for liver cancer in the Western
world. But much higher liver-cancer rates are found in many poor African and
Asian countries. Studies have shown that the major risk factors in these countries
are infection with the hepatitis B virus, and aflatoxins — potent liver carcinogens.
Aflatoxins are toxins produced by molds, especially Aspergillus flavus, growing on
peanuts, corn, rice, and other crops. They are also in the meat and milk of livestock
that eat aflatoxin-contaminated foods. No person can completely avoid them.
People eating a Western diet may ingest |9 ng of aflatoxins per day, but those
eating a Far-Eastern diet may consume more than 100 ng. However; if all foods in
which aflatoxins are detected were banned, a significant portion of our food supply
would disappear. So, in industrialized countries, a food is removed from the market
only if it contains aflatoxins at above an “action level.” In India, the action level is
30 parts per billion (ppb), in Canada and the United States it is |5 to 20 ppb, and
in France and the Netherlands it is 4 ppb. If India used such stringent action levels,
already malnourished people would have even less food. Poor countries could
probably reduce aflatoxins on foods by improved farming and storage practices
and by using pesticides to destroy the aflatoxin-producing molds, but these can be
expensive processes.

Now, think about a second risk factor: the risk of liver cancer in people eating
aflatoxins increases about 30-fold if they are also infected with the hepatitis B
virus. Knowing this could lead to a more manageable way of lowering liver-cancer
incidence, i.e., vaccinate people against hepatitis B. But vaccination is too expensive
in impoverished countries. Think about some of the implications of this story.

® Microorganisms, in this case the hepatitis B virus, can sometimes cause cancer.

® Interaction of aflatoxins and the hepatitis B virus increases the risk of cancen.

® The risk is accentuated by the malnutrition from which the poor more often
suffer:

® Moreover, malnourished persons may receive higher doses of dangerous con-
taminants than do better nourished individuals.

Kidneys

Like the liver, kidneys can detoxify xenobiotics. However, their major
function is to filter the blood, eliminating waste products into the
urine while retaining water and nutrients such as glucose. As kid-
neys filter blood, they concentrate the body’s waste chemicals and
foreign chemicals as well. The result is that foreign chemicals can
reach higher, even harmful doses. Some antibiotics are toxic to the
kidneys (nephrotoxicants); so are metals such as mercury, cadmium,
and lead.

Immune system
This complex system of tissues, organs, and cells includes bone
marrow, thymus, lymph nodes, and spleen. The immune system
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recognizes the difference between self and what is not self. It
rids itself of foreign substances, including microorganisms and can-
cer cells, using cells that it produces such as lymphocytes and
macrophages. A well-functioning immune system also protects indi-
viduals against xenobiotics. Immunotoxic substances are agents that
are toxic to the immune system. They can damage the immune sys-
tem by suppressing it, or by causing it to overreact. m Corticosteroid
drugs are among the chemicals that can suppress the immune sys-
tem and damage its ability to fight infections or to remove cancer
cells. Drugs suppressing the immune system are deliberately given to
people who receive organ transplants to prevent the body from reject-
ing the new organ. Environmental chemicals such as PCBs, can also
suppress the immune system. Individuals with impaired immune sys-
tems include the elderly and the sick. People with AIDS, and those
undergoing chemotherapy, are particularly vulnerable to infectious
microorganisms and chemicals. ® Substances such as tree and flower
pollens can cause immune-system over-reactions such as allergies. Cer-
tain chemicals cause allergy-like reactions too. Autoimmune diseases
such as lupus erythematosus and rheumatoid arthritis also result
from overreactions.

The central nervous system

The brain requires high levels of oxygen to function normally, so any
substance that lowers oxygen supply is neurotoxic, i.e., toxic to the
nervous system. Carbon monoxide is probably the best-known neu-
rotoxic substance (Table 3.3). Some pesticides, including malathion
and parathion, nerve gases, and many drugs (legal and illegal), are
neurotoxic; so are certain hazardous metals, in particular lead and
mercury (Chapter 15), and PCBs (Chapter 14). Especially in children,
neurotoxic effects may be expressed in behavior such as attention
deficit disorder. Behavioral problems are intensively studied today as
they may prove to be a sensitive way of detecting an adverse effect of
a neurotoxic chemical.

Skin

LOCAL EFFECTS

There may be local effects of a chemical on eyes and mucous mem-
branes. An irritant is one of these. Exposed to an irritating chemical,
the skin reacts. The irritation subsides when exposure ceases. Many
substances may irritate the skin: a weak acid, such as the acetic acid
in vinegar, or a detergent or other cleaning product, the nickel in
jewelry, or the chemicals in certain plants. The skin may redden,
swell, or itch. Sunlight is an example of a non-chemical irritant; it
can cause reddening, pain, and sensitivity. ® A serious problem may
arise when an irritant is also an allergen. When an allergic person is
exposed for the first time to an allergenic chemical the skin reacts
and then recovers when exposure ceases just as in a non-allergenic
person. However, expose a sensitive person repeatedly, and the reac-
tion grows in severity. Moreover, reactions occur with much lower
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doses. An allergy has developed. Formaldehyde, a chemical found in
many household products, is an irritant, and also an allergen.

SYSTEMIC EFFECTS

Some chemicals affect the skin indirectly after having been absorbed
into and distributed around the body. The antibiotic neomycin, as
well as some other antibiotics, can irritate the skin after ingestion;
the effects are sometimes severe. Arsenic is a chemical that can have
both local and systemic effects on the skin. Systemic effects of arsenic
include skin cancer.

Lungs

LOCAL EFFECTS

m Reactive gases such as ozone (found in smog), formaldehyde, ammo-
nia, and chlorine (found in household products) can directly damage
the lungs and the mucous membranes in the nose, and can also affect
the eyes. m Many particles that become airborne can damage the lungs
if breathed in and trapped there. Examples are silica, asbestos, coal or
cotton dust, and even talcum powder applied too liberally. These sub-
stances can be inhaled into the lungs, but not completely expelled.
Adverse effects can be acute or chronic. Dust inhalation can have
an immediate irritant effect, but chronic exposure can damage lung
function; cotton dust exposure over many years gives rise to brown-
lung disease, coal dust to black-lung disease, and silica dust to silico-
sis. @ A number of substances cause lung cancer. These can be solid
substances such as asbestos, or a gaseous chemical such as radon.
Chemicals in tobacco smoke may be breathed in as either solid parti-
cles or gases. m Organic solvents evaporate into the air. Breathing too
much of the vapor may damage the lungs. ® Accidental aspiration
of a liquid solvent or of gasoline can severely damage lungs or cause
death.

SYSTEMIC EFFECTS

In other instances, lungs serve as the entry point for chemicals that
have adverse systemic effects elsewhere in the body. Volatile organic
chemicals evaporated from motor-vehicle products or certain house-
hold products are breathed in and enter the bloodstream through the
alveoli (tiny air sacs deep within the lungs at the end of the bronchi-
ole tubes). The normal function of alveoli is to provide a surface for
an exchange between oxygen and carbon dioxide, but other chemicals
can follow the same route.

SECTION 1l
Children and the fetus
Almost any toxic effect can pose concerns, but effects on the devel-

oping fetus, baby, or tiny child are perhaps our most profound con-
cern. Children represent our future. One public health expert has
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said, “. . . the vulnerability of children [is] one of the central public
health problems for our time.” One major reason for our concern is
that children are often more sensitive than adults to polluted environ-
ments. They are often more highly exposed to toxicants than adults.

Why children’s exposure is greater

Children are often more exposed to pollutants or contaminants than
adults. m They eat more food per pound of body weight. So, if a food
is contaminated they ingest more toxicant pound-for-pound. Pound-
for-pound they also ingest more foods such as fruits that have been
treated with pesticides. m Children often ingest things that adults typ-
ically would not, such as sweet-tasting leaded paint and soil. If the soil
is contaminated, they suffer greater exposure. ® Babies and children
breathe more rapidly than adults, thus pound-for-pound they inhale
a greater volume of contaminated air. One way in which babies and
small children are more exposed to air pollutants is at home. Chil-
dren crawl on or play near the floor, and stir up contaminants into
the air that they breathe. Think about an infant living in a city. It,
on average each day takes in 110 ng of benzo[a]pyrene (BaP), an amount
equivalent to smoking three cigarettes each day.’> The small child is
also exposed to the metals, such as lead, and other substances in
house dust. Carpets are “deep reservoirs” for chemicals, microorgan-
isms, and allergens (animal dander, dust mites, and mold). This is
especially true of old carpets, even regularly vacuumed ones. Expo-
sure can be greatly lowered. Avoid plush and shag rugs, which trap
more contaminants. If babies or small children are in the home, use
wood or tile flooring. Alternatively, ask people to wipe their shoes at
the door. Or, removing shoes can, e.g., reduce the lead in a carpet six-
fold. More generally, indoor air pollution can be much greater than
pollution in outside air, especially in wealthy countries where out-
door air pollution is controlled (Chapter 17). Indoor pollution may be
one cause of the increasing rates of childhood asthma and allergies
in urban areas of developed countries, especially as children spend
so much time indoors.

Children of the poor

If children in wealthy nations are at risk from environmental expo-
sures, the situation is often much worse for children in undeveloped
countries. Those living in cities are often exposed to highly polluted
outside air. They are also commonly exposed to polluted drinking
water although it is usually the infectious microorganisms in water
that pose the greatest risk to them, rather than the chemicals. In
rural areas, cooking fuels (wood, manure, or other biomass) are often
burned inside the home with poor ventilation. Children and their
mothers often have the highest exposure to smoke.

5 BaP is the most toxic of a family of chemicals called the PAHs (Box 5.7). PAHs are
emitted during all types of combustion, outside and inside the home. Family members
track PAHs and other chemicals into the house as dust or dirt on shoes - these settle
onto and into carpets, sofas, chairs, and other surfaces.
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Why children’s sensitivity is often greater

Children don’t always show greater sensitivity to a toxicant as com-
pared to adults, but often do. Why? ® The immune system in babies
and small children is incompletely developed, and is less able to fend
off toxic insults than those in more mature persons. ® Children tend
to detoxify xenobiotics more slowly than do adults. ® Children are
growing and developing rapidly - and the genetic material, the DNA
is rapidly replicating at the same time - giving rise to more possi-
bilities for “mistakes” to occur. Box 3.4 illustrates a situation where
children’s sensitivity was greater, their exposure was greater, and
malnutrition played a role.

Box 3.4 | The Chernobyl nuclear explosion

Radioactive chemicals from Ukraine's | 986 Chernobyl nuclear plant explosion trav-
eled with the winds and were detected around the world. But the greatest problems
were within the Ukraine. There, close to the explosion, many thousands left their
homes never to return. Ukrainian people somewhat further from the explosion
were affected when radioactive iodine settled on vegetation. Cows ate the veg-
etation and produced milk that children drank. The children began showing an
increased rate of thyroid cancer: On the other side of the world, radioactivity was
detected but no adverse effects were seen or expected. The explosion exposed
millions of individuals to abnormally high levels of radioactive chemicals, including
radioactive iodine, I'3'. The thyroid gland is one of the many organs in children in
which cells are replicating more rapidly than in adults. The thyroid takes up the
essential element iodine from the bloodstream, and incorporates it into thyroid
hormone. Children exposed to I'*' rapidly absorbed it, along with the usual iodine,
into their thyroid glands. There it could induce DNA mutations. The result was a
thyroid-cancer epidemic among children. Because cancer takes time to develop,
this happened over a period of years. Before 1986, Ukraine diagnosed about |2
cases of childhood thyroid cancer a year. By 1990, thyroid cancers increased to
22 cases per year. From 1991 to 1995 it was 63 cases a year, and in 1996 and
[997 there were 73 cases a year. Children under the age of five at the time of the
accident were most likely to develop thyroid cancer: As of 2001, new cases are still
arising among those exposed as children in 1986.

So, Chernobyl provides an example of children’s greater sensitivity to a toxicant.
It is also an instance of children having higher exposures. They had higher exposure
to '3 because they drink milk, a source of I'3' because cows ate contaminated
grasses and grains. It moreover shows a relationship between malnutrition and
sensitivity to pollution; widespread iodine deficiency in Ukrainian diets led to even
more rapid uptake of I'3!,

Protecting children

Only in recent years has one of the world’s wealthiest countries,
the United States, begun efforts to provide extra protection to
children from potentially unhealthy exposures, above and beyond
that provided to adults. In 1993, a National Academy of Sciences
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panel® recommended that children be given an extra ten-fold safety
factor when setting tolerance levels for pesticide residues on food.
Subsequently, in 1996 the US Congress passed the Food Quality Pro-
tection Act telling the US EPA that - unless evidence exists to the
contrary - it should provide that extra ten-fold safety factor for chil-
dren’s exposure to pesticides. Box 3.5 shows what can happen when
children are not protected.

Children have many exposures in addition to pesticides. In 2000,
the US EPA asked chemical companies to evaluate 23 chemicals that
monitoring programs had found in the environment and in human
tissues. As of 2001, 35 companies volunteered to evaluate the chemi-
cals for potential health effects in children. However, in addition to
these 23, there are thousands of high-production-volume chemicals -
15000 are produced in quantities over 10 000 lbs (4536 kg) each year
in the United States. For most of these, there is no information avail-
able to compare reactions of children and adults. Recently, large-scale
testing programs have begun that aim to provide toxicity information
on thousands of chemicals. These will also provide information useful
for evaluating children’s exposure.

Box 3.5 | “Picturing pesticides’ impact on kids.”

Farmers in Mexico's Sonora Yaqui Valley apply pesticides 45 times per crop cycle,
and often grow two crops a year Many Yaqui Indian families in the Valley also
regularly use insecticides in their homes. Thus, it was probably not surprising that
investigators found detectable levels of many pesticides in the blood of babies
born to these families, babies further exposed to pesticides through their mothers'
milk. Dr. Elizabeth Guillette and colleagues examined the behavior of 33 heavily
exposed children. They compared them to |7 Yaqui children from nearby foothills,
whose only major pesticide exposure was to DDT that the government sprayed
to control malaria. Figure 3.4 shows the astonishing difference between these two
groups of small children when they were asked to draw pictures of people.

Heavily exposed children were impacted in other ways. They showed less
stamina than unexposed children when asked to jump up and down as long as
possible, catch balls, or perform simple tasks, and their memories were impaired.
One scientist after examining the study said, “The implications here are quite
horrendous,” and the magnitude of the observed changes "“is incredible . . . and
may prove irreversible.” See article by Raloff in Further reading.

In the United States, and other industrialized countries also, there is continuing
concern about children’s exposure to pesticides, particularly farm children and
the children of migrant agriculttural workers. The US General Accounting Office
recommends educating farm-worker parents about how agricultural pesticides can
affect young children. Pesticide labels should specify the period of time that children
should stay out of fields after spraying. Currently, in the United States there are
also efforts to reduce or, when possible, eliminate the use of pesticides in schools.

6 Cooney, C. M. New pesticide law drops “zero tolerance” standard, focuses on exposures
to children. Environmental Science and Technology, 30(9), September, 1996, 380A.
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IS0 R Picturing the impact
of heavy pesticide exposure.
Credit: Dr. Elizabeth A. Guillette,
University of Florida, Gainesville
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Before birth and postnatal exposures

Preventing exposures to xenobiotics is even more important for the
developing embryo and fetus in the womb, and for the baby. Normal
development requires a very complex set of processes that require
precisely regulated coordination. Several environmental-health spe-
cialists comment that, “Recent . . . findings make clear the exquisite
sensitivity of prenatal and postnatal periods.” Xenobiotics are not the
cause of most birth defects - but saying this cannot allay the major
concerns on this subject. And, adverse effects on the embryo or fetus
may not cause obvious birth defects, but may still be responsible
for diseases, such as cancer, that develop later. See the account of
diethylstilbestrol below. There are fears that an increase in testicular
cancer seen in young men may be due to prenatal exposures. Because
environmental hormones, discussed below, may act at extremely low
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concentrations, even tiny in utero exposures to suspect chemicals leave
us uneasy (Box 3.6).

Box 3.6 | When timing is at least as important as dose

A teratogen is a toxicant, which can kill the embryo or fetus or cause damage
that may result in mental retardation, deformed organs, or other birth defects.
The embryo (through about the eighth week of pregnancy) is especially sensitive.
A given dose of teratogen is most likely to cause damage when an organ that
it can adversely affect is developing. The same dose may cause no harm later
in the pregnancy. An example is thalidomide, a drug given to pregnant women
to prevent nausea in the 1950s and [960s. Thalidomide didn’t harm the women
taking it. However, taken early in pregnancy, it led to babies born with major defects
such as having only the stumps of arms or legs. Taken later in pregnancy, the same
amount of thalidomide caused no harm.

Because of the sensitivity of the fetus, pregnant women are advised to avoid
alcohol, tobacco, and almost all drugs, indeed to avoid large doses of almost any-
thing. Even the nutrient vitamin A can cause birth defects when taken in above-
recommended doses. Young women are advised to avoid suspect substances, not
just during pregnancy but whenever a pregnancy is possible, because the sensitive
development period may have begun before a woman even realizes she is pregnant.
In these situations it is fetal health that is affected, not the mother's health. How-
ever, if the mother's health is poor, that can also affect development. A mother's
malnutrition can also adversely affect fetal health.

Exposure of fathers to certain xenobiotics can damage their germ cells. In
males, the insecticide dibromochloropropane (a soil fumigant used as a nematocide)
can damage sperm chromosomes and lead to sterility. Lead (often called a toxic
element or heavy metal) can produce malformed sperm.

SECTION IV
Dreaded diseases

We dread the thought of hurt occurring to our babies and children;
but we also dread potential harm to ourselves. We dread cancer and,
more generally, “unknown agents” that may be in our environment.

Environmental hormones

Hormones are profoundly important to reproduction, sexual iden-
tity, development, and metabolism. This means that if individuals
are exposed to environmental hormones — hormone-mimicking pollu-
tants in the environment - there are countless ways that damage
could ensue. Environmental hormones are also called “hormonally
active agents,” “endocrine disrupters,” or “hormone mimics.” It is not
only certain industrial chemicals that have hormonal activity. Some
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pharmaceuticals are hormonally active. Some plants produce phyto-
estrogens that have activity similar to human female hormones. Envi-
ronmental hormones may be active at very low doses and if harm
occurs, it may not be apparent until many years later. After the lapse
of many years it is very difficult to trace back to causes.

A human effect

The potent synthetic estrogen diethylstilbestrol (DES) was a pharmaceu-
tical prescribed to pregnant women in the 1950s and 1960s to pre-
vent miscarriages. DES caused no toxic effects in the women taking
it. But, 15 to 25 years later, an epidemic of a rare cancer of the vagina
occurred among young women. With difficulty, because of the time
that had passed, the epidemic was traced to the mothers of these
young women, who had taken DES when pregnant with them. This
was a major and disturbing finding: cancer in adults could develop
as a result of in utero exposure many years before.

However, DES is more potent than even natural estrogens whereas
environmental hormones are typically very weak. In addition, DES
was deliberately given in pharmaceutical doses as compared to typ-
ically very low environmental exposures. But as this story develops,
notice that it is reasonable to hypothesize that humans may also be
affected by environmental hormones.

Animal effects

Unlike diethylstilbestrol, only animals are known to have suffered
harm from environmental hormones. Wildlife, animals, and plants
are typically more highly exposed to the pollutants we humans
release to the environment than are humans. Several environmen-
tal hormones are known to have harmed wildlife reproduction and
development. ® There is a notorious example, with which you may be
familiar, that of the once commonly used insecticide DDT. Because
DDT does not easily break down, its environmental concentration
built up greatly over the years it was used. Eagles, osprey, and several
other birds exposed to DDT, had thin eggshells, which were often
crushed before they could hatch; this greatly reduced the popula-
tions of these birds by the 1960s. DDT also led to a major population
drop in Western sea gulls, but not as a result of eggshell thinning.
The gulls laid eggs that produced sterile males, or else male birds
with feminized reproductive tracts or other feminine characteristics.
Industrialized countries banned DDT in the 1970s, and many bird
populations slowly rebounded. Recovery was slow because DDT and
dichlorodiphenyldichloroethylene (DDE) (a DDT breakdown product)
persist for so long in the environment. ® Another infamous case
resulted from a large spill of the pesticide dicofol into Florida’s Lake
Apopka in 1980. The dicofol was later found to have a major contam-
inant, 15% DDT. Subsequent observation showed that, compared to
a normal hatch rate of 70 to 80%, only 5% of Lake Apopka’s alliga-
tor eggs were hatching, and many of these died within weeks. Many
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survivors had feminine characteristics. These effects on alligators were
traced to p, p’-DDE, a breakdown product of DDT.

Estrogens and other hormones

Estrogens are female hormones made primarily in the ovaries. Quite
aside from environmental hormones with estrogenic activity, millions
of women deliberately take pharmaceuticals with strong estrogen
activity, i.e., birth control pills and hormone replacement therapy.
Both genders are also exposed to natural plant estrogens. Phytoestro-
gens (plant-produced chemicals) are found in baby formula for infants
unable to tolerate milk. Infants drinking soy-based formula may be
exposed to doses of isoflavones between 6 and 11 times greater than
those known to show hormonal effects in adults. Effects are not nec-
essarily adverse, but soy-based infant formula is under suspicion and
is being studied for possible long-term effects. ® Moreover, a great
many young men deliberately take androgens (male sex hormones)
to accentuate their athletic abilities. ® Beyond estrogens and andro-
gens, other hormones such as thyroid hormone produced by the thy-
roid gland are widely used as pharmaceuticals. ®m The fact that so
many millions of people take hormones makes it especially difficult
to sort out how industrial environmental hormones may fit into the
picture.

Effects in human embryos?

Only animals - to our knowledge - have been affected by environmen-
tal hormones, but many ponder whether humans are also harmed.
The University of Florida’s Louis J. Guillette Jr. did much of the work
exposing DDT’s effects on alligators. He warns that the wildlife abnor-
malities we have seen mean that we must also look carefully for
effects in humans. A debate developed in the 1990s, and continues
today, as to whether environmental hormones are a danger to devel-
oping human embryos.

Responding to the risk

In the mid-1990s the US Congress asked the National Research Coun-
cil (NRC) to review current knowledge of hormone-mimicking pol-
lutants. An NRC committee scrupulously examined the literature
looking for evidence that environmental hormones could be harm-
ing human reproduction, development, or neurological and immune
systems. The NRC reported in 19997 that humans and wildlife are
routinely exposed to hormonally active agents via food, water, soil,
and air. Active agents include many synthetic chemicals and plant
estrogens. The NRC committee said it needed much more informa-
tion before concluding that environmental hormones were a dan-
ger to humans. However, well-known researcher Frederick vom Saal

7 National Research Council. Hormonally Active Agents in the Environment. Washington, DC:
Academy Press, 1999.
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commented, “The absence of information can’t be used to say these
chemicals are safe.” So what to do? The NRC committee emphatically
stated that we must be diligent in continuing to monitor the suspect
chemicals in the environment, in wildlife, and in humans. Committee
members also wanted to see continued study of animal and human
populations for evidence of adverse effects including: disruption of
normal reproduction and development, declines in fertility, increased
incidences of cancers, and possible population declines in wildlife
species.

Not just DDT, but more than 100 industrial pollutants are already
known or suspected of being, environmental hormones. Among these
are a number of pesticides, phthalates (see below), bis-phenol, several
metals, and the metalloid arsenic. ® In 1996 when the US Congress
passed the Food Quality Protection Act and reauthorized the Safe
Drinking Water Act, it ordered the US EPA to screen the 87000 chem-
icals in commercial use as to whether they had hormone-mimicking
activity. This is a gigantic task. Before the EPA could even start screen-
ing for activity, it had to develop the assays needed to fulfill that
task. m There are also many ongoing research studies in the United
States and around the world. ® An international riskreduction mea-
sure was taken in 2000 with an international treaty, which bans
or severely restricts 12 persistent organic pollutants worldwide, the
“dirty dozen.” Rather than banning DDT, it was severely restricted. It
is still used to “paint” walls in homes to kill mosquitoes in locales
with major malaria problems. Many of the “dirty dozen” have envi-
ronmental hormone activity. A number were pesticides. Many, like
DDT are polychlorinated, that is, have a number of chlorine atoms as
part of their chemical structure.

The phthalate example

About a billion pounds (454 million kg) of chemicals in the phthalate
family are manufactured worldwide every year. Phthalates are used
as plasticizers (softening agents) in children’s polyvinyl chloride toys
and teething rings, and in medical products. They are used in paints
and varnishes, and are common in many cosmetic and toiletry prod-
ucts including nail polish, soaps, shampoos, and perfumes. Depend-
ing on the product being used, and the phthalate it contains, people
may inhale phthalates, or else ingest them as they leach from plas-
tic products onto food. Phthalates may also be absorbed across the
skin. That they do get absorbed into the body was verified in a study
performed by the US Centers for Disease Control (CDC) who found
phthalates and their breakdown products in human blood and urine.
But, remember that modern analytical methods often detect remark-
ably small amounts of a chemical. So, even for chemicals active at
low doses, detection alone means little, and the CDC believes that
the levels of most phthalates are not a health threat. However, two
were detected at levels higher than would be expected on the basis
of their production volume.
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Recall that exposures of the embryo, fetus, and tiny child are our
major concern. In one study, researchers exposed rodent fetuses to
phthalates at a time that would correspond to the end of the first
trimester of pregnancy in humans. Experimental results showed lower
than normal levels of testosterone in the male fetuses, and repro-
ductive and developmental problems. The question of course arose:
Could the reproductive development of human male fetuses exposed
to phthalates also experience disruption? Or, could the rapidly devel-
oping organs of babies and tiny children be affected? The US National
Toxicology Program convened a panel of 16 experts to help answer
these questions. The panel concluded that most phthalates posed lit-
tle concern although - as usual - there was not enough informa-
tion to make absolute statements on safety.® ® One phthalate does
pose a major concern, di(2-ethylhexyl) phthalate (DEHP). DEHP is used in
intravenous bags and tubing, and can leach from the bags into the
fluid they contain. Thus, DEHP can directly enter the bloodstream.
In particular, DEHP poses risks to the developing reproductive tracts
of critically ill male infants who sometimes have prolonged exposure
through intravenous bags. Newborns, with developing testicles, are
believed to be at the greatest risk. The US National Toxicology Pro-
gram and the FDA expressed concern about DEHP in medical devices,
and environmental organizations called for hospitals to use alterna-
tives. Meanwhile, Health Canada issued a strong warning in January
2002 that medical devices containing DEHP should not be used to
treat infants, young boys, pregnant women, and nursing mothers.
Alternative products are available.

Cancer

Many diseases with potential or real environmental causes concern
us greatly. One of the greatest concerns is environmentally caused
cancer. The word cancer describes cells growing abnormally, multi-
plying in the absence of the usual controls. Chronic alcohol drink-
ing is associated with liver cancer; so are the aflatoxins produced by
molds growing on grains. Smoking tobacco is associated with lung
cancer. Chronic benzene exposure in the workplace is associated with
leukemia, a cancer of the white blood cells.

How can a carcinogen, a cancer-causing agent, cause cancer? A
chemical that reaches the cell’s nucleus may mutate the genetic mate-
rial (deoxyribonucleic acid, DNA). Before a cancer develops, the DNA
may suffer many mutations. Normally, DNA repair enzymes repair
many of these. Repair enzymes, a natural defense system evolved over
eons. The enzymes do not distinguish between mutations caused by
synthetic carcinogens and natural carcinogens, they just repair the
damage. Certain carcinogens in trace amounts can sometimes cause
cancer, but it is typically higher doses of carcinogens that overwhelm

8 Booker, S. M. National Toxicology Program Center reports on phthalate concerns.
Environmental Health Perspectives, 109(6), June, 2001, A258.
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Table 3.6 ‘ Cancer development

Cancer initiation (inducing a mutation)
* An initiator (benzopyrene is an example) reaches a cell's DNA:
— it forms an adduct with DNA, that is, it reacts with, mutates
the DNA
— it is genotoxic, that is, it damages the DNA
* For a tumor to grow, a number of mutations are necessary:
— many mutations are repaired by DNA repair enzymes
— but if not repaired then, when the cell divides, the mutation
replicates too
* The US EPA treats a cancer initiator as having no threshold (no
safe dose), whereas European agencies may assume the
carcinogen does have a threshold (a safe dose)

Promoting the cancer

* The tumor (neoplasm) grows from the cell or cells with
mutations that were not repaired

* A promoter (chloroform is an example) enhances tumor
growth, but does not damage DNA

A complete carcinogen can both initiate and promote tumor
growth.

Cancer progression

¢ As the tumor grows additional changes occur in the DNA

¢ If the tumor is benign, it does not invade other tissues

e If the tumor is malignant, it may spread (metastasize) to other
tissues

repair mechanisms. The higher the dose the greater is the likelihood
of damage.

Cancer development
Carcinogens that directly interact with and mutate DNA are called
initiators (Table 3.6). Theoretically, an initiator has no threshold, no
safe dose. A cancer could be caused by any dose greater than zero.
But notice that there is a difference between a trace dose in the envi-
ronment and having that trace dose absorbed into the body, reaching
a target tissue, and then reaching the nucleus within a cell at a level
able to exert damage. Other carcinogens are promoters. A promoter
has effects within the cell that promote the growth of an already ini-
tiated cancer. Promoters do not directly affect DNA, and they do have
a threshold. A dose below that threshold does not promote cancer.
Some chemicals are complete carcinogens in that they both initiate
and promote cancer.

Some US cancer rates have increased, and others have decreased.
Breast- and skin-cancer rates have gone up while stomach-cancer rates
have decreased. The risk of cancer increases with age, and by the age



FURTHER READING

79

of 85 about one-third of people will have developed cancer. Thus,
as the numbers of older persons increase, so does cancer incidence.
About one in three Americans is diagnosed with cancer in his or
her lifetime. About one in five will die of cancer. Lifestyle plays an
important role in cancer development, see Box 3.7.

Box 3.7 | Causes of cancer

Tobacco. About one-third of all cancers are associated with tobacco use.

Diet. Almost another third is due to diet. Too much fat or too little fiber is
associated with an increased risk of colon cancer; and possibly skin and prostate
cancer. Chronic high-level consumption of salted and pickled foods is associated
with stomach cancer. Obesity also increases the risk of several cancers.
Alcohol. Heavy alcohol consumption increases the risk of liver; colon, and breast
cancer.

Sunlight. Excessive exposure to the sun’s ultraviolet light heightens skin-cancer
risk.

X-rays. Medical and dental X-rays are a risk factor for leukemia.

Viral infections. The human papilloma virus enhances cervical cancer risk. The
hepatitis B virus enhances liver-cancer risk. In countries where hepatitis B infec-
tion is common, liver cancer is also common. Worldwide, this virus is second
only to tobacco as a carcinogen, but its influence is much less in developed
countries.

Bacterial infections. The bacterium Heliobacter pylori heightens stomach-cancer
risk. Other associations of bacteria with specific cancers are being investigated.
Sexual habits. The human papilloma virus (HPV) is associated with cervical can-
cer, especially in women who have had, or whose husbands have had, multiple
partners.

Occupational pollutants. Examples are high benzene exposure and leukemia, and

high vinyl chloride monomer exposure and liver cancer.

Environmental pollutants. Examples are: tobacco smoke, very fine particles, and
radon, and their association with lung cancer; arsenic associated with skin and
several other cancers. Other relationships are seen throughout this book. One
study made a worst-case assessment of the combined risk of known environmen-

tal carcinogens, and concluded that | to 3% of cancers may be due to pollution.
Epidemiological studies arrived at a similar figure. However, as knowledge of
cancer grows, this percentage could change.
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Chapter 4

Chemical exposures and risk
assessment

“We have inadvertently acquired a great deal of
influence over the future habitability of the planet. At
Issue is whether we can assume the responsibility to
go with it.”

Lester R. Brown, Worldwatch Institute

How much ozone should we allow in the air we breathe? How much
arsenic in drinking water? What level of dioxin in soil or food? These
and similar questions arise every day. And, because we seldom have
the luxury of answering “zero,” we must determine what level above
zero is safe or essentially safe. The still-imperfect tool of chemical
risk assessment assists us in this effort. To undertake a chemical risk
assessment, we must first learn about our exposure to the chemical,
a topic probed in Section I. Then Section II reviews epidemiologi-
cal studies, investigations designed to detect relationships between
human exposure to a chemical and adverse health effects. Section III
introduces the four steps of chemical risk assessment. In Section IV we
see what risk managers do with this information, how they explore
ways to reduce or eliminate a chemical’s risk. We also briefly examine
exposures in impoverished countries.

SECTION |

Keep in mind the distinction between hazard and risk. You need to
care about a hazardous chemical only if it becomes a risk. It only
becomes a risk if you are exposed to it. A hazard by itself is only a
potential risk:

Risk = Hazard x Exposure

That is, no matter how intrinsically toxic a chemical is, you must
be exposed to it to be at risk. Then, to evaluate the risk, you need
to know the inherent toxicity of the chemical to which exposure is
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occurring, how much exposure is occurring, and other conditions of
exposure.

Exposure

Thousands of industrial chemicals exist. Many are hazardous and
could pose a risk. To protect yourself ask first: Am I exposed to it?
If so, to what amounts? What is the route of exposure, i.e., does the
chemical reach you in air, water, soil, or food? You have seen several
illustrations of exposures to hazardous chemicals in earlier chapters.

¢ Children and lead at Smuggler Mountain and in houses with crum-
bling lead paint. Routes of exposure included inhalation of leaded
dust, ingestion of leaded soil or paint, or of lead-contaminated food.

* Babies and benzo[a]pyrene. Routes of exposure were inhalation of
dust and dirt as they crawled on contaminated carpets, or ingested
these in hand-to-mouth activities.

¢ Ukrainian children and radioactive iodine. Milk drinking was the
major exposure route.

® Yaqui Indian children and pesticides. Routes of exposure were
inhalation of sprayed pesticides, and eating food and drinking water
contaminated with pesticides.

Or think about dioxins.! Typical routes of exposure to dioxins follow.
® Combustion. Dioxin forms during poorly controlled combustion in
municipal-waste incinerators and other combustion sources. Dioxin
particles released to air settle onto vegetation where they are then
eaten by cattle and other animals. Animals concentrate dioxins
in their fat. Humans receive about 90% of their total exposure when
they eat contaminated fatty meat such as hamburgers and fatty dairy
products. ® Chlorine-using processes. A pulp mill still using elemen-
tal chlorine to bleach pulp may release small amounts of dioxins in
their effluent. Released into a river, the dioxins attach to sediment
particles. Bottom-feeding creatures ingest dioxin as they eat the tiny
organisms living there and the dioxins biomagnify in the food web
(Chapter 3). Fish that eat the contaminated organisms concentrate
dioxin in their fat and larger fish concentrate still more. Birds of
prey, large mammals, and humans are exposed when they eat the
contaminated fish.

Questions 4.1 |

I. Through what environmental media — air, water; soil, and food — can you be
exposed to pesticides! Explain how each exposure could occur:

2. Through what environmental media can you be exposed to radon, the radio-
active gas?

1 Dioxins and furans are a family of chemicals. The most toxic is 2,3,7,8-TCDD, often
just referred to as dioxin.
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3. (a) People living in a home with peeling lead paint are exposed to lead in several
media. What are they? (b) If there is lead in the plumbing how would exposure
occur?

4. What chemicals could a baby or small child be exposed to in its toys?

5. When you use cosmetics or toiletry items, are you exposed to synthetic
chemicals? Explain.

6. Would exposures to natural chemicals necessarily be safer? Explain.

Body burden

We humans are exposed to chemicals in air, water, and food. Does
exposure mean that the chemical becomes a body burden; that is, is
it actually absorbed into the body and detectable in blood or urine?
In 2003, the US Centers for Disease Control and Prevention (CDC)
released its second National Report on Human Exposure to Environmental
Chemicals®> with results on levels of 116 pollutant chemicals in human
blood and urine collected in 1999 and 2000. Many chemicals were
being checked for the first time whereas others had been studied in
earlier years too. Personnel carrying out the CDC study travel in a
convoy of tractor-trailers collecting blood and urine samples. In this
second survey, they collected samples from 2500 adults and children
in 20 locations across the country. People in the study were selected
to be representative of the entire population in terms of age, gender,
race and ethnicity. Box 4.1 summarizes some results. The CDC will
continue to collect new samples in upcoming years and continue to
test for additional chemicals not yet examined.

Box 4.1 | Chemicals likely to be in your body

The word “metabolite,” as used below, refers to a substance produced when living
organisms process a chemical and convert it to some other chemical. Among the
chemicals the CDC found in the body are the following.

¢ Cotinine. This is a nicotine metabolite that, if found in blood or urine, indicates
exposure to tobacco smoke. Compared with the early |990s, the body burden of
cotinine dropped 75% in adults, probably due to regulations restricting smoking. It
dropped only 58% in children: parents are protected from smoke in workplaces,
but no regulations apply to smoking at home.

® Twelve hazardous metals. ® One of these, lead, has long been a major children’s
health concern, and blood levels have been measured for decades. In 1990

(compared to the late 1970s), children’s blood levels had dropped significantly
(presumably due to banning lead from gasoline and other actions). In 1991 to
1994, only 4.4% of children aged | to 5 still had elevated blood lead levels
(greaterthan 10 pg/100 ml). This fell to 2.2% in the current study. Children living
in old lead-painted homes are still at risk. ® The body burden of cadmium (also

2 US Centers for Disease Control and Prevention. 2003. Second National Report on
Human Exposure to Environmental Chemicals. http//[www.cdc.gov/exposurereport/
(accessed January, 2003).
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previously studied) has remained steady. B Mercury is of concern because the
developing fetus is especially sensitive to this element. It was found in the blood
of about 8% of women of childbearing age at above the “precautionary” level
of 5.8 ppb. Eating mercury-contaminated fish is the primary source of exposure:
large tuna, swordfish, shark, king mackerel, and tile fish. To lower the mercury
content of fish, the CDC recommends that society makes more effort to lower
mercury emissions from electric power plants, waste incinerators, and chlorine
production facilities. ® Other hazardous metals detected included cobalt, tungsten,
and uranium.

Pesticide metabolites. ® The CDC detected metabolites of organophosphate
pesticides; this is a concern because afthough the metabolites detected have short
lives in the body, almost everyone tested had them. This means people were
exposed shortly before testing, and indicates too that exposures are probably
frequent. Children had greater body burdens than adults because they take in

more, pound per pound when breathing, eating, and drinking. ® A metabolite of
the organochlorine pesticide, DDE (the major metabolite of DDT) had declined
compared to pre-1990 levels. This was expected because DDT production was
banned in 1973. Nonetheless, even teenagers, people born well after DDT
was banned, have small body burdens. And probably because DDT was still
manufactured in Mexico until recently, DDE levels were about three times higher
in Mexican American immigrants.

Phthalate metabolites. B Seven metabolites of phthalates were found in urine.

Phthalates are chemicals used in plastic products, such as children’s toys, to make
them more flexible. They are also used in cosmetics, toiletry items, and industrial
solvents. Investigators were surprised because the phthalate metabolites found
in the highest amounts did not come from the phthalates used in the highest
amounts. One found at higher than expected amounts was diethyl phthalate
used in soaps, perfumes, and shampoos. The CDC hypothesized that direct skin
contact with these products may explain this, absorption across the skin may
occur; see discussion of phthalates in Chapter 3.

® Dioxins. CDC was encouraged to see that blood levels of dioxins, furans, and

polychlorinated biphenyls (PCBs) were below detection limits for most people.
These chemicals were detectable in studies done in the 1980s. The decreased
body burdens are probably due to ongoing efforts to reduce emissions of these
chemicals into the environment.

Should you be concerned?

Richard |. Jackson, who directs the CDC's National Center for Environmental
Health, stated that: “just because a chemical can be measured in blood or urine
doesn't mean it causes illness or disease.” He did note that the CDC is undertak-
ing dozens of studies to address health concerns that arise because of these body
burdens, and to see what levels of certain chemicals are safe or unsafe. It is not
enough to know that the chemical is in the body. The CDC wants to know what
happens to it within living cells. Industry organizations say the levels detected are
mostly very low and are unlikely to pose health concerns. Environmental organiza-
tions, however, express concern and even alarm that so many xenobiotics are in
our bodies. Other countries are also planning to do similar studies.
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Of what use are these studies?

A CDC official said the results presented, “a giant step forward for us in exposure
information and will make big differences in our ability to identify and prevent
disease.” How? First recognize that not just any chemicals, but chemicals of concern
were being measured. ® For chemicals already studied over many years, the results
may be encouraging: levels of the highly toxic dioxins and the metal lead in people’s
bodies have decreased over time meaning that measures taken to reduce dioxins
and lead in the environment are working. ® On the other hand, the metal mercury,
a risk to fetal development, was often present at levels of concern in women of
childbearing age. This tells us we need to do more to reduce exposure. ® What
about chemicals never before measured? Results provide us with a baseline against
which to compare future body levels. They also tell us about current levels in
people so that in the future the CDC can tell if levels have increased or decreased.
And if they find levels that are increasing, are these associated with detrimental
health effects? ® For chemicals such as those phthalates found at surprisingly high
levels, we can investigate why they are high and if we should take special efforts to
reduce them.

SECTION I
Epidemiological studies

Epidemiology is the study of the causes of disease, its distribution
in human populations, and the factors influencing the distribution.
You saw in Chapter 3 the results of one study: the association made
between vaginal cancers in young women with the DES taken by their
mothers when they were pregnant with them. Epidemiological stud-
ies are important because they look directly at human risk. They exam-
ine exposure to a chemical or other agent, and look for a connection
with adverse health effects.

Historically, epidemiology was used to trace infectious disease out-
breaks caused by pathogens (pathogenic microorganisms): for exam-
ple, when outbreaks of cholera or typhoid fever were traced to a con-
taminated water supply. It is usually more difficult to link a disease
to a chemical exposure. However, in one successful case in 1775 the
English physician Percival Pott noted that scrotal cancer was common
in boys who worked as chimney sweeps. Observing their intensive
exposure to coal dust and tar, especially as they worked without cloth-
ing, he correctly recommended that the boys should regularly bathe
to remove soot. Before modern workplace safety controls were insti-
tuted in industrialized societies, a number of diseases were traced to
occupational exposures. Asbestos exposure was associated with asbesto-
sis, lung cancer, and mesothelioma. Benzene exposure at high levels
was associated with blood abnormalities and leukemia. Exposure to
radon at the high levels found in uranium mines was associated with
lung cancer.
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Note the word association in the preceding sentences. An associ-
ation is a relationship between two situations. It is not proof that
one caused the other. ® Strong associations. Epidemiologists work to
find associations so strong that they might be taken as proof. The
cigarette smoking and lung cancer association is too strong to deny.
The best epidemiological studies examine large numbers of people,
preferably those exposed to high concentrations of the suspect sub-
stance. This is how an association between cigarette smoking and lung
cancer was made, allowing us to attribute about 30% of all American
cancers to tobacco use. Likewise, because so many millions of people
drink alcohol, it was possible to link excess drinking to liver cancer.
® Small populations. Although more difficult, good studies can be
done on small populations especially if the adverse effect is unusual
and all affected individuals are known to share an exposure in com-
mon. One successful linkage involved only about 100 individuals.
Each had an uncommon liver cancer, and each had suffered work-
place exposure to the chemical vinyl chloride. Another clear link that
involved quite small numbers of individuals was the association of
vaginal cancer in young women with mothers who took DES.

Difficulties in carrying out epidemiological studies
Confounding factors

One major reason that chemical epidemiological studies can be frus-
trating is confounding factors; these may influence study results inde-
pendently of the exposure being studied. If a person smokes tobacco
or drinks alcohol, this can influence their susceptibility to a disease,
quite aside from the exposure being studied; so can gender and age,
malnutrition, and a number of other factors.

Exposure

Even more difficult than assessing confounding factors is accurately
evaluating exposure to the agent under study. One author of a Science
article said, “Of all the biases that plague the epidemiological study
of risk factors, the most pernicious is the difficulty of assessing expo-
sure to a particular risk factor.” The reason for this is that exposure
information typically relies on human memories, which may be both
faulty and selective.

Community studies

So-called “community studies” are usually very unsatisfying. These
are carried out in communities that may have an excessive rate or
cluster of a particular disease. Almost any community, by chance, will
have excess rates of some diseases, but people often suspect that the
disease results from a common exposure, perhaps a drinking-water
contaminant, chemicals in a community hazardous-waste site, or air
emissions from a manufacturing facility. To follow up on commu-
nity concerns, epidemiologists must first determine if there is indeed
a cluster. This is difficult. For instance, how do they decide on a
boundary around the area where the suspect disease occurs? If the
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cluster appears real, or sometimes even if it does not, epidemiologists
look for an exposure shared by the individuals who have the disease.
However, the population is usually too small to make successful statis-
tical connections. It’s especially difficult to evaluate exposure if indi-
viduals know why they are being studied - bias creeps into the study.
Nonetheless, community studies continue to be done, demanded by
anxious and suspicious residents. Because it is so difficult to reach
conclusions in a single community, some investigators are taking
a multi-site approach. Results from a number of similar sites are
pooled, such as a number of communities with similar hazardous-
waste sites. The data are analyzed to see if more definitive results
are obtained than for one community alone. These studies too are
controversial.

Judging epidemiological studies

Harvard epidemiologist, Professor D. Trichopoulos, observed that epi-
demiologists can be, “a nuisance to society. People don’t take us seri-
ously anymore, and when they do take us seriously, we may uninten-
tionally do more harm than good.” This can happen if study results
are reported with a fanfare in the news media. It makes it difficult
for you, the person receiving the information, to judge how seriously
to take it. There are questions you can ask to help you judge a study.

¢ Is this the first study on this agent, or have there been several stud-
ies all showing fairly consistent results? Exposure to very fine partic-
ulate matter in the air is a case in which many studies have shown
that, as air levels of particulates increase, so do hospital admissions
for respiratory diseases and some heart problems.

* How many people were studied - many thousands or just a few
hundred? In one case several small studies indicated an associa-
tion between a high-fat diet and increased breast-cancer risk. But
a careful study of 121000 nurses followed for 20 years showed no
association. This respected study largely closed off discussion of an
association between fat intake and breast cancer.

* Were confounding variables - such as age, smoking, diet, or other
lifestyle factors — considered? In the case just mentioned of the
121 000 nurses, their backgrounds were well known. This allowed
correction for confounding factors.

¢ Is the disease rare? This may allow it to be more easily linked to a
risk factor. Was it, for example, an increase in a specific rare cancer
or a general increase in all cancers?

* How large was the risk factor? A 30% increase in risk or even a dou-
bling may mean little, especially with only one study. But if there
is a three- or four-fold increase in risk, the association carries more
weight even with only one study. This is especially so if confounding
factors were carefully evaluated.

* However, even for strong associations, we need to show that the rela-
tionship is biologically plausible; that is, can results be explained in
terms of how living organisms are known to work? As noted above,
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studies consistently indicated increased hospital admissions in
people exposed to fine particulates, but it was more difficult to
come up with a good biological explanation.

¢ If clinical work on human beings has been done, are the results
consistent with the epidemiological study?

¢ Finally, is the story sensationalized? Even careful studies are often
difficult to interpret definitively. Sensationalizing a report may yield
only confusion.

Limits of epidemiology

Epidemiology cannot answer all the questions put to it, even when
many well-designed studies of one particular risk factor are done. This
has been the case with studies of electromagnetic fields (EMFs). Epi-
demiological studies have searched for connections between human
cancer and exposure to EMFs for a quarter of a century. Results
obtained are inconsistent, sometimes contradictory. A US National
Academy of Sciences panel, after carefully evaluating these studies,
reported in 1996 that it found no evidence of adverse effects on ani-
mals or cells at EMF levels found in human residences.? If EMFs pose
a risk at the ordinary levels that people encounter, the risk is very
small. However, it is just those possible small risks that pose a major
problem for epidemiologists because so many factors could influence
study outcomes. And a small risk can be important: hundreds of mil-
lions of people use electricity and are exposed to EMFs, so even a
small risk could affect many people. This motivates researchers to
continue studying EMF risks.

Despite their problems, epidemiological investigations can be
tremendously useful and provide information that no other type of
study can. Two studies were so highly regarded in the 1990s they
resulted in major policy recommendations:

¢ Epidemiologic studies made an association between excess vitamin
A intake during pregnancy and an increased risk of serious birth
defects. A second study strongly supported that conclusion: preg-
nant women taking four times the recommended daily intake of
vitamin A much increased their risk of giving birth to babies with
cleft lip, cleft palate, and major heart defects. This study led to a
recommendation that women of childbearing age should not take
vitamin A in amounts exceeding the recommended dose.

Birth defects were also the subject of another study. In this case
the problem was a lack of a vitamin - folic acid, a B vitamin - in
pregnant women’s diets. A lack of folic acid was strongly associated
with serious birth defects, spina bifida (in which the spinal cord
is not completely encased in bone), and anencephaly (in which a
major part of the brain does not develop). The association was so
clear that it too led to action: producers of common grain products

3 Anon. NAS says EMFs no hazard. Environmental Health Perspectives, 105(1), January, 1997,
25.
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such as flour and cereals began adding a folic acid supplement
to help ensure that women of childbearing age had a sufficient
intake.

Questions 4.2 |

I. Weigh the pros and cons of a study made to see if there is an association
between nitrate levels in drinking water and bladder cancer. In the mid-western
US state of lowa, large amounts of nitrogen fertilizer have been used on agri-
cultural fields for many years. Nitrate runoff from these fields has reached the
drinking water of many municipalities, and it is present at greater than 5 parts
per million (ppm) in many cases. In 2001, researchers at the University of lowa
reported the results of a study on 21 977 women in lowa.* The women stud-
ied had drunk from the same water supply for more than 10 years, and only
communities where at least 90% of the water supply came from a single source
were included in the study. Each woman's nitrate exposure was estimated on
the basis of the level in the water she drank. Results were adjusted for con-
founding factors: smoking, age, education, physical activity, and the amount of
fruits and vegetables consumed. Researchers found a statistical link between
nitrate in drinking water and an increased risk of bladder cancer. Women who
drank water containing more than 2.5 ppm nitrate had a risk factor of 2.8; that
is, they were almost three times more likely to develop bladder cancer than
women whose drinking water contained less than 0.36 ppm. One author of the
study noted that because there were only 47 cases of bladder cancer among
the 21 977 women, the association must be considered moderate. However,
the authors do believe that the results are biologically plausible as the body
can convert nitrate into known carcinogens, N-nitroso compounds. The results
were of concern because they associated bladder cancer with nitrate levels as
low as 2.5 ppm whereas the US EPA standard for nitrate in drinking water is
10 ppm. The 10 ppm standard was set 50 years ago to avoid cases of blue baby
syndrome. At the time, possible chronic effects of nitrate, such as cancer, were
not considered. Based on these results, some suggested that the EPA should
lower its drinking water standard for nitrate. However, other epidemiologists
evaluating the study did not believe that the study showed a meaningful asso-
ciation between nitrate, at the levels studied, and bladder cancer. If you had to
advise the EPA as to whether it should make its drinking water standard for
nitrate more strict, what would you recommend and why?

2. Examine Box 5.5, which reports on the relationship between disease and tiny
particulates in the air. (a) In what ways may the results reported be superior to
the results given above for nitrate in drinking water? (b) To what extent do the
studies fulfill the criteria for having confidence in the results of epidemiological
studies?

3. Consider Box 3.4. Describe a pathway that could account for cow's milk

131

becoming contaminated with |'>" after the 1986 Chernobyl nuclear plant

explosion.

4 Kristen, K. Nitrates linked to bladder cancer. Environmental Science and Technology, 35(13),
1 July, 2001, 279A-280A.
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4. Studies show that about 60 of about 4000 substances in tobacco smoke are
carcinogens in laboratory animals. These include tar; nicotine, formaldehyde, and
benzene. In humans, 24 of 30 epidemiological studies support the conclusion
that non-smokers exposed to secondhand smoke have a greater lung-cancer
risk than do unexposed people. (Secondhand smoke is the side-stream smoke
emitted between puffs of a cigarette plus the smoke exhaled by the smoker:)
(@) Do results such as these indicate to you that secondhand smoke is a cancer
risk? Explain. (b) What circumstances might increase the risk of developing
cancer as a result of exposure to secondhand smoke?

5. American farmers have higher rates of the cancer, non-Hodgkin's lymphoma as
compared with the general population. Environmental factors may contribute
to these rates. Think about the lifestyle of farmers. What environmental expo-
sures other than pesticides, whether they be chemical or non-chemical, might
contribute to their increased cancer rate?

SECTION 1l
Chemical risk assessment

Risk is defined as the probability of suffering harm from a hazard.
A hazard is the source of the risk - not the risk itself. For a haz-
ard to pose a risk to you, you must be exposed to it. ® To help you
make the distinction, look at Questions 3.1, which compared lead at
Smuggler Mountain with lead in peeling paint in old houses. Lead is
the hazard in both cases, but its risk differs in the two situations.
® Similarly, think about walking into a cotton field sprayed with
a hazardous insecticide. Your exposure to the insecticide, and your
risk, differs if the field was sprayed 1 hour previously as compared to
24 hours previously. ® The word hazard goes beyond chemical hazards:
infectious disease organisms, pathogens, are biological hazards; ion-
izing radiation or hot water are examples of physical hazards. Chem-
ical risk assessment is a process that systematically examines the
nature and magnitude of a risk. A risk has a probability ranging from
zero to one. Zero indicates no risk at all, and one indicates definite
harm.

Why do we do chemical risk assessments?

Risk assessment provides answers to questions such as: What is the
risk to my child’s health of drinking water containing 3 ppb of
atrazine (an herbicide)? What is my risk if I eat meat containing
1 part per billion of benzopyrene (a carcinogen)? What is the risk
to a worker who is breathing air containing 1 part per million of
benzene (a carcinogen)? How much dioxin (a carcinogen) can safely
be left in the soil of a hazardous-waste site when it is cleaned up?
What should be the standard (the limit) for ozone in city air? What
should be the standard for arsenic in drinking water? The results of
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chemical risk assessment can be used in more complex situations
too. However, the chemicals are ordinarily still evaluated one at a
time.

® In Chapter 2 you read of comparative risk assessment, compar-
ing one environmental risk to another, for example when we ask,
What is the risk of stratospheric-ozone depletion as compared with
the risk of acid rain? Many environmental risks, such as ozone deple-
tion and acid rain, also involve chemicals, so chemical risk assessment
is important in comparative risk assessment too. ® Another situation
where chemical risk assessment is valuable is in analyzing the risks
of hazardous-waste sites. However, such sites often have too many
chemicals to evaluate each chemical individually. Instead, investiga-
tors determine which chemicals are present and in what amounts.
Then they do risk assessments on indicator chemicals, those believed to
pose the greatest risk to nearby populations.

But whether we are looking at a hazardous-waste site or a con-
taminant in air or water, how do we decide when a risk assessment
is warranted? First, we must answer the question: Is there exposure
to the chemical? If there is no exposure, there is no risk to humans,
plants or animals. If there is exposure, then the chemicals of most
concern are those that are very toxic or to which we have high expo-
sure. Some chemicals on which risk assessments are often done are
as follows. ® A pesticide’s purpose is to kill, and it may harm species
other than those it was intended to kill; so we do a risk assessment
on any new pesticide. m Food additives will be ingested, so exposure
will definitely occur. A risk assessment is therefore carried out on
new additives. ® There are many chemicals that we already use and
are already exposed to, but whose risk has not been systematically
studied. More and more people want these chemicals subjected to
risk assessments too.

Risk assessment is a powerful tool, and the answers it provides
are indeed important. However, as you study the section below, notice
that risk assessment is not, and cannot be, precise because we very
seldom have enough information. Indeed, risk assessment helps to com-
pensate for a lack of information. As a US Occupational Safety and Health
Agency official stated, “People need to understand that we do risk
assessment because we don’t have conclusive scientific evidence avail-
able. Risk assessment is not science; it is a set of decision tools to
help us make informed decisions in the absence of definitive scien-
tific information.” That is to say, the tools of risk assessment can help
us evaluate environmental risks and set priorities among them, but
they do not provide definitive answers.

Health effects evaluated by chemical risk assessment are in two
categories. One is non-cancer health effects; that is, any and all adverse
effects other than cancer. The second is cancer. Both cases involve four
steps (Figure 4.1). Be attentive to the differences between assessments
done on chemicals not suspected of being carcinogens as compared
with those suspected of being carcinogens.
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Non-cancer risk assessment

There are four steps in the risk assessment of a chemical (Figure 4.1).

1. First is a hazard assessment, why is this chemical considered a
hazard?

2. Calculate exposure to the chemical.

3. Dose-response assessment, this examines what doses are toxic to lab-
oratory animals.

4. The final step, risk characterization, takes all the information from
steps 1 to 3 and calculates a dose of the chemical that is safe for
human exposure.

Step |. Hazard identification

The first question is how is this chemical hazardous? To do this hazard
identification step we collect and analyze information available on the
chemical, examining research literature, government-agency profiles,
and other information sources. Just some of the questions needing to
be answered follow. @ What toxic effects does it cause in laboratory
animals? Does it, for example, harm the nervous system, interfere
with respiration, cause birth defects, or suppress the immune system?
How does it affect animals and plants? ® How does exposure occur:
by skin absorption, by ingestion, or by inhalation? Answers to these
and many other questions relating to the chemical are answered to
the extent possible.

Step 2. Dose—-response assessment

¢ Find a dose safe to laboratory animals. Expose different groups of
animals to increasing doses of the chemical. Observe the response
to each dose over days, weeks, or months. ® A control group does
not receive the test chemical. ® A second group receives a low dose.
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® A third group receives a larger dose. m A fourth group receives a
yet larger dose.

The highest dose that animals tolerate without showing ill-effect is
the “no observed adverse effect level” (NOAEL); see Figure 3.1. But,
what we really want to determine is a dose that is safe to humans
exposed to it, even if exposure occurs over a lifetime. So, we divide
the NOAEL by a safety factor.

Determine a safety factor. To do this, assume the average per-
son is 10 times more sensitive than test animals. ® Also, assume
some humans are 10 times more sensitive than the least-sensitive
humans. This means multiplying 10 by 10 to yield a safety factor
of 100. m If the animal dose-response study is not of high quality,
introduce another multiple of 10 to increase the safety factor to
1000. Even if the data are of good quality, consider if children are
exposed to the chemical. If they are, increase the safety factor even
further (see Box 4.2).

Determine the reference dose. Divide NOAEL by the safety factor.
This gives the reference dose (RfD). The reference dose is one consid-
ered safe for humans over a lifetime of exposure. The smaller the
RfD, the more toxic the chemical.

Example: What is the RfD of a chemical with a NOAEL in rats of
1 mg/kg per day (1 milligram per kilogram of animal body weight
per day)? Assume that the animal data are good, and divide 1 mg/kg
per day by 100. This yields an RfD of 0.01 mg/kg per day. (The RfD
is sometimes also called the acceptable daily intake, ADL.)

Box 4.2 |

Why use factors of 10?

In the 1930s the first antibiotic drugs, the sulfonamides, came into use. In 1937,
a US drug company found that it could dissolve sulfonamides in a sweet-tasting
organic chemical, diethylene glycol, an antifreeze. The sweet taste made it attractive
to children. The drug company sold this elixir of sulfonamide—diethylene glycol
without first testing its toxicity in animals. Subsequently, about 120 people around
the United States died, many of them children. This event led directly, in 1938, to
the passing of an amended Federal Food Drug and Cosmetics Act (FFDCA) to
assure that such a tragedy would not occur again.

After discovering the illnesses and deaths, US Food and Drug Administration
personnel traveled the country by train collecting information on the amount of
diethylene glycol that each affected individual drank. From this information, agency
personnel calculated an approximate LDsp for human beings — the dose killing
about half of the people exposed to it. They observed about a ten-fold variation
in human sensitivity to the chemical. Returning to their laboratories, they tested
the toxicity of diethylene glycol in animals. They found that animals too had about
a ten-fold variation in sensitivity. Beginning at this time the FDA began the practice
of dividing a chemical's NOAEL by 100 (10 x 10) to provide what they believed
to be a margin of safety for humans: humans should not be exposed to more than
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a hundredth of the dose that shows no adverse effects in animals. In recent years,
if good information on a particular chemical is available, the US EPA determines a
safety factor more specific to that chemical, which may be greater than or less than
[00. However, in 1996 after the US Congress passed the Food Quality Protection
Act, another factor of 10 was introduced for chemicals to which children are
exposed, especially pesticides. This means dividing the NOAEL by 1000 (at least)
to obtain a safe dose.

Although the elixir of sulfonamide provided a dreadful lesson, not everyone
learned it. In the 1990s, a Chinese company shipped medicinal glycerin syrup to
Haiti — it contained diethylene glycol. Eighty-six Haitian children who consumed
the syrup died of kidney failure.

Step 3. Exposure assessment

What is the human exposure level to the chemical? Wild animals or
an entire ecosystem may also be exposed to the chemical, but here
we will consider only humans.

Source. What are the sources of the chemical? Is it emitted to air
or water from an industrial facility? Is it emitted in motor-vehicle
exhaust? Is it leaching from a waste dump into groundwater?
Route of exposure. How does exposure occur? B Is it through drink-
ing water? If so, what is its water concentration, and how much
does an average person drink? ®m Is it through food? If so, which
foods? What is the concentration in each food, and how much of
each is eaten? m [s it through soil? If so, what is its concentra-
tion in soil, and how much soil is ingested or inhaled (as dust)?
m [s it through air? If so, what is its concentration in air, and how
much is inhaled? m In all these cases, for how long does exposure
continue?

Most highly exposed population. ® Some Native Americans eat large
amounts of fish, and have high exposure to chemicals that con-
centrate in fish such as PCBs or methylmercury. ® Children are
most likely to ingest soil, and are at special risk from soil contam-
inants. ® Small children living in houses with deteriorated lead
paint have high lead exposures. ® Urban dwellers may have the
highest exposure to motor-vehicle exhaust. ® Urban people drink-
ing chlorinated water are most likely to have the highest exposure
to disinfection byproducts. m Rural people who drink well water may
be more exposed to radon, nitrate, and arsenic. ® Individuals living
near a hazardous-waste site are more likely to have exposures to
chemicals emanating from that site.

Children. Give special consideration to children’s exposure.
Worst-case assumptions. There is seldom enough information for a
good evaluation of exposure. To compensate, we often use worst-
case assumptions meaning, what is the highest possible exposure
that could occur in the circumstances? Lacking better information,
answers to worst-case assumptions are used.
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Step 4. Risk characterization

Risk characterization brings together everything we have learned about
the chemical, its hazards, it dose-response toxicity, and exposure to
it. This information is used to calculate its risk, its hazard quotient.
® If more than one chemical is being evaluated (as when evaluating
several chemicals at a hazardous-waste site) the hazard quotients are
added together to yield a higher risk. ® If there are multiple pathways
of exposure to a chemical (food and water for example) these are
added together to yield a higher risk. ® Remember from dose-response
studies that an RfD is the dose considered safe over a lifetime of
exposure. So, if a chemical’s hazard quotient is less than its RfD, it is
not considered a risk (see Box 4.3).

Box 4.3 | A giant risk assessment

The US 1996 Food Quality Protection Act (FOPA) required the US EPA to carry
out several actions. ® |t had to review all its current tolerances for 470 pesticides
(many of which have more than one tolerance level depending on the particular
food).> All together the EPA had to review 9700 tolerances set in earlier years.
B The EPA was instructed to determine not just the risks of one pesticide at a
time, but to determine the cumulative risk from all pesticides that shared a com-
mon mechanism of toxicity. Thirty organophosphate pesticides and |2 carbamate
pesticides share a common mode of toxicity. Adding all these risks together was
expected to vyield a higher risk than any calculated in the past. ® The EPA also
needed to consider all possible routes of exposure not just exposure from food, but
also drinking water; and any indoor uses. ® And, when it sets new tolerance levels,
the EPA was instructed to pay particular attention to children. Without compelling
evidence that children are protected, the EPA must apply an additional ten-fold
safety factor

These determinations posed a gigantic task and the EPA’s job, to be com-
pleted by 2006, is not yet done. To better analyze so many factors, the EPA devel-
oped a risk-assessment model that accounted for exposures from food, water
and residential usages. Manufacturers of organophosphate pesticides had been
very concerned that the cumulative risk approach would endanger the use of
many of their products. However, in 2002, after assessing 1000 tolerance levels for
30 organophosphate pesticides, the EPA reported that 28 of the 30 were safe.
The other two, dichlorvos and dimethoate, were linked to health problems and
may be banned or their use limited. The EPA also reported that drinking water
was insignificantly contaminated with these pesticides.

Human subjects

Years ago human volunteers were used in chemical testing, a practice discontin-
ued because of ethical concerns. However, pesticide manufacturers recently did
I'5 studies using paid adult human volunteers. The volunteers ingested doses of

5 The EPA’s definition of a pesticide tolerance is: “The amount of pesticide residue
allowed by law to remain in or on a harvested crop. The EPA sets these levels well
below the point where the compounds might be harmful to consumers.”
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pesticides expected to be below a human NOAEL. The reason companies per-
formed human tests was that they hoped to prove their safety in humans at the
doses used. Knowing this information for humans would allow one factor of 10 —
the one used to account for differences between humans and animals — to be
dropped. This would lead to higher RfD values for pesticides if humans were less
sensitive than test animals. Manufacturers point out that the human tests they
do are similar to those done when testing the toxicity of a new pharmaceutical.
The EPA was greatly concerned about whether to allow the use of human data
and sought guidance. However, the EPA will probably have completed its huge
re-evaluation of pesticide tolerances before ethical issues have been resolved, so
the issue may be moot for the foreseeable future.

Cancer risk assessment

To do a risk assessment on a chemical suspected to cause cancer takes
4 to 6 years, and costs several million dollars. These factors limit the
number of chemicals tested. Only a chemical for which there are
strong reasons to suspect that it is a carcinogen will be tested. Only
about 500 chemicals have been so evaluated.

Step |. Hazard identification for possible carcinogens

Hazard identification is particularly important when considering a
possible carcinogen. What are the reasons for suspecting the chemi-
cal is a carcinogen? For instance, is it chemically similar to a chem-
ical known to be a carcinogen? What do laboratory animal studies
that have already been done with this chemical show? Is there epi-
demiological information on the chemical that might support such
a suspicion? Other important questions are: Is the chemical pro-
duced in large quantities? Are large numbers of people exposed to it?
Yes answers to these questions may justify a costly long-term study.
However, if the chemical is produced only in small amounts or is only
used by researchers under carefully controlled conditions, it probably
won't be tested.

In an earlier era, when safety controls were poor in industrialized
countries, evidence that a chemical was a carcinogen was sometimes
found in the workplace. ® Benzene, a widely used industrial chemical,
was found to be associated with the risk of leukemia and aplastic
anemia. In this case, animal studies - indicating that benzene was a
carcinogen - were not done until later. ® Vinyl chloride and asbestos
are other chemicals whose ability to cause cancer was first observed
in humans in the workplace. ® Today, the intent is to know a new
chemical’s hazards before using it. If it is dangerous, a society may
choose to eliminate its use entirely. Or, if no substitute is available, it
may be used under carefully controlled conditions. Unfortunately, in
the poorly protected workplaces of impoverished countries this often
does not happen.
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Step 2. Exposure assessment for possible carcinogens
Exposure is evaluated in the same way as described above for chemi-
cals not suspected of being carcinogens.

Step 3. Dose-response assessment for possible carcinogens
The US National Toxicology Program recommends a special protocol
for cancer dose-response studies. Rats and mice are typically the test
species. In exceptional cases, as for a potent carcinogen such as 2,3,7,8-
TCDD, additional species are tested too. Exposure begins immediately
after weaning test animals. The suspect chemical is administered to
each animal every day for 18 months to 2 years (lifetime studies).®

1. A control group receives no test chemical.

2. A second group receives the maximum tolerated dose (MTD). An MTD
is the highest dose that does not reduce the animals’ survival as a
result of causes other than cancer. The MTD is determined using
studies similar to those used to test chemicals that do not cause
cancer, except that the studies last for longer periods of time.

3. A third test group receives one-half of the MTD.

4. A fourth group, receiving a lower dose, is often included.

Some control animals will also develop tumors over a lifetime. This
means that toxicologists look for excess tumors in the animals receiving
the suspected carcinogen.” Look back at Figure 3.1 and see that, for
chemicals that are not carcinogens there are low-dose levels where
no adverse response occurs, the NOAEL. Now look at Figure 4.2. As a
means of being cautious (conservative) an assumption is made: any
dose of a carcinogen greater than zero is assumed to pose some risk; that
is, the straightline relationship (seen in the upper part of the line
with the asterisks) goes all the way to zero. It is assumed that there is
no NOAEL. But notice too the rectangle with the question mark -
the chemical is not actually tested at the low-dose levels covered
by the rectangle. Even assuming that there is no safe dose, there
is ordinarily a dose-response relationship; that is, at a higher dose,
more cancers are observed. Moreover, people are not typically exposed
to doses anywhere near as high as the MTD. They may be exposed
to doses that are hundreds, thousands, or hundreds-of-thousands of
times lower than doses tested in animals (see Box 4.4).

If significantly more tumors are seen in the test groups as com-
pared with controls, a cancer potency factor is calculated (Table 4.1).
The higher the cancer potency factor, the more potent is the car-
cinogen. Chemicals display huge differences in their potency, in

6 If possible, the chemical is added to food. If animals will not accept it in food, it
is given through a stomach tube (a process called “gavage”). If the chemical is an
airborne one, animals are exposed to it in an enclosed chamber 5 days a week for
6 hours each day. The doses administered are calculated as milligrams per kilogram
of body weight (mg/kg). Each dose is tested in each species, 50 males and 50 females,
so 100 animals for each dose.

7 Researchers also look for unusual cancers or types of cancers not seen in control
animals. Both benign and malignant tumors are counted.
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Table 4.1 | Cancer potency of selected chemicals

Cancer potency Cancer potency

Chemical factor’ Chemical factor’
2,3,7,8-TCDD 100 000 PCBs 4.34
Aflatoxin B, 2900 Nickel [.05
Ethylene dibromide 41 DDT 0.34
Arsenic I5 Chloroform 0.081
Benzo[a]pyrene 5.8 Benzene 0.029
Cadmium 6.1 Methylene chloride 0.014
2Expressed as mg/kg per day.
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their ability to cause cancer. “Dioxin” (2,3,7,8-TCDD), the most potent
rodent carcinogen known, is 10 million times stronger than the weak-
est carcinogen. Aflatoxin B;, a mold toxin, is also potent although
considerably weaker than TCDD. In turn, aflatoxin is 8500 times more
potent than DDT. Chloroform, benzene, and methylene chloride are
examples of weak carcinogens.

Step 4. Risk characterization for possible carcinogens

At this point, the chemical’s hazard identification studies are done,
as are the exposure studies. Cancer potency calculations resulting
from dose-response studies are completed too. Now, taking all these
studies into account, further calculations are done, and a risk state-
ment is prepared on the probability that a given exposure will result
in cancer. Risk is expressed as the increased chance - due to the
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exposure — of developing cancer over a 70 year lifetime. Illustrations,
using drinking-water contaminants as examples, follow. ® Arsenic. For
every 2 additional pg/l of arsenic in drinking water, risk increases by
one in 100 000. That is, for every 100 000 people, one additional case
of cancer is projected. m Tetrachloroethylene. For every 2.4 additional
pg/l of tetrachloroethylene, risk increases by one in a million.
m Radon. Consider a specific level of contamination: for drinking
water containing 300 picoCuries/liter (pCifl) of radon, the increased
cancer risk is two in 10000. The numbers just given for these
three contaminants are specific, but no one really knows the exact
risk. In fact, US regulatory agencies routinely add a caveat to their
assessments: “These estimates represent an upper bound of the plau-
sible risk and are not likely to underestimate the risk. The actual risk
may be lower, and in some cases, zero.” (See Box 4.4.) In other words,
a risk assessment produces a theoretical number. Compare a theo-
retical risk to a known risk such as driving. Each year about 40 000
Americans are killed in driving accidents. Given this number an accu-
rate calculation can be made as to the risk of death that each person
faces when driving.

SECTION IV
Risk management

Up to this point scientists have done the work, including the risk char-
acterization. Now, they hand over their results to non-scientists, risk
managers. It is the risk managers who decide how to lower risk. Risk
managers often work in regulatory agencies such as the Environmen-
tal Protection Agencies or the World Health Organization. Or, they
may be law makers, legislators. The major factor in managing risk is
to reduce the risk. However, other factors must be considered. m Statu-
tory requirements: what does the law require? ® Technology: is the
technology available to control the pollutant in question? ® Cost: the
cost of risk reduction is always a factor. m Public concerns: an aroused
public can push risk reduction measures. ® Political concerns: politics
affect decision making.

Box 4.4 | Making assumptions

To calculate the cancer risk resulting from exposure to a chemical, assumptions
are made. It is assumed that: (1) A chemical that causes cancer in animals, can
also cause cancer in humans. (2) It is legitimate to extrapolate from the high doses
used in animal studies to the ordinarily very much lower doses to which humans
are exposed. (3) All carcinogens are initiators (Table 3.6) although it is known that
some are promoters. (4) A chemical is a carcinogen even if it promotes tumors
only at MTD, or if there are excess tumors only in one seX, one species, or one
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strain of that species. In fact, rodent strains prone to develop cancer are often
deliberately used. Trichloroethylene was classified as a carcinogen because, given
at MTD to a strain of cancer-prone mice, the males showed excess tumors.

Such assumptions make risk estimates more protective. Regulatory agencies
want to err on the safe side. A US FDA administrator said, “When science fails
to provide solutions, the FDA applies conservative assumptions to ensure that its
decisions will not adversely affect the public health.” However, countries such as
the United Kingdom, Denmark, and the Netherlands believe that there are safe
doses (thresholds) of carcinogens. They believe that the dose—response curve has
the shape seen in Figure 3.1, not the straight-line response going to zero as seen
in Figure 4.2.

The goal of risk managers is to make the risk of a carcinogen negli-
gible. An excess cancer risk of one in a million is considered negligible
(virtually safe dose, or de minimis). A former FDA commissioner stated,
“When the FDA uses the risk level of one in a million, it is confident
that the risk to humans is virtually non-existent.” Some believe that
considering how conservative cancer risk assessment is, an excess risk
of one in 100 000 or 10 000 is acceptable, especially if the chemical has
been shown to be a carcinogen only in animals. Others are less sure.

Risk-management tools

There are often many ways to lower a risk although not all will be
feasible or cost-effective. Although laws and regulations are often the
first possibility considered, there are usually a number of ways to
lower risk.

Laws and regulations

Especially after Earth Day in 1970, laws were passed in many coun-
tries mandating reductions in many pollutant emissions. Not just
federal, but state and provincial laws too are important in reducing
emissions. Most regulations depend on facilities capturing a pollu-
tant end-of-pipe. ® Other legislative tools are also sometimes used
to lower emissions. Emissions trading is one. In this process a facility
that, for whatever reason, cannot or does not want to reduce its emis-
sions, buys emission rights from a facility that has reduced its own
emissions. So, one facility saves money. Although it pays the facility
that did make reductions, it costs less than installing the necessary
technology. The other facility makes money by selling a portion of its
emission rights. ® Some countries, especially in the European Union
(EU), have enacted take-back laws mandating that producers take back
products such as cars and computers so these don’t pollute at the end
of their useful lives (Chapter 18).

Non-regulatory tools
The possibilities outlined below are only some of the approaches used
to reduce a risk.
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* Educate the public. Inform people as to how they can reduce the
amount of radon in their home, or how to safely use chemical
products such as pesticides.

* Government and industry working together can foster emissions
reductions. ® EU governments often work with industry, and
develop agreements to foster reductions. ® In some US states, envi-
ronmental agencies collaborate with industry to find cost-effective
ways to reduce emissions.

* Urge industry to voluntarily take action. ® In the 1990s, a US EPA
program enrolled 1150 companies in a program in which they vol-
untarily reduced emissions of 17 especially risky chemicals by at
least 50%. In the early 2000s, many are voluntarily engaged in
reducing energy-related emissions. An industry may find that pol-
lution prevention, P2, saves money. If there is no pollutant, it does
not have to spend money capturing or treating the pollutant, or
landfilling waste according to expensive rules. ® Another approach
is developing safer chemicals, producing chemicals that pose fewer
or no environmental problems. Industry, government, and univer-
sity researchers are all involved in this effort. ® Develop “environ-
mentally preferable” consumer products that pollute much less. An
example is hybrid cars that use much less gasoline and thus pollute
less.

* Non-governmental organizations such as environmental organiza-
tions often exert pressure on industry to reduce emissions or
become better environmental stewards.

¢ If we think of risk reduction in the long term, the list of ways
to reduce risk becomes longer. Society can choose, for example,
to support research in industry, government, or universities aimed
at a better understanding of the risk and finding improved ways
of reducing it. Or incremental changes can be made, which don’t
immediately greatly reduce the risk, but can over time and in a
cost-effective way make a major difference.

Information as a risk-management tool

Effective risk management requires as much information as possi-
ble. Ongoing monitoring of emissions of specific chemicals illustrates
one way to gather information. Continuing to gather information on
the chemicals themselves is equally important. Information gleaned
may be fed back into the hazard identification step, or may help in
developing environmental policy. Other ways to gather information
follow. m After a challenge from the EPA, about 500 US companies
in 2002 are voluntarily evaluating the risk of thousands of chemi-
cals for which too little toxicity and environmental impact data were
known. They are evaluating 2800 high production volume chemicals
(those manufactured or imported into the United States in amounts of
more than 1 million lbs (450000 kg) a year). High-production chem-
icals are of special interest because, if a chemical is used in large
quantities, it increases the likelihood that it can escape into the
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environment or give rise to human exposure. ® In a plan that goes
beyond the US one, the European Union is likewise studying high-
production chemicals. It will mandate that industry demonstrates
the safety of their chemical products. Any substance posing a “very
high concern” will be phased out of production, although exceptions
will be made for essential chemicals that lack better alternatives.
In these cases, products containing the chemical would be clearly
labeled, thus allowing consumers to decide whether they still want
to buy the product. ® Another testing program, a cooperative effort
among US, Japanese, and European scientists, is evaluating not just
high-production chemicals, but all 87000 chemicals in commerce.
The goal is to determine which might be acting as environmental
hormones. ® Many countries continue laboratory and field research
to glean information on chemicals, how they work, their toxicity,
and their environmental impact. Research directed at developing bet-
ter environmental technologies to control or reduce emissions is also
ongoing.

Reducing risk to children

Remember that babies and children are at higher risk from chemi-
cals than adults. Ongoing efforts aim to reduce that risk. ® In 1996,
the US Congress passed the Food Quality Protection Act (FQPA). This
requires the EPA to develop new standards for pesticide residues on
food. The emphasis is on reducing risk to children. Before the FQPA,
cancer risk was the only adverse effect considered when setting a
pesticide tolerance (the pesticide residue legally allowed to remain
on a food) and no special consideration was given to children. Now
the EPA must consider a broad range of health effects not just can-
cer, particularly those that could affect children. And when setting
pesticide tolerances, lacking evidence to the contrary, an extra ten-
fold safety factor must be added to protect children (see Box 4.3).
® The EU testing program mentioned above will likewise lower the
safety threshold to account for the special sensitivities of the fetus
and the young child. m The US EPA, citing the special risk that mer-
cury poses to the fetus and small child, announced that coal-burning
electric power plants will be required to reduce mercury emissions.
® In yet another voluntary US testing program, chemical companies
are evaluating the health effects of 20 chemicals to which children
are likely to be exposed, including acetone, benzene, toluene, and
decane. As a follow-up, 20 additional chemicals will be evaluated.
® More and more programs are directed toward educating parents
on how better to protect their children from chemical risks in the
home.

Risks to wildlife and natural resources

Because chemical exposure impacts upon the natural world too,
chemical risk assessment is also used to examine risks to natu-
ral resources: animals or plants, whole ecosystems, resources such
as lakes, or stratospheric ozone. Many chemical risks have been
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identified. A few follow. m Effects attributed to DDT in the 1960s
included the thinning of bird eggshells (eggs were crushed before
they could hatch) and other adverse effects on bird reproduction.
B Acid rain impacts upon aquatic creatures and damages forests.
® Chlorofluorocarbons reduce stratospheric ozone leading to in-
creased ultraviolet radiation reaching the Earth. m Phosphorus- and
nitrogen-containing substances often cause abnormal algal growth
in water bodies, leading to too little oxygen for aquatic animals.
m Polluted runoff flows into water bodies damaging aquatic plants
and animals. ® Industrial discharges damage water life, e.g., the efflu-
ent from some paper-mill or municipal wastewater-treatment plants
impairs the reproductive development of downstream fish.

Questions 4.3 |

I. Inamid-west US state, the herbicide atrazine was discovered in drinking water
at possibly unhealthy levels in many places. Farmers commonly use atrazine in
large amounts, and it reaches surface water by rainwater runoff. What are two
ways of reducing this risk? Consider possible farmer, municipal, personal, state
and federal actions.

2. Answer question | again for a different situation: assume that atrazine was not
found in drinking water, but in local ponds and wetlands. Research has indicated
that it may be responsible for serious developmental abnormalities in frogs.

3. (a) You live near a large industrial facility that uses trichloroethylene and this
organic solvent has been found in your drinking water. How could the solvent
have reached your drinking water? (b) You have been told that this level of
atrazine is not unhealthy, but you want action. What might you do?

4. The most toxic form of dioxin (2,3,7,8-TCDD) is found in tiny quantities in
meat that you buy at the grocery store, especially in fatty hamburger meat.
Assume you buy hamburgers anyway. (a) What type of hamburger might you
choose in order to avoid most of the dioxin? (b) Once the hamburger is pur-
chased, what steps could you take to reduce your exposure! (c) Is there any-
thing you could do to reduce exposure if you buy hamburgers at fast-food
restaurants?

Reducing risks to wildlife

Wildlife is much more poorly protected by laws than are humans.
However, there are some protections. In the United States, many facil-
ities discharging into receiving streams must routinely test the tox-
icity of their effluents to demonstrate that aquatic life is not being
harmed. Or, when hazardous-waste sites are cleaned up, they must
be cleaned to limits that include protecting surrounding wildlife.
In addition, sometimes regulations that protect humans also protect
wildlife, for example, when regulations limiting air emissions not
only reduce human exposure, but animal, tree, and plant exposure
as well. But wildlife is often left vulnerable. Fish and other aquatic
life live in, and many creatures drink from, water bodies that do not
meet drinking-water standards. On land, the soil in which worms and
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other vital organisms live is often contaminated. In many countries,
human beings too lack protection. One instance (Chapter 3) is the
Yaqui Indian children exposed to damaging levels of pesticides. There
are many others.

Risks in impoverished countries

“It is a truism in all the world that the major predictor of ill health
is poverty because poor people are the least able to obtain uncontam-
inated water and food . . . and obtain the knowledge necessary to
avoid [contamination].”

* Sewage. Pollution of water and food with infectious agents in impov-
erished countries is typically more serious than chemical contam-
ination. Children under 5 years old are particularly vulnerable.
Infection leads to diarrhea, which untreated often leads to death.
In Asia alone an estimated 4 million infants and small children
die each year from diarrhea. An obvious cause is untreated sewage
running directly into rivers and streams - and in roadside gullies -
often also used for drinking and washing. More than one billion
people worldwide do not have access to clean drinking water.

¢ Chemical pollutants. Children living in impoverished countries are
also heavily exposed to chemical pollution such as that found in
motor-vehicle exhaust. The high pollution levels often found can
suppress children’s immune systems, and they become even more
susceptible to infectious diseases.

® Occupational exposure. Children and adults often labor in risky
occupations. Two examples are scavenging among trash in dumps
and working unprotected in battery-recycling operations where they
are exposed to lead fumes when the batteries are melted. Whole
families often live at or near work sites, so all are exposed.

Can the risk-assessment and management tools developed in
wealthy countries, and often focusing on healthy young adult males,
have meaning in such conditions? Pollution-limiting laws may be
on the books, but lack of resources and corrupt officials prevent
enforcement in many cases. Some governments lack environmental
standards although standards relevant to human health are set as
guidelines by the World Health Organization. Officials may see envi-
ronmental protections as a “Western agenda” not relevant to them.
Sometimes there is suspicion that such protections will lower eco-
nomic opportunity for their citizens. Public officials who care about
the laws of their countries may lack resources to enforce them, or
lack the education to use the laws knowledgeably. Workers and oth-
ers may accept dangerous exposures as just the way life is. But when
the will exists, effective risk-management tools can be developed and
enforced even in very poor countries. Just one example is increasing
fuel efficiency standards in large cities. These can lower pollution
and lower fuel costs as well. Other examples will be seen in later
chapters.
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Back to the first world

Pointing to conditions in third-world countries is easy. However, high
first-world exposures still occur too. Nitrogen oxides (NOy) pollution
resulting from emissions from heavy motor-vehicle traffic in New
York, Paris, Tokyo, and Los Angeles is among the highest in the world.
Particulate pollution from motor vehicles leading to respiratory infec-
tions, is also often high in American and European cities. Environ-
mental justice issues continue in first-world countries: this happens
when dumps and other polluting facilities that more wealthy citi-
zens avoid, disproportionately locate in neighborhoods occupied by
the poor, or people of color. Roxbury, an inner-city neighborhood
in Boston, Massachusetts has within its borders: 80 vehicle repair
shops in an area of 1.5 square miles (3.9 km?), trash transfer sta-
tions, heavy-duty truck traffic (often idling as the trucks wait to take
on or drop off materials), food-processing facilities with bad odors,
furniture-stripping sites, pervasive dust arising from many sources,
hazardous-waste sites, and many houses with leaded paint.
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Chapter 5

Air pollution

“Our world civilization and its global economy are
based on beliefs incompatible with enduring
habitation of the earth: that everything has been put
on earth for our use, that resources not used to meet
our needs are wasted and that resources are
unlimited.”

Carl McDaniel and John Gowdy

The reality of outdoor air pollution is more than the words “ambi-
ent air pollution” can convey (see Box 5.1). It is the eye-stinging pol-
lution surrounding us in a city crowded with motor vehicles, the
odor of ozone on a hot hazy day, the choking dust of a heavy dust
storm, the smoke coming from wood or coal fires on a winter day,
the fumes from an uncontrolled industrial facility, odor from uncon-
trolled sewage or an open dump. Many living in wealthy countries
are spared the worst of these. Not so for the multitudes living in
less-developed countries, who are exposed to these and more; see
Table 5.1.

In Chapter 5, Section I examines six major air pollutants, which
along with volatile organic chemicals (VOCs) account for 98% of US air
pollution and similar percentages worldwide. Section II introduces
the hazardous air pollutants (HAPs), also called toxic air pollutants.
Section III describes massive pollution that can be directly observed
or detected from space while sometimes wreaking havoc at ground
level - traveling combustion pollutants, major dust storms, and smoke
from mammoth fires. Section IV briefly surveys pollution in less-
developed countries. Reducing air pollution is a topic in each section.
To gain the most from this chapter, it is important initially to learn
the criteria air pollutants and their characteristics, and examples of
both VOCs and HAPs.
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Box 5.1 |

* Ambient air pollution. This is the pollution in the air around us. It is ground-level,

tropospheric air pollution. The troposphere is the lower layer of the atmosphere,
which starts at the earth’s surface.

Criteria air pollutants. The term “criteria air pollutants” originated with the US
1970 Clean Air Act. That law required the EPA to set standards to protect
human health and welfare from hazardous air pollutants in ambient air. Before
setting standards, the EPA had to identify the most serious pollutants. To do
so it used criteria (characteristics of pollutants, and their potential health and

welfare effects). The six pollutants so identified account for the large majority
of air pollution in the United States and worldwide. They are: carbon monoxide
(CO), ozone (O3), sulfur dioxide (SO,), nitrogen oxides (NO), and particulate
matter (PM). Lead (Pb), the sixth criteria pollutant, was included at a time when
it was emitted in especially risky amounts.

Volatile organic pollutants (VOCs). As a group the VOCs, which are also emitted
in large amounts, are sometimes considered along with criteria pollutants. They

also include major precursors of nitrogen oxides.

SECTION |
Criteria air pollutants

Remember that the higher the dose of a substance to which a liv-
ing creature is exposed the greater is the possibility of an adverse
effect. Now, apply this principle to criteria air pollutants. They are
produced in large amounts, and we - and other living creatures -
are often exposed at levels high enough to exert adverse effects. Air
pollution in Houston, Mexico City, Istanbul, and many other cities,
often causes painful breathing, eye irritation, and headaches. Chronic
effects also occur, and trees and plants are also adversely affected.
® Combustion, especially fossil fuel combustion produces all six cri-
teria pollutants. Each criteria pollutant is described below individu-
ally. Exhaust from motor vehicles accounts for about half of these emissions
(Table 5.1). When you examine Table 5.1, notice the words particulates
and aerosols.!

Carbon monoxide

Carbon monoxide (CO) is pervasive. All by itself, CO accounts for
more than 50% of air pollution nationwide and worldwide. World-
wide, hundreds of millions of tons are emitted yearly (Box 5.2). CO
is a colorless, odorless, flammable gas; it is a product of incomplete

! The gaseous pollutants, sulfur dioxide and nitrogen oxides, can be chemically trans-
formed in the air to aerosols. Aerosols are a gaseous suspension of fine solid or liquid
particles (particulates). A number of volatile organic pollutants also form aerosols. Met-
als are ordinarily directly emitted as particulates.
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Table 5.1 | Ambient air pollutants

Pollutant

Characteristics or examples

Criteria pollutants

Carbon monoxide (CO)

Ozone (O3)

Sulfur dioxide (5O,)°

Nitrogen oxides (NO,)¢

Lead (Pb)*

Particulates (PM|p and
PM,s)

Volatile organic
pollutants (VOCs)’

Hazardous air
pollutants (HAPs)

Organic chemicals?
Inorganic chemicals®

Six pollutants for which ambient air standards are set to
protect human health and welfare

Produced by combustion of fossil fuel and biomass. All by itself, CO
represents more than 50% of air pollution. Motor vehicles are the
major source of CO, especially in cities.

A major component of photochemical smog formed from NOy, VOCs,
and oxygen in the presence of sunlight and heat. Motor vehicles are
major generators of NO, and VOCs.

SO, is oxidized in air® to sulfuric acid under moist conditions, or to
sulfate in dry conditions. Both are particulates and major components
of haze. Fossil-fuel-burning power plants produce about two-thirds of
the SO,.

NO,, are oxidized in air® to acid under moist conditions or to nitrate in
dry conditions. Both are particulates and components of haze. In
cities, motor vehicles generate most NO,. Coal-burning facilities also
produce significant quantities.

Lead is emitted as a particulate during metal mining and processing, and
during fossil fuel combustion.

Tiny solid particles composed of one or several chemicals, and with
many sources. Combustion is a major source of the tiniest particles.
Notice that lead is emitted as a particulate and that SO, and NO
can be converted to particulates; so can some organic VOCs,

Organic chemicals that evaporate easily. Some significantly
contribute to smog. Motor vehicles are a major source.

Each HAP has an emission control, no ambient air standard
is set. HAPs are also called toxic air pollutants. About 70%
are also VOCs.

Examples are benzene, formaldehyde, and vinyl chloride.

Examples are asbestos and metals such as cadmium and mercury.

9Some SO, and NOy are converted to particulate forms (aerosols).!
bAir contains oxygen which reacts with, oxidizes, sulfur dioxide.
‘Most emitted metals are already particulates.

dSome VOCs and some organic HAPs are converted to particulates (aerosols).

combustion of carbon-containing material. Only under ideal condi-
tions, with an excess of oxygen and optimal burning conditions, is
carbon completely oxidized to carbon dioxide (CO5).

Box 5.2 |

Don't confuse carbon monoxide with carbon dioxide. Carbon monoxide (CO) is
an incomplete product of combustion, and toxic at small doses. Carbon dioxide
(CO,) is a complete product of combustion, and is much less toxic.
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Why carbon monoxide is of concern

Even levels of CO found in city traffic can aggravate heart problems.
CO causes up to 11% of hospital admissions for congestive heart
failure in elderly people. Examining how CO works will clarify how
it adversely affects the heart, and causes other adverse effects. The
blood protein hemoglobin contains an iron atom, which normally picks
up oxygen in the lungs and transports it to the body’s cells. There
hemoglobin releases oxygen, exchanging it for the waste gas, carbon
dioxide (COy). It carries carbon dioxide back to the lungs, releases it,
and once more picks up oxygen. CO is so toxic because it has 250 times
greater affinity for the iron atom in hemoglobin than does oxygen -
it displaces oxygen; so less oxygen reaches the heart. Even relatively
small displacements affect heart function in sensitive people. The
brain too demands a steady oxygen concentration for optimum func-
tioning, so CO can cause headache, dizziness, fatigue, and drowsiness.
At higher doses, such as found in enclosed spaces with improperly
operating combustion appliances CO may lead to coma and death
(Chapter 17). The US ambient air standard for CO is 9 ppm averaged
over 8 hours; if this is exceeded more than once a year in a particular
area, then the area is violating the standard.

Sources and sources of exposure

CO is formed anywhere that a carbon-containing material is burned,
so CO exposure can happen anywhere that combustion occurs. ® In
urban areas, up to 80 or 90% of CO is emitted by motor vehicles.
Drivers stalled in traffic, or driving in highly congested areas, can
have high exposure; so can traffic control personnel, mechanics work-
ing inside garages and parking garage attendants. m Cigarette smoke
contains CO too. Individuals with CO exposure at work, and who also
smoke, increase their risk of adverse effects. ® Facilities burning coal,
natural gas, or biomass are CO sources. ® Biomass combustion (wood,
dried manure, other dried vegetation) can lead to significant CO expo-
sure in rural areas, and in impoverished locales where biomass is
burned for cooking, heating, and even light. ® Atmospheric oxida-
tion of methane gas and other hydrocarbons can produce CO too.

Reducing carbon monoxide emissions

In the 1950s, CO levels began to increase along with increasing
combustion. The 1970s began a slow but steady downward trend as
increasingly stringent emission controls were imposed in the United
States and elsewhere. The following measures helped to achieve this
reduction: ® The EPA established national standards for tailpipe emis-
sions. About half of motor vehicle CO emissions in the United States
come from only 10% of the vehicles. Inspection programs attempt
to find such vehicles, and see to their repair or removal from the
road. Owners need to maintain their vehicles to allow them to oper-
ate as cleanly as the designers intended. m Facilities burning fossil
fuels or wood are required to maintain high burning efficiencies to
reduce emissions. @ Many places prohibit open burning of trash and
garbage.
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Table 5.2 | Ozone levels

Concentration (ppm) Air quality
0.00-0.05 Good. No health impacts expected
0.051-0.100 Moderate. Unusually sensitive people should consider limiting prolonged

exertion outdoors.

0.101-0.150 Unhealthy for sensitive groups. Active children and adults, and those
with asthma or another respiratory disease should avoid prolonged

outdoor exertion.

0.151-0.200 Unhealthy. Active children and adults, and those with respiratory disease
should follow the advice for 0.101—150 ppm. Others, especially children

should limit prolonged outdoor exertion.

0.201-0.300 Alert Very unhealthy. Active children and adults, and those with respiratory
disease should avoid all outdoor exertion. Others, especially children,

should limit outdoor exertion.

Healthy individuals exercising outside in ‘unhealthy’ periods should do so in early morning hours before ozone

levels begin to climb (see www.epa.gov/airnow).

® Oxygen-containing fuel additives are added to gasoline in some
US cities to enhance burning in winter, when engines run less effi-
ciently. What happened in 20 cities illustrates how oxygenated fuels
can make a difference. In the winter of 1991 to 1992, 20 cities
exceeded the EPA’s CO standard on 43 days. One year later, 1992 to
1993, after introducing oxygenated fuel, they exceeded the standard
on only 2 days. Between 1988 and 1997, the number of times that
the standard for CO (9 ppm) was exceeded, dropped 95%. The EPA
called this “astonishing.” Western Europe also tightened CO emission
standards, and levels fell there too.

Ozone

Ozone (O3) has three oxygen atoms. It is related to the molecular
oxygen (O;) necessary to our lives, which has two. Many of us know the
odor of ozone from lightning storms or from improperly maintained
equipment such as photocopiers. O3 is a summer pollutant. It is found
in photochemical smog (Box 5.3). Ground-level O3 is the same O3 that
is found in the stratosphere. However, ground-level (tropospheric) O3
is a pollutant whereas in the stratosphere, O; depletion is the problem
(Box 5.3). Most ground-level O; comes from human activities. However,
O3 is formed naturally in areas remote from human activity, but at
low levels, 0.02 to 0.05 ppm (Table 5.2).

Box 5.3 | Smog and ozone

The word, smog, as used today refers to photochemical smog because sunlight
plays a major role in its formation. O3 is a major component of photochemical
smog, but smog contains other photochemical oxidants too, including peroxyacetyl
nitrate (PAN) and nitrogen dioxide. And smog contains particulate matter making
it “air you can see.”
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The first use of the term “smog” came from London in 1905. It describes
the smoke and fog combination that then commonly obscured visibility. This smog
results from the sulfur dioxide, soot, and tarry materials that are produced from
uncontrolled burning of high-sulfur coal. This still happens today in places without
the technology to capture sulfur dioxide. In the first half of the twentieth century,
severe episodes in England and the United States caused thousands of deaths.

Don't confuse ground-level (tropospheric) Os with stratospheric Os. Ground-
level O3 is a serious pollutant, but in the stratosphere (the atmospheric layer
above the troposphere), O3 performs a vital function. It absorbs the sun’s harmful
ultraviolet rays, thereby protecting life on Earth.

Why care about ozone?

Oxygen (O;) makes up about 20% of the air we breathe. Although
essential to life, oxygen is reactive enough to sometimes harm us and
other life. O3 is much more reactive than O,. The EPA considers O3 the
most serious and persistent air quality problem in the United States.
It describes O3 as the “most . . . intractable air pollutant in urban
air.” Moreover, O3 is often present at levels known to have deleterious
health and ecological effects.

¢ Effects on people. The acute health effects of O3 are to irritate eyes,
nose, throat, and lungs and to decrease the ability of the lungs
to function optimally. At 0.2 ppm young adults develop inflamma-
tion of the bronchial tubes and tissue deep within the lungs. Even
at 0.08 ppm, O3 adversely affects some people, including healthy
individuals. Exercising people are especially susceptible, and so are
advised to exercise early in the morning on days when Oj levels
are unhealthy (Table 5.2). People with asthma or bronchitis, espe-
cially children, are also highly susceptible to Oz; it can also increase
susceptibility to infection. Chronic O3 exposure can permanently
damage lungs.

e Effects on plants and trees. In the Los Angeles of the 1940s, it was
observed that O; was greatly damaging vegetable crops. O3 is pri-
marily generated in the heavy traffic of urban areas, but its life
span of weeks allows it time to spread over wide regions. The US
Department of Agriculture reports that: “ground-level ozone causes
more damage to plants than all other air pollutants combined”. Esti-
mated crop losses in the United States are 5% to 10%. O; damages
sensitive crops at 0.05 ppm whereas more resistant crops withstand
0.07 ppm or higher. m Worldwide, perhaps 35% of crops grow in
areas where O3 levels exceed 0.05 to 0.07 ppm. If trends continue,
by 2025 up to 75% of the world’s crops will grow in areas with
damaging O3 levels. Trees are adversely affected too. Many foresters
consider Oz the air pollutant most damaging to forests. In areas
with acid precipitation and other air pollutants too, the combina-
tion may be more damaging than the effects of any one pollutant
alone.
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. . Summer sunlight
Nitrogen oxides (NOy) Summer temperature

+ T T Sgnantair T » Ground-level ozone (O3)
VOCs

m Formation of ground-level ozone

Sources of ozone

Remember that O3 is not usually emitted as Oz; that is, it is not a
primary pollutant. Rather Oj is formed from precursors. Motor vehi-
cles are a major source of the O3 precursors, VOCs and NOy. In
the summer’s heat and the sun’s strong ultraviolet rays, VOCs and
NOy react with atmospheric oxygen (via several steps) to generate O;
(Figure 5.1). Knowing how ozone is formed, you may surmise, cor-
rectly, that in a city O; builds up over the progress of a summer
day: O3z levels are typically low early in the morning. Then vehicle
exhausts from the morning traffic increase atmospheric levels of NOy
and VOCs. As the day progresses, it becomes warmer, the sun’s ultravi-
olet rays stronger, and O3 is generated. Of course, off-road motor vehi-
cles also contribute emissions; so do airplanes, construction equip-
ment, lawnmowers and other garden equipment. ® Yet other sources
of O3 precursors include facilities that burn fossil fuels and emit VOCs
and NOy, especially coal-burning electric power plants and industrial
facilities.

Reducing ground-level ozone

As you see in Figure 5.1, we cannot reduce ground-level O3 unless
we reduce NOy and VOCs emissions; that is, the chemical precursors
of ozone. Billions of dollars have been spent to do this, often with
unsatisfactory results. m Motor vehicles. A major reason for our inabil-
ity to lower O3 is our inability to control motor vehicles, which, in urban
areas emit more than half of the NOy and 40% of the VOCs. Motor
vehicles were designed to run much more cleanly after passage of the
1970 US Clean Air Act, and emissions fell 90% or more per gallon of
fuel burned. Unfortunately, at the same time the number of motor
vehicles continued to rise, as did the number of miles driven per vehi-
cle. So NOy and VOC emissions remain high. In the early twenty-first
century the United States has a new O3 standard, which primarily
affects - not industry - but communities with heavy traffic. Many
communities are out of compliance with even the older, higher stan-
dard of 0.12 ppm. Poorly maintained vehicles, even if quite new, have
much greater NO; and VOC emissions than well-maintained ones.
® Technical difficulties. One difficulty in reducing ground-level O3 is
that regulations designed to reduce VOCs or NOx don’t necessarily
lead to the O3 reductions anticipated. This happens because the reac-
tions leading to O3 formation are not as straightforward as Figure 5.1
seems to indicate. Still, efforts have paid off. Within the United States,
the number of cities exceeding the old O; standard fell from 97
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in 1990 to 56 in 1992. Nonetheless, in 1995 more than 70 million
Americans still lived in areas not meeting the EPA’s old 0.12 ppm
O; standard. m Reducing other NOy and VOC sources. Not only
motor-vehicle emissions are being limited. There are controls too in
industrialized countries on NOx emissions from power plants and
industrial facilities. There are also limitations on how factories can
use solvents (with the purpose of limiting VOC emissions). Another
measure is vapor-recovery nozzles on gasoline pumps that reduce
VOC emissions during refueling; in addition, gasoline is being refor-
mulated to burn more cleanly and thus to emit lower amounts of
VOCs. Regular inspection of motor vehicles is also particularly impor-
tant to make sure they are running cleanly. ® Research. Researchers
found that not all VOCs are equally important to O3 formation. The
VOC formaldehyde contributes much more than some other VOCs.
This knowledge may lead to efforts to reduce specifically emissions of
VOCs that contribute most heavily to O; formation. ® Non-technical
approaches. Technological changes to reduce emissions per vehicle or
per factory are not enough. We must address social issues. How do
we reduce our use of fossil fuels? How do we change the way we buy
and use vehicles? More on our individual use of fuels, especially fossil
fuels will come up in Chapter 13.

A changing ozone standard

This text has emphasized that a major difficulty in setting good
health-based standards is that we lack good data. O3 is an excep-
tion. There is abundant information on O3 effects in animals and
people, including volunteers exposed to Oz in enclosed chambers.
Thus, when the EPA re-evaluated its previous standard (“safe” dose) of
0.12 ppm, it found evidence that the standard was not protective
enough. It was harming humans, crops and trees.2 However, we can’t
really determine a safe dose for O3 because it causes a biological
response right down to background levels. Further complicating the
issue is the fact that the difference between adverse effects on chil-
dren playing outside at the old 0.12 ppm standard, as compared to
the new (0.08 ppm), may be small. Thus, the US EPA was told by its
Clean Air Scientific Advisory Committee that setting an O; standard
was more of a policy call than a scientific judgment. In 1997, the
EPA did set the new standard at 0.08 ppm. But only in 2002, after
legal challenges ended, could the EPA move forward to implement
the standard. Meanwhile, in 2003, one-third of Americans continue
to live in areas that do not comply with the old 0.12 ppm standard.
An instance is Los Angeles with 30 to 40 days a year above 0.20 ppm.
There are O3 successes nonetheless. Most US, Mexican, and Canadian
cities manage, through emission controls, to at least keep O3 levels

2 Recall from Chapter 4 (for chemicals that are not carcinogens) the procedure for setting
standards. A dose that does not harm laboratory animals is first determined (a no
observed adverse effect level, NOAEL). Then a safety factor is applied to the NOAEL to
determine a standard that is safe for human exposure.
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Sulfuric acid

Sulfur dioxide .. (HyS04)
Wet conditions
(SOy)
Dry conditions
Atmospheric Sulfate
oxygen (Oy) (SO4)

m Transforming sulfur dioxide to sulfuric acid and sulfate

Sulfuric acid and sulfate are aerosols. These wash out with rain,
or slowly settle out by gravity. Both are acidic deposition.

fairly steady. And cities do this in the face of ever-increasing popula-
tion and increasing motor-vehicle pressures.

Sulfur dioxide

Sulfur dioxide (SO;) is a colorless gas with a sharp irritating odor. It
accounts for about 18% of all air pollution, making it second only to
CO as the most common urban air pollutant.

Why care about sulfur dioxide?

Direct exposure to the gas, SO,. The SO, gas reacts with moisture
in the eyes, lungs, and other mucous membranes to form strongly
irritating acid. This reaction removes about 90% of the SO, in the
upper respiratory tract. Exposure can trigger allergic-type reactions
and asthma in sensitive individuals (as do sulfites used in food
preservation). Exposure also aggravates pre-existing respiratory or
heart disease. And, as with O3, low SO, concentrations can damage
plants and trees.

Aerosol effects. SO, itself has a lifetime in the atmosphere of only
about a day. Thus, if the problems just noted were the only ones,
SO, would be more manageable. However, SO, is converted into
sulfuric acid if moisture is present, or, into sulfate particulates in
dry conditions (Figure 5.2). These tiny particulates, only 0.1 to 1 pm
in diameter, are aerosols. Aerosols are a gaseous suspension of fine
solid or liquid particles. Exposure to sulfate aerosols can affect
health because the tiny particles can be deeply inhaled into, and
inflame, the lungs.

Major environmental effects of aerosols. The aerosols also have
major environmental impacts. ® Aerosols form a haze that affects
visibility. Haze also affects the level of sunlight reaching the Earth
(Box 5.4). ® The acid particulates formed are part of the acid depo-
sition (acid rain) problem. ®m The particulates don’t directly destroy
stratospheric O3, but do provide surfaces on which Os-destroying
reactions can occur. ® Aerosols have a cooling influence on
climate. These impacts are shared with nitrate and nitric acid
aerosols (Table 5.3).
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Box 5.4 | Food production and sulfur dioxide emissions

China, a nation of 1.3 billion people burns coal to generate most of its electricity,
and is the world’s largest emitter of SO,. A study sponsored by the US National
Aeronautics and Space Administration, and the Georgia Institute of Technology
found disturbing results: haze resulting from sulfuric acid and sulfate aerosols is
cutting agricultural production. This happens because haze partially filters out the
solar energy reaching the plants. Researchers estimated that the haze reduces
sunlight by 5% to 30%. Moreover, decreased sunlight is affecting up to 70% of
China’s agricultural areas. This is particularly disturbing. With its huge and still-
growing population, China already faces the prospect of needing to import food. If
crop production is much hindered by pollution, the situation could be even worse.
However; there are solutions. One is installing technology to lessen SO, emissions.
Indeed, China is making major efforts to change how it uses energy. It has closed
many small inefficient industrial facilities, started to burn cleaner coals (with less
sulfur), and it has switched many residents, who previously burned coal, to gas or
electricity.

Sources of sulfur dioxide

In the United States and the industrialized northern hemisphere,
human activities produce five times more SO, than do natural sources.
Worldwide, the figure is about two times as much. ® In 1985, electric
utilities burning fossil fuels produced about two-thirds of the anthro-
pogenic (produced by human actions) SO, in the United States. The
worst offenders are utilities that burn high-sulfur coal. m Metal
smelters and other fossil-fuel-burning industrial facilities produce
another 15% to 20%. Smelters emit SO, because many metal ores
contain sulfur. m Petroleum contains sulfur too, but it can be more
readily removed than that in coal, and motor vehicles account for a
lesser percentage of SO, emissions. Also see Figure 6.1.

NATURAL SOURCES

Although most SO, comes from human activities, there are many
natural sources. These include sea water, marine plankton, bacteria,
plants, and geothermal emissions. Erupting volcanoes are a major
but periodic source of SO,. In 1991, the Filipino volcano Mt. Pinatubo
ejected about 20 million tons (18.1 million tonnes) of SO, into the
atmosphere. This huge quantity is believed to have been responsible
for cooling the Earth’s climate for several years thereafter.

Reducing sulfur dioxide emissions

Over the past 30 years many nations have mandated emission controls
on coal-burning electric power plants and other industrial sources
of SO, - see the Chapter 6 section on reducing emissions of acid
precursors.

Nitrogen oxides
The gases, nitric oxide (NO) and nitrogen dioxide (NO;) are the major
components of nitrogen oxides (NOy, pronounced “knocks”). See
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Nitrogen oxides

(NO, NO,)
Wet conditions
Atmospheric Dry conditions
oxygen (0,)

Nitric acid and nitrate are aerosols and wash out with rain,
or slowly settle out by gravity. They are acid deposition in both
cases. Importantly, they are also plant nutrients.

m Transforming NOy gases to nitric acid and nitrate

Figure 5.3. A third gas, nitrous oxide (N;O) is also often grouped into
NOy. Nitrogen oxides account for about 6% of US air pollution.

Why care about NOx?

¢ Human health. Direct exposure to NOx gases irritates the lungs,
aggravates asthma, and lowers resistance to infection. Nitrogen
dioxide is poisonous to plant life. Converted to the aerosols, nitric
acid and nitrate, there can be major deleterious effects. ® The tiny
aerosols can be deeply inhaled into, and cause inflamation of, the
lungs.

e Major environmental effects. m Formation of haze that affects
visibility. ® Acid deposition (acid rain) ® Stratospheric Oz deple-
tion because the aerosol particles provide surfaces on which
O3-destroying reactions can occur. B Cooling influence on climate.
Notice that the above-mentioned effects are shared with sulfate and
sulfuric acid aerosols (Table 5.3).

* Remember the following: NOy has two distinctive and very impor-
tant effects not shared with sulfate and sulfuric acid. These are:
m NOy gases are precursors of ground-level O3 whereas SO, is not.
m Deposited to Earth or water, the nitrogen in nitrate and nitric
acid is a major plant nutrient. It can benefit plant life, but high
concentrations have adverse, even devastating, consequences.

NOy sources

Nitrogen compounds are present in fossil fuels only in very small
amounts - they are not a large source of NOy gases. ® The reason that
NOy forms is distinctive. Atmospheric nitrogen, N, is a very stable
chemical. However, burning fuel at a high temperature promotes a
reaction between N, and atmospheric oxygen, O,. It is this reaction
that results in NO, formation.

¢ Human sources. @ NOy gases are emitted almost anywhere that
combustion occurs, especially at high temperatures. This is unfor-
tunate because high temperatures otherwise promote efficient com-
bustion and lower the emissions of CO, PAHs and other incomplete

Nitric acid
(HNO,)

Nitrate
(NO3)
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Table 5.3 | Sulfur dioxide, nitrogen oxides, and global change

Issue

Role of sulfur dioxide (SO;)

Acid deposition

Stratospheric-ozone
depletion

Global climate change

Issue

Acid rain, stratospheric
O3 depletion, and
climate change

Ground-level Os

Nutrient pollution

SO; emissions are converted in the atmosphere to sulfate and sulfuric

acid — major contributors to acid deposition (Chapter 6).

Volcanic eruptions inject SO, into the stratosphere and it is converted

to particles. Analogous to ice particles at the poles, these provide
surfaces on which Os-depleting reactions occur (Chapter 8).

SO, is converted to sulfate or sulfuric acid particles. These have

“anti-greenhouse” effects. They do so by absorbing part of the sun’s
radiation, preventing it from reaching and warming the Earth'’s surface
(Chapter 7).

Role of nitrogen oxides (NOy)
NO, emissions are converted in the atmosphere to nitrate and nitric

acid, which contribute to the problems shown on the left.

NO,, but not SO, is converted to ground-level O3 (Chapter 5).
NOy is converted to nitrate and nitric acid. After deposition to Earth

and water, these can “over-fertilize” waters leading to eutrophication
(Chapter 9).

products of combustion (Box 1.2). ® As is true of CO, the major
source of NOy is motor vehicles, including off-road vehicles such as
construction equipment. Motor vehicles account for more than 50%
of NOy emissions overall, and a greater percentage in urban areas.
m Electric utilities in the United States emit another 25% to 30% of
NOy, and industrial combustion about 14%. Smaller amounts result
from commercial and residential combustion.

* Natural sources. ® NOy gases are produced by lightning and volca-
noes. ® Microbes decomposing vegetation in soil produce nitrous
oxide (N,O). If nitrogen fertilizer is added to the soil they produce
even larger amounts.

Reducing NOy emissions
See Chapter 6 for means of reducing NOy emissions.

Particulate matter

What is particulate matter?

Any gas such as N, O, or SO, blends into air in a homogeneous
manner. Particulate matter does not. As the name particulate matter
(PM) implies, PM is solid, albeit the particles may be very fine aerosols
(again see footnote 1). PM accounts for about 10% of US air pollution.
PM is a confusing pollutant.

¢ Composition varies. Other criteria pollutants are specific chemicals,
CO, O3, SO3, NOy, and lead. But, PM has no fixed composition. A
particle may contain only one chemical such as sulfate, sulfuric
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acid, or lead. Another particle may contain a number of pollutants,

e.g. sulfate, nitrate, metals, dust, biological matter, etc.
* Size varies greatly. PM may be as large as visible cotton dust, his-
torically found in fabric mills. Or, PM can be tiny, submicroscopic
particles, aerosols. Indeed, it is these tiny particles — even at low
concentrations - that now pose major problems.
Other pollutants can become PM. Table 5.1 shows particulates as
a separate pollutant. However, a number of other pollutants can
be converted to particulates. In Figures 5.2 and 5.3, you saw that
gases, SO, and NOy, are converted to the aerosols, sulfate and sul-
furic acid, and nitrate and nitric acid. Such conversion to PM is
not unique. Some organic vapors, VOCs, condense into particulates.
Many hazardous air pollutants (see below) are metals, and thus are
emitted as particulates. (Elemental mercury, largely emitted as a
vapor is an exception.)

Why care about PM?

¢ Health effects. The idea of a particle seems innocuous - a tiny piece
or speck - not something to inspire alarm. The reality is different.
m Before the advent of workplace protection laws PM took a ter-
rible toll. Workers with chronic exposure to silica dust developed
silicosis. Coal miners, over their years of working, developed black-
lung disease from coal dust. Textile workers developed brown-lung
disease from cotton dust. Workers inhaling airborne asbestos devel-
oped asbestosis, lung cancer, or mesothelioma. All these diseases
are disabling or deadly. Many workers inhaled large quantities of all
sizes of particles, overwhelming their respiratory systems. ® With
less-extreme exposure, larger particles of dirt, dust, or pollen catch
in the nose, throat, or windpipe, and can be sneezed, coughed, swal-
lowed, or spat out. ® At the beginning of the twenty-first century,
it is the very tiniest of particulates that most trouble us. The US
EPA regulates particles with diameters of 10 um or less (PMyg), and
an even more dangerous category with diameters of 2.5 pm or less
(PMy5). The diameter of PM, 5 is barely one-fortieth of the width of a
human hair. Sulfate particles, and some soot and dust particles are
as small as 0.01 um. Deeply inhaled, they reach and can inflame the
lung’s alveoli (tiny air sacs where oxygen is exchanged with carbon
dioxide). The very smallest may be absorbed into the bloodstream
and exert systemic effects elsewhere in the body. The relationship
between PM,s and disease is remarkable (Box 5.5).

* Environmental effects. The health impacts of tiny particulates can
be bad, but PM also strongly contributes to the haze or smog seen
in many cities and often spreading far into rural areas. Sulfate and
sulfuric acid aerosols in US parks illustrate this. Haze has reduced
visibility in western national parks by up to 50% compared with ear-
lier years. In eastern parks, which are exposed to a greater number
of emission sources, haze has reduced visibility by 80% compared
with the 1940s. Just in the 1980s, the Shenandoah and Great Smoky
Mountains parks in Virginia and North Carolina saw a 40% increase
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in sulfate particles. Instead of blue sky, one often sees pale-white
haze or gray fog composed of dilute sulfuric acid. This increase
in sulfuric acid and sulfate hazes in the 1980s happened as sul-
fur dioxide emissions nationwide were decreasing. There is much
that we don’t yet understand. ® Beyond haze, individual particu-
lates contribute to a variety of other problems depending on what
they contain. The sulfate and sulfuric acid particulates, of course,
are a major component of acid deposition.

Box 5.5 | A relationship with cancer and death rates

Epidemiological studies continue to indicate relationships between fine-particle
pollution and death rates among sensitive individuals. Studies reported, for instance,
that more deaths from heart and lung diseases occurred in a given locale on days
with high levels of fine particles in the air; even levels in compliance with the
pre-1997 particulate standard. The fine particles believed to be most responsible,
PM,s, consist of sulfate or nitrate particles, soot, and other chemicals resulting
from burning fossil fuels in coal-burning power plants, manufacturing facilities, and
motor vehicles. You are probably not surprised that inhaled PM causes respiratory
problems. However, reputable 1990s studies reported increases in heart disease
and lung cancer after long-term exposure to PM; 5.

The strongest work supporting a lung-cancer association was reported in
2002 in the Journal of the American Medical Association®: Canadian and Ameri-
can researchers tracked 500 000 people from 1982 to 1998. They reported the
causes of all the deaths that occurred in these people over these years, and looked
at levels of PM; 5 in the air of the areas where those individuals had lived. They cor-
rected results for confounding factors including occupational exposure, age, sex,
race, smoking, drinking, obesity, type of diet (fat, vegetable, fruit, and fiber intake),
and other risk factors, and used improved statistical techniques. Their finding? Every
|0-pg increase in airborne fine particles (PM,5) per cubic meter resulted in a 6%
increase in the risk of death from heart or lung disease, and an 8% increase for lung
cancer. Risk was particularly increased in Los Angeles, but also in Chicago and New
York City, and in rural areas with coal-burning power plants. The risk was higher
among the elderly, and those already suffering from heart disease, or lung diseases
such as asthma and bronchitis. One study leader commented, “This study provides
the most definitive epidemiological evidence to date that long-term exposure to
air pollution in the United States is associated with lung cancer.”

But how could PM cause disease? For a long time particulate studies were
criticized because many particles contain more than one chemical — to which
chemical(s) do we attribute the diseases seen? The same criticism was made earlier
of relationships between second-hand tobacco smoke (among people living with a
smoker) and lung cancer. However, in both cases the particles contain a number of
carcinogens such as PAHs (see Box 5.7). In both cases, tiny particles are trapped and
retained in the lungs. However, we do need more research. Which PM chemicals
are most responsible for the effects observed? How do they promote lung cancer
and heart disease?

3 Journal of the American Medical Association, 2002.
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Sources of PM;, and PM, 5

* PM;o. The major source of PM;, is dust from farms, mines, or from
roads, unpaved and paved. PMy, also includes pollen. Only about 6%
of PM;y comes from burning fossil fuels.

* PM, 5. Conversely, most PM, 5 does originate from combustion, espe-
cially diesel motor vehicles, electric power plants, and industrial
operations such as steel mills emitting SO,. In the United States elec-
tric power plants emit about two-thirds of the SO, which becomes
sulfuric acid and sulfate aerosols that contribute to haze. ® Power
plants and other incinerators also produce fly ash, whose very fine
particles contain many metal oxides and silicon dioxide. Silicon
dioxide is found in a benign form in window glass. But silicon diox-
ide in fly ash or fine blowing sand is not benign. Fly ash particles
also hold on to dioxins formed during combustion. ® When combus-
tion is efficient, almost all organic material is converted to carbon
dioxide and water, and little particulate matter and soot is formed.
When combustion is less efficient, more particles form.

¢ Other PM sources. Although fossil-fuel combustion sources dom-
inate PM emissions, especially PM,s, there are many other PM
sources. Locales with large numbers of wood-burning stoves, which
often burn inefficiently, contribute to particle levels. Rural areas
generate airborne particles when burning biomass and from
windswept dirt, fertilizer, dried manure, or dried crop residues. Par-
ticulates in coastal areas contain high levels of chloride (sea salts),
which can corrode local buildings and monuments. Construction
sites release large amounts of dust.

Reducing PM emissions

In 1997, the US EPA set new standards for particulates at the same
time as its new standard for Os;. And, as is true with Oz, only in
2002 has the new PM standard withstood court appeals to allow its
implementation. The old PMy, standard was 50 ug/m® of air; this
standard is retained. However, to this was added a new PM standard
specific to PM, 5 of 15 pg/m?3.

But PM; 5 poses quandaries as we contemplate how to reduce it.

* Despite excellent epidemiological information on the dangers of
PM, s, major questions need answers before we can act most effec-
tively to reduce PM; 5 emissions: Example: PM; 5 contains chemicals
that are different on the US east coast compared with the west coast.
Moreover, although almost everyone believes that PM, s is respon-
sible for adverse health effects, we don’t know what component(s)
within PM, 5 is most responsible: sulfate, nitrate, elemental carbon,
carbon compounds, or metal oxides. If we determine what PM chem-
icals are most dangerous, we could design more specific controls.
This could reduce risk more efficiently and more cost-effectively
than attempting to control all fine-particulate sources.

¢ Combustion. By now it is probably clear that controlling combus-
tion sources producing PM is a major need. And remember that, as
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was the case for CO, O3, SO,, and NOy, we need to control combus-
tion sources! For Americans, this would mean committing to less-
ened dependence on fossil fuels; still an unpopular proposal. The
EU countries are focusing attention on means to reduce Oz and PM
too. When the European Union adopted its Clean Air for Europe
(CAFE) program, these two were targeted as, “the air pollutants of
greatest concern” in 2001.

Lead

Lead is described in Chapter 15 (Section II). In the 1970s, when the EPA
designated it a criteria air pollutant, lead was still added to gasoline
in the United States, incinerators were less well controlled than today,
and lead emissions in general were less well controlled. Today, most
lead emissions have been eliminated or are well controlled. Lead emis-
sions from coal-burning power plants are an exception. ® However, a
separate set of lead-related problems exist. Lead mobilized into the
environment many years ago, remains a significant pollutant today.
It is in the paint of houses built before the late 1970s, in the solder of
old water pipes, and in roadside soil contaminated with lead from car
exhaust. Leaded gasoline is still used in a number of less-developed
countries; so is leaded tableware. Recycling of lead-acid batteries in
impoverished countries remains an occupational exposure even for
children.

Questions 5.1 |

I. Under what circumstances might you be exposed to: (a) CO (b) O3 (c) PM
(d) SO, (e) NOL?

2. How is the way you are likely to be exposed to sulfuric acid and sulfate different
from your exposure to sulfur dioxide?

3. Environmental improvements can involve cost. Assume you want to convince
your employer to conserve fossil fuels as a means of lowering criteria pollu-
tant emissions. (a) Outline your arguments including non-environmental ones.
(b) Which changes could be done at no cost? (c) Which changes involve up-
front costs?

4. Your highest exposure to particulate matter; including fine particles occurs
inside your home. Does this mean we can lessen our emphasis on regulating
particulates in outside air! Explain.

Box 5.6 | A criteria pollutants update

If we add together the emissions of all six criteria air pollutants, the EPA tells us that,
between 1970 and 2000, US emissions fell by about 29%. This occurred despite the
fact that over those 30 years, energy consumption (a major cause of air pollution)
increased by 45%, and the number of miles Americans traveled in motor vehicles
(another major source of air pollution) increased by 143%. The picture is different
if we examine emissions of individual criteria pollutants.
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® Emissions of CO, SO,, PM, and lead did drop significantly between 1970 and
2000; so did the volatile organic chemicals (VOCs), which are precursors of
ground-level Os.

* However, nitrogen oxide emissions grew 20% over that 30-year period, with half of
the increase in the 1990s. And, because NO, leads to ground-level O3, O3 also
increased in certain regions. The EPA attributed the increased Os levels largely
to NOx emissions from fossil-fuel-fired power plants and motor vehicles.

Regulators usually consider pollutants one by one. An exception was the EPA's
1997 issuance of simultaneous new standards for ground-level O; and PM. The
US Congress has also recently looked at strategies to further reduce emissions
simultaneously of SO,, NO, mercury, and even CO,. Mercury emissions are the
hardest to control because mercury is such a tiny proportion of the total stream
coming from a coal-burning power plant. European countries are even more serious
about developing a strategy to control pollutants as a group, SO, ammonia, PM,
and the O3 precursors, NO, and VOCs.

Questions 5.2 |

I. What criteria air pollutant(s) would be of immediate concern to you in the
following instances? Explain your answers. (a) You are a garage attendant or a
traffic officer in a large city. (b) Air pollution from a nearby urban center reaches
your farm. (c) A truck is parked near an air intake of the motel where you are
spending the night. Because the truck contains perishables, its motor was left
idling. (d) You are a park ranger in the Great Smoky Mountain National Park.

2. What have you learned about ozone and particulates that made it reasonable
for them to be considered together when new standards were set?

3. Consider: ‘The more the population grows, the more the rights of the common
will impinge on the rights of the individual.” How is this statement relevant to
regulating motor-vehicle emissions?

Volatile organic chemicals

A great many organic chemicals are volatile; that is, they can evap-
orate. These fall into the category of “volatile organic chemicals”

(VOCs).*

Why care about VOCs?

VOCs contribute to the formation of ground-level ozone. And VOCs all
by themselves can have adverse effects: many drivers and pedestrians
develop headaches and other symptoms if heavily exposed to volatile
hydrocarbons in motor vehicle exhausts. Sensitive individuals may

4 VOCs in city air often just refer to the volatile hydrocarbons (chemicals containing
only carbon and hydrogen), which are emitted in large quantities in motor-vehicle
exhausts. However, many VOCs contain other elements too: oxygen, nitrogen, sulfur,

and others.
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react with attacks of asthma or other respiratory problems. But ozone
and other air pollutants also contribute to people feeling ill around
heavy traffic.

VOC sources

¢ Combustion sources. Recall that hydrocarbons are the most com-
mon VOCs. Motor vehicles are the largest source of VOCs; they emit
up to half of all VOCs in the United States. Look again at Box 1.2:
inefficient internal combustion engines burn hydrocarbons ineffi-
ciently, and large amounts are emitted as incomplete products of
combustion. Hydrocarbons also evaporate as gas tanks are filled, and
when vehicles are running, idling, or cooling. Combustion engines
are pervasive, used not only in cars, trucks, and buses, but also
in airplanes, construction, farm and forestry equipment, gasoline-
powered lawn and garden equipment.

* Non-combustion sources. Petroleum refineries, chemical plants and
electric power plants can be important local sources, but compared
with the VOC emissions of motor vehicles, these are small sources.
Other non-combustion sources include a great variety of facili-
ties including gasoline stations, vehicle maintenance shops, paint
and print shops, dry-cleaners, wood-drying or wood-painting opera-
tions, even freshly painted houses. ® Restaurants and bakeries emit
pleasant-smelling VOCs, but large bakeries emit large amounts of
ethanol formed by the action of yeast. m Sewage-treatment plants
and composting operations emit VOCs too, often with objectionable
odors.

e Natural sources. Trees and plants are a large natural source of hydro-
carbons, especially in hot weather. Trees may be a significant source,
even in large cities. In Maine, a heavily forested state, trees pro-
duce more than 90% of the state’s VOCs. Among the many volatile
compounds emitted by trees are the terpenes, responsible for the
smell of pine trees. Pleasant smelling though they are, they can con-
tribute to ozone formation. However . . . trees do not emit the NOy
that interacts with VOCs to form ozone. Although natural VOCs are
not themselves a problem, they must be included in any strategy to
reduce ozone formation.

* Homes and offices. Although we don’t produce large amounts of
VOCs in homes or offices, they can be a large source of human
exposure. Paints, solvents, charcoal broiler starters, aerosol sprays,
even deodorants and cosmetics all expose us to VOCs (Chapter 17).

Reducing VOC emissions

By 1985, VOC emissions had dropped about 30% compared with
1970 in the United States. This was presumably due to regulations
enacted in the 1970 Clean Air Act (CAA) and its 1977 amendments.
In 1990, CAA amendments mandated further reductions in motor-
vehicle emissions. Regions of the United States with the worst air
pollution had to commit to a 15% reduction in urban smog by 1996.
Southern California has been especially aggressive in reducing not
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just VOC emissions from motor vehicles, but all vehicle pollutants.
This state took measures that included switching to less-polluting
fuels, and mandating that motor-vehicle manufacturers sell specified
numbers of low-polluting or zero-polluting vehicles. ® Other locales
have taken actions such as highway lanes that can be used only by
vehicles carrying more than one passenger, or tolls paid only by those
who drive in peak-traffic hours. Sometimes employers pay employees
to take alternative forms of transportation to work. Chapter 13 has
more information on reducing motor-vehicle emissions.

Questions 5.3 |

The EPA reports that nearly 200 million tons (181 million tonnes) of five criteria air
pollutants (sulfur dioxide, nitrogen dioxide, carbon monoxide, lead, and particulate
matter) plus VOCs were emitted in the United States in [997.

I. Ozone is a criteria pollutant — why wasn't this serious pollutant on this list?

2. Which of these five pollutants can be deposited into water and land?

3. What chemical changes must sulfur dioxide and nitrogen oxides undergo before
they can be deposited into water and soil?

4. What happens to the large amounts of carbon monoxide that we emit to the
environment?

5. What is the eventual fate of most VOCs in the environment? Hint. See
Chapter |.

SECTION I
Hazardous air pollutants

As is true of the term criteria air pollutants, legislation was the
source of the term “hazardous air pollutants” (HAPs). Commonly
called “toxic air pollutants,” HAPs include 188 chemicals specified as
hazardous in the 1990 US Clean Air Act Amendments; see examples in
Table 5.4. Many additional chemicals could qualify as HAPs, but these
188 had a high priority.> HAPs are not unique to the United States.
They are pollutants that might occur almost anywhere in the world.
About 70% of HAPs are also VOCs; that is, volatile organic chemicals,
whereas many others are metals. ® Do not conclude that hazardous air
pollutants pose greater problems than do criteria air pollutants. Cri-
teria pollutants are hazardous too, and they are produced in much
larger quantities typically than are HAPs.

Sources of HAPs and their adverse effects
The specific adverse effects of a particular HAP depend upon its intrin-
sic toxicity, and the amount to which a human, animal, or plant is

5 You may remember the Toxic Release Inventory, TRI from Chapter 2. Many of the 188
HAPs are also TRI chemicals. The emissions of such HAPs must be reported yearly.
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exposed. It is not feasible to consider all HAPs individually, so only
examples are given here. Benzene is a high-production chemical with
many uses. One use is as an anti-knock agent in gasoline. Benzene can
irritate the skin and eyes, cause headaches and dizziness. At the high
levels once found in some workplaces, it was associated with leukemia
and aplastic anemia. Benzene is found anywhere that gasoline is used:
around motor vehicles, lawnmowers, and other equipment. Benzene
is also present in cigarette smoke. Of all the HAPs, benzene is one
of the most common. Exposure to benzene can be nearly ubiquitous.
Formaldehyde is another high-production HAP. It is released from facto-
ries that manufacture furniture or pressed wood products. Formalde-
hyde can irritate the eyes and lungs. At high doses it is an animal
carcinogen. Some people develop severe allergies to formaldehyde.
Chloroform was used as an anesthetic for 100 years before its abil-
ity to cause liver damage was fully appreciated. It can also be toxic
to the kidney and, at high concentrations, is an animal carcino-
gen. Chloroform is released from sewage-treatment plants, from pulp-
bleaching facilities, and other facilities that use chlorine-containing
chemicals. Cadmium is highly toxic and bioaccumulates in plants,
shellfish, and animal kidneys and liver. It is a metal HAP emitted
by metal-refining facilities and by manufacturing facilities that make
cadmium-containing products. Incinerators emit cadmium in small
amounts; so do facilities that burn fossil fuels. Mercury is a neuro-
toxin. It is a metal HAP, and the only metal that is liquid. Mercury
is especially toxic after bacteria convert it to methylmercury, which
biomagnifies in the food web; see also Table 5.4.

Other HAP concerns

An individual HAP poses the most concern at or near its point of
emission. However, wind currents can carry the HAPs far from their
sources. ® Chloroform emissions are important only near the facili-
ties that use chlorine-containing chemicals, such as municipal waste-
water-treatment or pulp-bleaching facilities. ® Several HAPs - benzene
is a major case — are more widespread. Each benzene source may be
local, but sources are ubiquitous. ® Metal HAPs pose special prob-
lems because they are persistent. Metals have built up in soil and
sediment in certain locations. And, because every motor vehicle that
burns gasoline emits HAPs, there are many millions of small metal-
emitting sources. On a larger scale, every fossil-fuel-burning power
plant, and many industrial facilities, emit metals. ® The greatest
source of human exposure to HAPs such as benzene, formaldehyde,
and a number of others, is often in our own homes (Chapter 17).

Reducing HAP emissions

Recall that each criteria air pollutant has an ambient air standard set
for it, a standard that is based on its risk. However, setting standards
is both time and money consuming, and by 1990 standards had not
been set for many of the HAPs considered to be of high risk. As an
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Table 5.4 | Examples of federally regulated hazardous air pollutants in the United States®

Pollutant Representative sources or uses
Organic

|. Benzene I. Gasoline, cigarette smoke

2. Toluene 2. Gasoline, vehicle exhaust, smoking, paints

3. Ethylene glycol 3. Automobile antifreeze, brake fluid

4. Methanol 4. Windshield antifreeze, solvent

5. Chloroform 5. Formed during water chlorination

6. Methyl bromide 6. Fumigant

7. Formaldehyde 7. Particle-board and plywood, insulation, cosmetics

8. Parathion 8. Insecticide

9. Styrene 9. Manufacturing plastics, rubbers, adhesives, and cushions
10. Vinyl chloride 10. Manufacture of plastics, new automobile interiors
I'l. PAHs ['l. See Box 5.7
Inorganic

Asbestos (fibrous mineral)

Once widely used to fireproof materials

Metals

I. Arsenic (metalloid) [. Mining and smelting operations, glass making, petroleum refining,
metal alloys

2. Cadmium 2. Electroplating, NiCad batteries, pigment and plastic stabilizer

3. Chromium 3. Electroplating (vehicle parts, bathroom fixtures), chemical catalyst

4. Mercury 4. Mercury measuring devices such as thermometers, also lamps,
dental amalgams

5. Nickel 5. Electroplating, in alloys, chemical catalyst

%For a complete list see http:/[www.epa.gov/ttn/atw/188polls.html the US EPA’s original list of hazardous

air pollutants.

alternative to ambient air standards, the US 1990 Clean Air Act
Amendments mandated “maximum available control technology”
(MACT) to reduce HAP emissions from individual facilities. In the
future, as more information on actual risk becomes available, emis-
sions of some HAPs may be further restricted. There are other ways
to reduce HAP emissions other than by regulation. m Before 1990,
more than 1000 companies engaged in a voluntary program to reduce
emissions of 17 HAPs produced in large quantities or that posed spe-
cial risks. @ HAPs are among the chemical emissions that must be
reported on the Toxic Release Inventory. Such public declarations have
led many facilities to work harder to reduce their emissions levels.

Box 5.7 | The ubiquitous PAHs

Like carbon monoxide, PAHs are products of incomplete combustion (Box |.2).
However, chemically, a polycyclic aromatic hydrocarbon (PAH) differs greatly from
carbon monoxide, which is a simple albeit very toxic molecule. PAHs are polycyclic
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(“many ringed”) hydrocarbons. They cling to sediments and soil, are difficult to

degrade, can bioaccumulate in fat, and are toxic; that is, they are persistent, bioac-
cumulative, and toxic (PBT, Chapter [4).

Toxicity. When breathed into the lung as fine particulates, PAHs can cause res-
piratory distress. Several PAHs are known human carcinogens; among these,
benzopyrene is the strongest carcinogen. Recall (Chapter 4) that an excess risk
of no greater than one in a million (or | in 100000) is a goal for exposure to
carcinogens. However, even rural soils (away from major highways) sometimes
pose an excess risk close to one in a million, and PAH levels in urban soils pose a
100 to 1000 times greater risk still. Fortunately, PAHs are often not bioavailable;
that is, they can be detected in soil, but bind so firmly that even if the soil is
ingested, absorption is limited.

Sources. More than 4 million tons (3.6 million tonnes) of PAHs are emitted
into US air each year. They are a byproduct of combustion found anywhere that
carbon-containing material is burned: wood, fossil fuel, plastic, cotton, a browned
oven roast, or charcoal-grilled food. Natural sources include forest and grass fires
and volcanic eruptions, and the natural components of petroleum. But it is coal
burning and motor-vehicle exhausts that greatly increase environmental levels.
Burning of agricultural wastes and wood burning are also significant in some
locales.

Exposure. Airborne PAH particulates settle into water. There, concentrated in
sediment, PAHs are protected from the sunlight and warmth that could help
destroy them. Airborne PAHSs also settle onto soil, food crops, and other veg-
etation. In homes with cigarette smokers, tobacco is a primary route of PAH
exposure. Otherwise, foods are the route of 90% of human exposure, espe-
cially leafy vegetables and unrefined grains. We also ingest PAHs when eating
charcoal-grilled foods and browned, especially very brown, meats, baked goods,
and toast. Smoking one or more packets of cigarettes a day can double, in some
cases quintuple, a person’s PAH exposure.

Reductions. PAHSs are particulates, so proper controls can capture a large por
tion of their emissions from, for example, fossil-fuel-burning facilities. Pollution
prevention (P?), reducing the amount of PAHs formed, is superior to controlling
emissions of PAHs once they are formed. P? is promoted by using conditions that
promote efficient burning. Becoming less dependent on fossil fuels is another P
approach. See http://atsdr|.atsdr.cdc.gov/tfacts69.html.

Questions 5.4 |

Before answering these questions, make sure you remember the difference
between criteria air pollutants and hazardous air pollutants.

What actions can you take within your household to lower your PAH exposure?

2. (a) What if the 188 hazardous (toxic) air pollutants were called the risky

air pollutants — how would the meaning change? (b) Consider the chemicals
reported on the Toxic Release Inventory —what if it was called the Risky Release
Inventory?
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3. (@) What are several hazardous (toxic) air pollutants that may be emitted in
your community? (b) Examine Table 5.4. To your knowledge, are any of these
pollutants released in your community? If so which, and what is the source of
the emissions? (c) To your knowledge, are you exposed to any of these, and
how? (d) See the EPA’'s complete list of HAPs at: http://www.epa.gov/ttn/atw/
[ 88polls.html. Do you recognize any of these (in addition to those in Table 5.4)?
If so, do you know their sources?

4. Burning gasoline in 200 million motor vehicles is the single largest source
of ambient air pollution in the United States. Motor vehicles consume over
half of petroleum used in the United States, and consume large quantities
in other countries. It is also a national security issue. (a) Does this knowl-
edge increase the likelihood that you might think carefully about fuel economy
when you buy a motor vehicle, drive, and maintain it? Why? (b) If knowl-
edge alone is not enough, what might change your behavior? (c) Under what
circumstances do you now walk, take public transportation, or ride a bike?
(d) Under what circumstances would you be willing to use these options more
often?

5. (a) Social critics observe that the US regulates pollutant emissions and encour
ages P2, but remains blind to the root causes of environmental damage, i.e.,
growing population and growing consumption. Do you agree! Explain. (b) Do
you believe that we could lower our consumption while still maintaining what
you personally would consider good living standards? Explain.

6. VOCs plus four criteria pollutants (carbon monoxide, sulfur dioxide, nitro-
gen oxides, particulates) account for about 98% of all air pollution. Fossil-fuel
combustion is a major source of all five. (2) Assume that you believe that
society should do more than it does now to reduce fossil-fuel dependence.
What are three steps that should be taken? (b) What are three steps that
you as an individual would be willing to take to reduce dependence on fossil
fuels?

Europe

Details differ, but the European Union and other European coun-
tries have the same air pollutants and pollution problems as does
the United States. These include: the effects on human health of
smog and particulates, ozone damage to vegetation almost every-
where in Europe, and continuing acid deposition causing damage
to soils, trees, and waters. ® In late 1999 many European countries
adopted a cooperative protocol to address these pollutants aggres-
sively under the UN Convention on Long-Range Transboundary Air
Pollution. This protocol was described as the “most sophisticated envi-
ronmental agreement ever negotiated.” Each country signing on was
assigned ceilings on its emissions of sulfur dioxide, nitrogen oxides,
volatile organic pollutants, and ammonia. The ceiling for each pollu-
tant was individualized to the circumstances of each country. Coun-
tries are expected to reach the reductions assigned to them by 2010. By
that year the 15 countries of the European Union as a whole expect
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PO RN Carbon monoxide observed instrumentally from space. Carbon monoxide
is the especially dark clouds traveling over the South American and African continents
(30 October, 2000). Source: NASA Visible Earth web site (http://visibleearth.nasa.gov/
Sensors/Terra/MOPITT)

a 63% cut in sulfur dioxide emissions, and a 40% cut for nitrogen
oxides, VOCs, and ammonia.

SECTION I
Pollution from space

Carbon monoxide and smoke

To detect a pollutant such as carbon monoxide from space requires
instrumentation. But some pollution, such as devastating fires or dust
storms, can be directly observed from space.

Instrumental observation

“A spacecraft has captured the most complete picture yet of global
air pollution.” The NASA spacecraft, Terra began taking pictures of
carbon monoxide from space in 1999 using MOPITT (measurements
of pollution in the troposphere) instrumentation. MOPITT can visu-
alize clouds of carbon monoxide traveling across the Earth’s surface
(Figure 5.4). It observes carbon monoxide 2 miles above the Earth’s
surface. From there, carbon monoxide rises to higher altitudes and
continues traveling with wind currents. Under different meteorolog-
ical conditions carbon monoxide sinks to the Earth’s surface adding
to ground-level pollution. Carbon monoxide is the only combustion
pollutant that MOPITT can detect, but carbon monoxide serves as a
tracer for nitrogen oxides and other combustion pollutants produced
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at the same time. MOPITT can observe emissions from a city, but
cannot precisely pinpoint the source. MOPITT more clearly observes
the enormous carbon monoxide clouds produced by forest and grass-
land fires in Africa and South America. These clouds travel across the
southern hemisphere, as far as Australia, during the dry season.
MOPITT also picks up other carbon monoxide sources and follows
their travel patterns around the Earth. Because MOPITT can follow
the pathways of pollutants and determine their concentrations, it is
useful for mapping pollution around the globe and is expected to be
helpful in setting international environmental policy.

Direct observation

Some fires and smoke clouds can be directly observed from an orbit-
ing satellite. One set of mammoth fires that were observed occurred
in 1997 in Indonesia’s rain forests. These fires were described as a
planetary disaster, “one of the most broad-ranging environmental
disasters of the century.” The fires were started deliberately as a
means of clearing rain forests so that plantations of rubber, palm oil,
rice, and timber could be planted. For weeks, a smoky haze fell over
not just Indonesia, but Malaysia, Singapore, Thailand, Brunei, and
Australia. Smoke aggravated or caused lung and other health prob-
lems. Factories and schools closed. Shipping was disrupted and air-
ports closed. Crop yields fell as a perpetual twilight haze settled over
the region. The damage was calculated at $6 billion, quite aside from
long-term environmental and health damage, and the displacement
of the forests’ indigenous peoples and animals. Despite the world’s
appalled reaction to these fires, they happened again in 1999. Mam-
moth fires are not unique to Indonesia; they have occurred elsewhere
too, especially in the Amazon rain forests.

Investigating the larger picture

The ability to observe carbon monoxide, smoke and dust from space
is impressive. However, it has taken much effort to trace the origins,
routes of travel, and environmental impacts of these and other trav-
eling pollutant clouds.

* One question: What is the origin of pollutants, especially nitrogen
oxides, that lead to smog in the New England States? Much nitrogen
oxide was traced back to the US mid-west.

* Another question: Can the precursors of acid deposition arising in
the eastern United States cross the Atlantic Ocean to reach Western
Europe? The answer is yes. Whether the amounts transported are
enough to significantly increase acid deposition in Europe is not
yet known.

¢ What is the origin of the wintertime haze seen in the Arctic? This
massive haze of metals and other particulates covers an area equiv-
alent to 9% of the Earth’s surface. It was traced to industrial emis-
sions in Europe and Asia.
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Struggling to understand the journeys of windborne pollutants,
researchers ask increasingly complex questions. International teams
work from aircraft, ships, ground-based stations, and satellites. Using
increasingly sophisticated instruments, scientists follow pollution
over Asia, Africa, Europe, North and South America, Australia, and
Antarctica. The data gathered allows them to slowly piece together
logical pictures of pollutant movement with the wind. The final
destination of a traveling pollutant varies with seasonal storm condi-
tions, and with the winds prevailing at different times of the year.

Mammoth quantities of particulate matter

Giant dust storms

Amounts of wind-transported pollutants range from very small to
momentous. ® One that is momentous is the great yellow clouds -
these are observable from space too - created by giant dust storms
(sand storms) in Mongolia’s and China’s growing Gobi Desert. Tracing
this dust over thousands of miles, we see it carried across the Pacific
Ocean to the United States. There, after crossing San Francisco on the
western US coast, it moves east to Colorado. After one large Gobi storm
in 2001, the dust reaching Boulder, Colorado reduced sunlight over
the city by about 25% before moving onward in a path to the east.
This dramatic effect occurred although the dust had, by the time
it reached Boulder been traveling for over a week over the Pacific,
spreading out and being diluted as it went. See Box 5.8.

TRAVELING DUST AND DISEASE

Think about another pollutant, dust originating in the African desert.
This is blown across the Atlantic to the Caribbean Islands and to
Florida. On some Miami summer days, the dust contributes upwards
of 100 micrograms of particulates per cubic meter. Now, consider that
the US EPA standard for fine particles (PMy) is 15 pg/m?® over a 24-
hour period (or a 150 maximum for any single hour). Policy makers
are taking notice of this pollution from afar, and gleaning data from
scientists that may be useful in the future when setting air standards.
m Strikingly, these traveling dust storms carry bacteria and fungi,
some infectious. It is possible in the Caribbean to culture pathogenic
bacteria, viruses, and fungi blown in from Africa. Much higher num-
bers of infectious agents were found on days when large quantities
of dust blew in from Africa than on days bringing little dust. Coral
researchers were able to link a fungus blown in from Africa to a
major disease of the Caribbean Sea Fan. And fungal spores, trans-
ported from Cameroon in West Africa into the Caribbean’s Domini-
can Republic, “almost certainly” caused rust disease in sugarcane,
devastating that industry for a time. Two researchers, Brown and
Hovmoller note, “. .. plant quarantine has restricted the movement of
many pathogens, but it has not halted those that cause such destruc-
tive diseases.” That, of course, is true because we cannot halt the wind-
borne dispersal of these pathogens. ® If these dust storms worsen, they
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may also carry significant amounts of chemical pollutants especially
metals.

Why are dust storms increasing?

The answer includes both natural events and human activities.
Intercontinental transport of dust storms has existed since time
immemorial, but has worsened as human actions have aggravated
the growth of deserts from which so much dust blows.

DRIED-UP WATER BODIES

Northern Africa’s Lake Chad was once as large as Lake Erie in North
America, but 50 years of drought combined with over-pumping of
Chad’s water for irrigation has resulted in a lake only 5% as large
as in 1960. Moreover, Chad’s now dry bed is “pumping dust every-
where, all year long, almost every day,” to, depending on the season,
Europe, the United States, and elsewhere. ® The Aral Sea bordering
Kazakhstan and Karakalpakstan was the world’s fourth largest water
body until the Soviets diverted its waters for farm irrigation. Now a
huge portion of the lakebed is exposed to the wind. ® In the State
of California, 100 years ago, Owens Lake was the size of the Sea of
Galilee. Then, its waters were diverted for use in Los Angeles. Owens
Lake dried up exposing many thousands of hectares of salty silt, now
itis “the biggest single dust source in the United States,” and is greatly
polluting nearby cities.

DESERTIFICATION

Another major cause of dust and sand storms is growing deserts
(desertification) — these have become a major and urgent world issue.
Desertification already affects nearly 1 billion people, and over 41%
of the Earth’s land area. The number of affected people may dou-
ble, leading not just to more dust storms, but to increasing poverty
and food insecurity. Desertification can be natural, as when it results
from a long-lasting drought. However, increasing human populations
place ever-increasing pressure on the world’s dry lands. This leads
to land misuse, including poor irrigation practices, livestock over-
grazing, over-cultivation of soils, and deforestation. A natural drought
can aggravate this situation. Desertification is most pronounced in
Africa where 65% of the agricultural land may be degraded. It is an
increasing problem in Latin America and Asia. In Mexico, 85% of the
land is threatened by desertification, a situation that is believed to
contribute to the immigration of nearly 1 million Mexicans a year to
the United States as people move off land that is becoming unusable.

Reducing desertification

The Director of the UN Environmental Program, Klaus Topfer says the
world’s response to desertification “must be equal to that demanded
by global warming, the destruction of the stratospheric-ozone layer,
and the loss of biodiversity.” Desertification is not an insoluble prob-
lem, but it does require major effort and money to set up and
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maintain anti-desertification programs. Such efforts integrate the best
of traditional agricultural practices including terracing and water
harvesting. They also include very modern techniques, such as satel-
lite imagery, to follow how well programs are working. Genetic engi-
neering of animals and crops so that they are better able to live in
these arid areas may also play an important role. When desertifica-
tion has been caused naturally by a long drought, it may be reversed
by normal rainfall over a period of time.

Box 5.8 | Pollution up close

Disastrous fires and mammoth dust storms may appear from space as “gigantic
yellow blobs.” However, living in the midst of a dust storm is different to observing
it peacefully from afar. Figure 5.5 shows the view on a Chinese street one morning
in April 2002.

Photographer Zev Levin said this dust, which arose from a Mongolian Gobi
desert storm restricted visibility to half a block.

Even in Seoul, Korea, 750 miles (1207 km) from the origin of a large Chinese
sand/dust storm, the effects are major. Author Howard French commented in a New
York Times article,® "It hid Seoul from view throughout the morning, obscuring the
sunrise just as surely as the heaviest of fogs. Clinics overflowed with patients com-
plaining of breathing problems, drugstores experienced a run on cough medicines
and face masks that supposedly filter the air. Parks and outdoor malls were nearly
empty of pedestrians.” There are major economic impacts too of a large storm —
flight cancellations and worker absenteeism. Manufacturing activities can be inter-
rupted too — the semiconductor industry greatly depends on clean conditions.
Such dust storms, “the season of yellow dust,” have come regularly to Korea in
recent years. French notes that they are “a disturbing reminder for Asians of global
interconnectedness and the perils of environmental degradation.” In Seoul, the
usual level of particulate matter is 70 ug/m?*. Korean health officials consider that
a level of 1000 pg/m? poses serious health threats. However, a recent dust storm
from China raised it to 2070 ug/m?>. The dust also carries arsenic, cadmium, and
lead. In spring 2001, the sand storms increased in intensity and frequency with
I8 storms on 45 spring days. Japan is increasingly affected, even though it is fur-
ther away. China has acknowledged the problem and is meeting with Japanese and
South Korean officials to discuss prevention.

In China itself, closer to the storm origins, the problem is greater still. The
storms originate in China’s rapidly expanding Gobi desert. From there, the dust
blows across the West Sea and reaches South Korea and Japan. Prolonged drought
is responsible for part of the Gobi desertification. But the Chinese Forestry Admin-
istration blames about two-thirds of the 2.6 million km? desertification on poor
agricultural practices and deforestation. According to China’s estimates, more than
one-quarter of its land area has become desert. The desert, which continues to
expand, is now only about |50 miles (241 km) from the capital Beijing. China’s
State Environmental Protection Administration says 90% of China’s usable natural

© French, H. W. China’s growing deserts are suffocating Korea. New York Times, Section 1,
14 April, 2002, 3.
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grasslands suffer from varying degrees of degradation. Quite aside from affecting
human health and quality of life, desertification affects food production. With its
population of |.3 billion, many believe that China will soon need to import large
quantities of grain.

Reducing dust storm severity

What is being done about this critical problem? The Xinhua News Agency says
that China has just completed the first 5 years of a process to build another Great
Wall — a green wall of trees and grasses skirting 4506 km (2800 miles) around
the 350000 km? Taklimakan desert (an area of almost 500000 km?). A forestry
official said this “gigantic project will alleviate damage from sandstorms to China,
slow down the pace of global desertification, reduce the amount of floating dust,
and accumulate experience for desert control in China and the world as a whole.”
They make projections that the buffer zone will reduce wind speeds by as much as
50% and cut sand and dust by as much as 99%. The desert encirclement will take
|0 years, and longer-range plans may take 70 years. A side-effect will be the neces-
sity of moving 180000 people now living in the area near Beijing. The government
also plans to impose strict logging bans in the Yellow and Yangtze River water-
sheds. Local governments not complying with the new rules will lose government
funding.

Questions 5.5 |

I. One Korean official said of the dust storms coming from China, “There is nothing
the Koreans can do.” How would you respond to his assessment? Explain.

2. Recall the concept of nature's services introduced in Chapter |. In addition to
blocking wind, what services do trees and grass provide?

View of a Chinese

street during a heavy dust storm.
Credit: Dr. Zev Levin, Tel Aviv
University
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SECTION IV
Air pollution in less-developed countries

Early in the twenty-first century, the World Health Organization
(WHO) attributes 3 million deaths a year to outdoor air pollution.
This figure is expected to progressively worsen unless major efforts
are taken to reduce air emissions. Cities with worsening pollution
are largely found in poor countries. Twelve of the world’s most pol-
luted cities are in Asia. Breathing the air in New Delhi is estimated
to be equivalent to smoking two packets of cigarettes a day. Burn-
ing coal is the major source of air pollution in some less-developed
countries, but as the number of motor vehicles increase, they con-
tribute an increasing proportion of the pollution. Across China and
India, emissions from coal-burning power plants and industrial facil-
ities contribute to the massive Indian Ocean haze described below.
Beijing is one city making a major effort to clean up its air, partially
stimulated to do so by the need to be ready for the 2008 Olympic
Games. Part of its effort will involve moving highly polluting facili-
ties away from Beijing. But China’s effort goes further. As described in
Chapter 6, this nation is making a major effort to lower its depen-
dence on coal.

Impacts on children

In megacities’” and many smaller cities as well, many millions of chil-
dren in the less-developed world suffer exposure to gross air pollution.
In a 1999 publication,® Drs. Devra Davis and Paulo Saldiva reported
that children in 200 cities are exposed to particulates, nitrogen diox-
ide, and sulfur dioxide at levels two to eight times greater than the
maximum that the WHO considers acceptable. Such gross air pollu-
tion impairs the respiratory system and lowers resistance to infection.
About 80% of all infections induced by pollution in these countries
occur in children under 5 years old. One reason that this happens
is that young children breathe more rapidly than adults and take in
more pollutants; other reasons were discussed in Chapter 3. Air pol-
lution is held responsible too for at least 50 million cases of chronic
cough in children under age 14 in less-developed countries. ® World-
wide, studies carried out by the WHO indicate that particulates have
the most serious health effects. Particulate matter accounts for an
estimated 460 000 deaths a year and contributes to respiratory disor-
ders in many more. Children at highest risk live in Mexican, Indian,
Chinese, Brazilian, and Iranian megacities, but smaller cities can be
highly polluted too. And “first-world” children are also sometimes
exposed to high pollutant levels. Indeed, some of the highest nitro-
gen dioxide levels in the world are found in New York, Paris, Tokyo,

7 A city with a population of 10 million or more is designated a “megacity”.
8 Davis, D. L. and Saldiva, P. Urban Air Pollution Risks to Children: A Global Environmental
Health Indicator. Washington, DC: World Resources Institute, 1999.
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and Los Angeles. Moreover, the WHO determined that fine particulate
pollution causes 7% to 10% of respiratory infections in European chil-
dren. In the most-polluted European cities, this figure was as high as
21%.

Box 5.9 | Massive pollution at sea

During the monsoon months each year, aerosols blow from China and India to
the Indian Ocean. They settle there as a brown haze, 3 km thick over an area
the size of continental United States. This massive pollution results from burning
biomass fuels (biofuels including wood, dung, and agricultural wastes), especially in
India, and from burning fossil fuels in China and India. Much originates from motor
vehicles and other petroleum-based combustion sources in Asian megacities. What
is in this haze? Organic chemicals and sulfate top the list followed by black carbon
(soot), mineral dust, fly ash, ammonium, potassium, nitrate, sea salt, and desert dust.
Carbon monoxide and other gases are also included. Burning biofuels produces an
aerosol that contains more soot. Thus, the haze is darker than that seen in Europe
or North America. The haze also overlies adjoining land areas of Asia.

The haze reduces the sunlight reaching the ocean by 10% to 15%, probably
slowing photosynthesis in ocean plankton. The atmospheric aerosols, with which
Western scientists are familia, cool the immediate environment. However, the
sooty haze absorbs sunlight more effectively. It cools the surface beneath it, but
warms the atmosphere. B This massive blanket of pollution has stimulated a major
investigation, the Indian Ocean Experiment, INDOEX. A scientific team uses air-
craft, ships, balloons, and two spacecraft (the NASA TERRA and the European
ENVISAT), each with specialized instrumentation. Researchers want to improve
their understanding of how aerosols of varying composition affect the Earth's
climate. They point to continuing population growth in Asia and increasing fuel
burning as the cause of the gigantic haze, which they fear could become worse.
“Unless international control measures are taken, air pollution . . . will continue to
grow into a global plume across the developed and the developing world.”

The emphasis of this chapter is outdoor air pollution, which can
be dismal. However, indoor air pollution, especially in impoverished
countries can be even worse (Chapter 17).

Reducing air pollution

In less-developed countries

Reducing gross pollution is a daunting task. But there are ways to
approach even mammoth problems, and steps are being taken. A few
illustrations follow.

¢ Investigators observe that even very poor countries can reduce air
pollution. Mexico City, for example, phased out lead in gasoline;
and, in the coming decade the World Bank will invest $1.1 billion
in this city to promote clean energy and transportation. China and
India are of course not oblivious to their environment, and are
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working to slowly move away from highly polluting coal to natural
gas, hydropower, solar and wind energy. Brazil’s government pro-
motes less-polluting forms of transportation and energy. A Global Ini-
tiatives program to reduce air pollution, urges cooperative projects
between governments, the private sector, and international organi-
zations to increase energy efficiency.

A World Bank report® states that urban air pollution is a leading
cause of premature deaths in Asian cities. To improve air qual-
ity, it recommends strategies to reduce emissions from the most
commonly used vehicles, those with two-stroke engines. These emit
large quantities of fine particulates, and cause an estimated 100 000
to 300000 premature deaths each year in South Asia. The Bank
believes it is not practical to totally ban two-stroke vehicles. Instead,
it suggests strategies to induce drivers to use lubricants correctly,
and to maintain vehicles regularly to reduce emissions — while also
saving money. The report also urges governments to adopt a policy
encouraging a switch to less-polluting four-stroke engines.

China recognizes that its cities have some of the world’s worst
air pollution, and is working with the UN Development Program
(UNDP) to lessen the pollution. Five cities, Beijing, Guangzhou,
Xian, Guiyang, and Benxi are implementing UNDP recommenda-
tions, and hope that results will set good examples for the rest
of China. ® One UNDP recommendation was to reduce the use of
high-sulfur fuel. This would reduce urban air pollution and reduce
the acid rain impacting crop productivity outside the cities. UNDP
urged that fuel prices reflect the true costs of their use including
pollution, and that electricity prices reflect the costs of pollution
control at power plants. UNDP also called for strong law enforce-
ment to reduce industrial pollution, including expensive fines.

As part of a 5-year plan, China also pledged, by means of legislation
and more investment, to cut gross pollution by 10% by 2005. It
believes, however, that environmental protection must be balanced
by economic progress to pay for the needed technology.

An active citizenry is an important means of promoting environ-
mental stewardship. The problems of severe air and water pollution,
land degradation, and hazardous waste are too great to leave only to
the government. Although small in number compared to Western
countries, China has an increasing number of environmental orga-
nizations. Previously, if pollution from a factory became unbear-
able, people might, in the darkness of night destroy it. For this
and other reasons, China’s government concluded that the better
course was to allow legal organizations to promote environmental
stewardship. Women’s and student groups are also getting involved.
At least one Chinese organization takes badly polluting facilities to
court, forcing them to compensate those that they harmed. Other

9

Kogima, M. and Lovei, M. 2001. Coordinating Transport, Environment, and Energy
Policies for Urban Air Quality Management. World Bank Perspectives. http:/[www.giteweb.
org/csd/masami.pdf (accessed January, 2004).
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organizations collaborate with foreign organizations such as the US
Environmental Defense to learn more about tools to help reduce
pollution and environmental degradation. Others emphasize envi-
ronmental education, recycling and conservation. However, it is
reported that citizens’ organizations must be careful not to offend
the government or environmental agencies. ® For its part, India
is reported to have 250000 citizens’ organizations and grassroots
movements working on environmental and other issues. ® Citizens
in an increasing number of other countries are also becoming more
involved in environmental action. However, in countries with cor-
rupt governments, citizens taking action place themselves in danger
of retaliation.

Reducing pollution in Eastern Europe

An outside source of motivation sometimes stimulates environmen-
tal clean-up. Many Eastern European countries want to join the Euro-
pean Union (EU). However, to do so, they must have environmental
laws equivalent to EU countries. The “Black Triangle” is a region over-
lapping the borders of Poland, the Czech Republic, and Germany. Its
notorious air pollution led to the name “Black Triangle.” These coun-
tries began reducing emissions in various ways including shutting
down many old factories and power plants. Between 1989 and 1999
sulfur dioxide emissions decreased by 92%, nitrogen oxide emissions
by 80%, and total particulates by 96%. This happened at the same
time as road traffic greatly increased. The region now has air quality
comparable to the rest of the European Union.

Reducing transboundary pollution
International treaties and agreements partially control transbound-
ary air pollution.

¢ Canada and the United States have agreements on a number
of shared pollutants. Limiting movement of acid rain pollutants
between the two countries is one of these.

* Many treaties are developed under the aegis of the UN Environmen-
tal Program (UNEP). European countries adopted a protocol in 1999
(part of the Convention on Long-Range Transboundary Air Pollution)
expected to result in major emission cuts for sulfur dioxide, nitro-
gen oxides, VOCs, and ammonia by 2010. The 15 EU countries typ-
ically have strict emission standards. Additional countries joining
the European Union must meet the same standards, so increasing
the area within which pollutants are well controlled.

* Many other nations are also parties to environmental treaties. The
most recent, the Persistant Organic Pollutants (POPs) treaty, bans
or severely limits 12 persistent, bioaccumulative, and toxic organic
pollutants. Others agreements include the Montreal Protocol on
substances responsible for depleting the stratospheric-ozone layer,
and the Kyoto Protocol to reduce greenhouse gases. Some treaties
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provide technical assistance and money to poor countries to enable
them to live up to the agreements.

* As time passes, the international community must deal with
increasingly complex issues. Think about the implications if the
dense layer of pollution overlying the Indian Ocean continues to
spread, or if the international dust storms discussed above worsen.

Questions 5.6 |

|. Because pollutants can be transported into a country, future policy makers may
need (depending on how much pollutant is imported) to set different ambient air
standards for different locales rather than using one nationwide standard. (a) What
else should countries do if pollution at distant sites continues to worsen? (b) What
responsibility does an impoverished nation have to control pollution originating
within its borders? (c) What responsibility do wealthy nations have to assist them?
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Chapter 6

Acidic deposition

“A thing is right when it tends to preserve the
integrity, stability, and beauty of the biotic community.
It is wrong when it tends otherwise.”

(Aldo Leopold)

David Nyhan of the Boston Globe described how air pollution is linked
to global change, “Wind, rain and radioactivity do not stop at the bor-
der for passport control, but go where they will. Pollution? Coming
soon to a place near you . . . Were all down-winders now.” You have
already encountered traveling pollutants in this text: radioactive sub-
stances from the Chernobyl explosion, persistent organic pollutants
traveling to the Arctic, mammoth dust storms from Africa and Asia
reaching North America, and smoke from giant fires. This chapter
focuses on another major category of traveling pollutants: acidic sub-
stances and their precursors. It asks what happens after acids deposit
from air onto Earth and water, as happens in many regions around
the world. In this chapter, Section I identifies the major pollutants
responsible for acid deposition, and describes how they are formed. It
overviews a half-a-billion-dollar study carried out in the United States
to better understand acid deposition. Section II examines the adverse
effects of acid deposition on water and aquatic life, and on forests
and their soils. Section III looks at emission sources of acid-forming
pollutants, and how to reduce emissions. Section IV moves on to inter-
national issues around the subject of acid deposition.

Box 6.1 | Atmospheric deposition

Atmospheric deposition is a phenomenon in which airborne chemicals or
particles — be they acids, metals, organic chemicals, microbes, or pollens — are
deposited from air onto land and water. Acids are among the many atmospheric
pollutants deposited. Rain can wash them out, and particulate pollutants can settle
out during dry conditions. An example follows. There is no record that DDT or
PCBs were used in the forests of New Hampshire, but both are found in soils
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there, presumably airborne from other locations. Supporting this interpretation is
the fact that their concentrations are higher at higher elevations than lower ele-
vations, especially on slopes facing the prevailing winds. The amounts deposited
do not appear to threaten forest health. Unfortunately, and this is often true of
acid deposition, damaging quantities of air pollutants can be deposited around the
world.

SECTION |
Acid pollutants

Sulfur dioxide (SO;) and nitrogen oxides (NOx) are the major precur-
sors of acid deposition. After emission, these gases react with oxygen
in the atmosphere to form acid chemicals - recall Figures 5.2 and 5.3.
Then examine Figure 6.1 for man-made and natural sources of acid
precursors, their transport and transformation and, finally their pre-
cipitation and deposition onto soil and water. Sunlight increases the
rate of transformation. ® If moisture is present, these gases convert to
sulfuric and nitric acids, which deposit in rain, snow, and fog. Some-
times acidic fog directly contacts trees growing at high elevations
or in coastal regions. m In dry conditions, sulfur dioxide and nitro-
gen oxides are converted to sulfate and nitrate, which slowly settle
out by gravity. About half of acid deposition is dry. Dry deposition
is more likely to settle near emission sources. ® In minor amounts
other chemicals contribute to acid deposition. Carbon dioxide in a
moist atmosphere can convert to carbonic acid. Small amounts of
organic acids, such as formic and acetic acids, may be present in the
atmosphere too, emitted by natural processes and industrial activity.
But sulfur dioxide and nitrogen oxides present the major problem.

Background

Acid deposition was first described in 1852. In the first half of the
twentieth century, severe damage to trees and vegetation was seen
near smelters,! which often release large quantities of sulfur dioxide
from sulfurrich metal ores. Sulfur dioxide emissions from electric
power plants burning sulfur-containing fossil fuels also sometimes
damaged local vegetation and water. To protect local communities,
the 1970 US Clean Air Act required power plants and smelters to
build emission stacks 1000 ft (305 m) above ground level. The expec-
tation was that pollutants released at this height would become so
diluted in the atmosphere that they would cause no harm anywhere.
After the high stacks were built, local damage did abate, but a differ-
ent problem began to slowly emerge: stack emissions of sulfur diox-
ide and nitrogen oxides are carried away by the wind for hundreds,
sometimes many hundreds, of miles. But, in the meantime, these

1 A smelter is a facility that melts or fuses ores that contain metals in order to separate
out the metals that the ores contain.
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gases are converted to acid aerosols in the atmosphere. The aerosols
rain out or settle out onto land, water, and onto man-made materi-
als too. Compared to points of emission, these pollutants are greatly
diluted. Also, some alkaline soils continue to neutralize acid deposi-
tion over long periods. However, some naturally acidic or only weakly
alkaline soils have limited power to buffer the acid. Thus, the soil
acidifies and the acid also runs off into nearby streams and lakes.
Acid deposition is also stored in winter snow until spring snow melt
when it soaks into soil and runs off into water bodies. Acid also
falls directly into water bodies. To obtain a sense of the meaning of
acidic and pH, and how a pH that is acid can affect aquatic life, see
Box 6.2 and Figure 6.2. Between acid runoff and acid deposition
from air, water can become acidic enough to harm or kill fish and
other aquatic organisms (Figure 6.2). And, as first seen in Norway and
Germany in the 1960s, forest growth may begin to decline and trees
may die.

Box 6.2 |

The term “pH" refers to how acid or how alkaline (basic) a solution is. A pH of
7 is neutral. As pH increases above 7, a solution is increasingly alkaline. As pH
decreases below 7, it is increasingly acid. The pH scale is logarithmic, so each pH
unit represents a ten-fold change: a pH of 5 is |0 times more acid than a pH of 6.
A pH of 4 is 100 times more acid than a pH of 6. The only water that has a neutral
pH is distilled water, or water that has undergone reverse osmosis; in these cases
all other chemicals have been removed to leave pure water.
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Effect on life in water

Seven is a neutral pH

Snails and crayfish begin to die

Fish eggs do not hatch. Some fish die

5-5 Fish species such as bass and trout begin to die
May flies and frogs begin to die
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Because of naturally occurring acids in the atmosphere, the pH of rain is less
than 7. However, a pH below 5.6 is believed to indicate the influence of human
activities. Since 1965, the average annual pH of rain and snow in the northeastern
United States has been pH 4.05 to 4.4, well below 5.6. Most of the United States
east of the Mississippi River; including the southeast, experiences acid rain to varying
degrees. In a few cases, rain has been measured with a pH as low as that of vinegan,
about 3, and even as acidic as lemon juice.

The US government spent half-a-billion dollars in the 1980s on
the National Acid Precipitation Assessment Program (NAPAP). Teams
of scientists throughout the country carried out this ambitious study.
Its goal was to understand acid deposition and its effects. Many fac-
tors complicated their studies: ® Rain does not have a “normal” pH;
acidic and alkaline substances are naturally present in air and affect
the pH of rain to degrees that vary with local conditions. Rain in the
eastern United States is often naturally acidic. ® The pH of lakes and
streams also varies. Some are naturally acidic. Thus, it is important
to know the historical pH. ® It was difficult too for investigators to
decide whether acid rain was adversely affecting forests because many
stresses affect trees in addition to acid deposition. Among these are
drought, temperature extremes in winter and summer, insufficient
nutrients in the soil, insect attacks, and fungal infections. Ground-
level ozone can have a major effect. Researchers struggled with the
question of whether acid deposition was harming forests above and
beyond other stresses. ® In 1990, after 10 years of study, NAPAP inves-
tigators reported that acid deposition did have demonstrated adverse
effects. Additional information was gleaned in the years after 1990.

SECTION 1
Adverse effects
Water and aquatic life

In 1990, NAPAP reported that acid deposition had caused some US
surface waters to acidify. Fish and other aquatic life, including snails

SO WA How acid is acid
rain?
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and crustaceans, had been adversely affected in 15% of New England’s
lakes. New York’s Adirondack lakes suffered most. More than 40% of
the lakes were chronically or episodically acid, and many had no or
few fish. As a water body becomes progressively more acid, individual
fish may die, fish numbers decrease, and the number of fish species
is reduced. Surviving fish may be smaller and less able to cope. Fish
are especially stressed if excess aluminum is also present. ® In 2003,
acid deposition continues to harm water quality, making it less hab-
itable to fish and other aquatic organisms. Acid also solubilizes the
aluminum in soil, freeing it to run off into water bodies and decrease
their pH to potentially toxic levels. ® In post-1990 studies, investigators
looked at the number of fish species living in each of 1469 Adiron-
dack lakes. No fish at all lived in 346 of the most acidic lakes, lakes
that also had higher aluminum levels. In the other 1114 lakes, the
lower the pH of the lake, the lower the number of species found. In
Figure 6.3, the number of lakes at each pH range, N, is shown at the
top of the column of fish.

Forests and their soils

Forests suffer dieback and decline every 50 to 200 years; this occurs
due to a combination of stress and old age. Air pollution adds to
natural stress. Forests are damaged not only by acid deposition, but
also by ground-level ozone and heavy-metal pollution. ® In the 1980s,
NAPAP researchers saw that red spruce trees growing at high eleva-
tions in the northeastern United States were in direct contact with
acidic clouds; these trees showed a reduced tolerance to winter cold.
They concluded that this damage was the only clear adverse effect of
acid on forests, and that some tree Kkills, previously blamed on acid
rain were caused by disease. m Even then some scientists objected,
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saying that even if disease was the immediate cause of death, acid
deposition may have left trees vulnerable to disease. Diseased trees
may take many years to die. The 10-year NAPAP study may have been
too short. Analogous to chronic diseases in humans, adverse effects
in trees also may not show up for many years. ® Moreover, acid depo-
sition continued to fall after the 1990 report. And remember that
the sulfur- and nitrogen-containing acids are inorganic. Inorganic
chemicals are persistent. They continue to accumulate in soils and
waters.?

How acid causes damage

A 1996 Science article (see Driscoll et al. 2000 in Further reading)
described serious damage due to acid deposition in the Hubbard
Brook Experimental Forest in New Hampshire. Data had been col-
lected on this forest for more than 30 years, but not analyzed until
the mid-1990s. Analysis showed that the level of organically bound
calcium - a nutrient - in forest soil was only half of its 1960s level.
Meanwhile, by 1987, this forest stopped growing. Suspicion as to the
cause centered on the lost calcium. Acid deposition can deplete cal-
cium and another nutrient, magnesium, in the following way. Acid
begins to solubilize the nutrients allowing them to wash away with
rain or melting snow runoff. Rock weathering can replace calcium
and magnesium loss, but that takes many years. Meanwhile more
acid deposition promotes more calcium loss. ® To make the prob-
lem even worse, calcium and magnesium are not just nutrients. They
are “base cations” (alkaline chemicals) that help neutralize the acid.
Losing these means an even more acidic soil. ® Acid causes another
ill-effect too. The soil aluminum, which it solubilizes, can interfere
with the trees’ uptake of calcium and magnesium. And when it runs
off into water bodies, aluminum can poison aquatic life if present at
high-enough levels.

Think further. The release of acid precursors has only been lowered
not stopped, so more acid continues to fall over time. Soils in the
northeastern United States including those in New Hampshire are
often acidic or poorly buffered. The fact that the first ill-effects of acid
deposition described within the United States were in the Hubbard
Forest region was thus not surprising. However, as acid deposition
continues over time, soils basic enough to have previously buffered
the acid also begin to acidify. The better-buffered soils, such as those
in the southeastern United States, have only recently become acid
saturated; acid has begun to run off into lakes and streams in these
areas and concurrently, fish have begun to decline too.

2 Sulfur and nitrogen can also be plant nutrients. This can complicate the picture
because acid deposition may promote the growth of plants and trees growing in
sulfur- and nitrogen-poor soil. As with other nutrients, it is an excess that causes
problems (Figure 3.2). Smaller amounts may be beneficial - this is especially the case
for nutrients.
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Examine what can happen to trees as acid deposition contin-
ues to fall over time (Figure 6.4). Notice the loss of needles from
the spruce and the loss of foliage from the sugar maple; the trees
are also more readily damaged by cold weather. The H* shown in
the “raindrop” is the acid hydrogen ion. As the soil becomes acid,
the essential nutrients (calcium and magnesium) can dissolve from
soil, and be lost to rain runoff (as indicated by the lower-right arrow).
Acid can also dissolve too much aluminum from the soil; when the
trees take up an abnormal amount of aluminum, this too can cause
damage.

Other effects of acid deposition

® Acid deposition can strikingly increase the erosion rate of stone
and metal structures. Some European monuments have been badly
damaged, as have some stained-glass windows and other cultural
resources. B Acid aerosols produce hazes that reduce visibility, some-
times obviously. ® Chapter 5 has discussed the adverse health effects
of tiny aerosols on humans.

SECTION Il
Sources of acid precursors
We must consider sources of both SO, and NOy as both are major acid

precursors. Coal-burning electric power plants are a major source of
SO, and NOy in many locales in the United States and worldwide. To
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lesser extents petroleum-fired power plants also emit SO, and NOy.
And remember that motor vehicles are a major NOy source (see other
SO, and NOy sources in Chapter 5). In the United States, SO, and
NOy from large coal-burning power plants in mid-western states are
blown with prevailing northeasterly winds to New York and New Eng-
land, and also to Canada. To a lesser extent, acid pollution moves
from Canada into the United States. And acid pollutants from East-
ern Europe are transported into Scandinavia, and from China to Korea
and Japan.

Reducing acid precursor emissions

Sulfur dioxide

SO, emissions peaked in the United States at 32 million short tons
(28.9 million tonnes; 2000 1bs per short ton) in 1973. With increas-
ingly strict controls mandated by the first Clean Air Act passed in
1970, emissions fell to about 20 million tons (18.1 million tonnes) by
1998. If expectations from the 1990 Clean Air Act Amendments are
met, emissions should fall to 15 million tons (13.6 million tonnes)
in 2010. m Power plants can cut SO, emissions in several ways. One
is to burn coal with low sulfur content. Also, effective technologies
exist to capture the SO, formed. A different type of legislative tool,
emissions trading, uses market incentives: an individual utility has
a SO, emission allowance. If it emits less than its allowance, it can
sell the unused portion to a utility emitting more than its allowance.
Therefore, a facility unable or unwilling to reduce its emissions for
whatever reason buys emission rights from a low-emissions facility.
Facilities selling thus make money, those buying also believe it is to
their financial advantage, and pollution is cut overall.

Reductions in SO, were noticed by 1993. The US Geological Survey
reported that, at 9 of 33 sites monitored, precipitation was less acidic
than in 1980. Sulfate was down at 26 sites. But the pH of rain in US
northeastern states remained acid, with a pH of 4.4 in 1997, about
ten times more acid than background pH. Acid aerosols continue
to lower visibility in US national parks and in many locales around
the world; acid deposition is also a continuing problem (see below).
In 2002, EU countries began making further cuts in their emissions
of SO, and NOy too. China too has begun to lower SO, emissions.
In one project, China is cooperating with Environmental Defense, a
US environmental organization to cut SO, emissions from coal burn-
ing. China is also beginning to train environmental officials in the
emission-trading methods described above.

Nitrogen oxides
NOy is harder to control than SO,, which is formed from sulfur
present in the fuel. NOy is formed differently, by a reaction between
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atmospheric oxygen and nitrogen at high temperatures.® This is frus-
trating because it is high temperatures that otherwise increase the
efficiency of combustion. The US Clean Air Act emphasized reduc-
ing SO, emissions, while doing little about NOy. Emissions of NOy
peaked at about 25 million tons (22.7 million tonnes) in 1990, and
were still 24 million tons (21.8 million tonnes) in 1998. The 1990 CAA
Amendments called only for an additional 2 million tons (1.8 million
tonnes) reduction. ® Motor vehicles emit more NOy than do power
plants, but the US Congress has not increased the fuel efficiency of
the nation’s car fleet. NOy remains a major pollutant: it contributes
to ground-level ozone (described in Chapter 5), it is an acid deposi-
tion precursor, and contributes to the pollution of waterways with
reactive nitrogen. Meanwhile, as the population grows, the number
of motor vehicles grows too along with the increasing miles each
vehicle is driven. Because motor vehicles are the major NOy source,
emissions may increase not decrease.

The need for further cuts

Many scientists believe that existing curbs on SO, and NOy emis-
sions in the United States will permit only very slow recovery in the
most acid-sensitive environments such as Hubbard Brook. It could
take 50 to 70 years for fish and other aquatic life to recover. On the
basis of past results and future projections, these scientists believe
that the US Congress needs to cut SO, from coal-burning power
plants by another 80%. This is unlikely to happen in the near future.
Even if it did, the most sensitive environments could take 20 to 25
years to recover. Meanwhile, although further cuts in NO, emissions
are slated, NOy continues to cause damage. Effects in some loca-
tions may be irreversible. The situation may become much worse
in parts of the world that have poor controls on emissions of acid
precursors.

Questions 6.1 |

When answering questions | to 4, recall the toxicology concepts in Chapter 3.
Think about how interacting factors — chemicals and otherwise — can cause adverse
effects.

I. The sugar maple example described here may remind you of human and animal
examples described earlier; name at least one analogy between a toxic effect
on a human (or other animal) and what happens in trees. Explain.

2. Explain how reactive (bioavailable) nitrogen, which is essential to plant life, can
have adverse effects on growing trees.

3 Atmospheric nitrogen is divalent nitrogen, N, a very stable chemical. To serve as
a plant nutrient, nitrogen must be “fixed” into a nitrogen oxide compound, or into
ammonia or an organic chemical. In this text the term “reactive nitrogen” will be used
to mean fixed nitrogen, i.e., nutrient nitrogen (nitrogen in a form that is bioavailable
to plants).
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3. Explain the following statement made by Professor William Smith of Yale's
School of Forestry and Environmental Studies: “The integrity, productivity, and
value of forest and other wild systems are intimately linked to air quality. We
must elevate considerations of environmental health to the same level as con-
cerns for human heatlth.”

4. Look at Table 2.1 again. See that in 1990 the US EPA's Science Advisory Panel
rated acid deposition as a medium environmental risk (as opposed to a high or
low risk). Consider the additional information now available. How would you
now rate acid deposition? Explain.

SECTION IV
The international picture

Europe

Damage was more severe in Central and Eastern Europe than in the
United States with waters and soils suffering more than three times
greater acidification. Forest death was more obvious too. In at least
one locale, a German study indicated that the reactive (bioavailable)
nitrogen in acid deposition was a greater problem than sulfur. Reac-
tive nitrogen is often the limiting factor in tree growth with trees
absorbing and using all they receive. However, as acid deposition con-
tinued over the years, the trees could not use all the reactive nitrogen.
Many believe that excess reactive nitrogen in forest soil was responsi-
ble for the forest deaths seen in Germany. Their explanation follows.
Trees responded to the reactive nitrogen in acid deposition by grow-
ing faster than usual. Rapid growth further weakened trees already
weakened by ozone and other pollutants. The trees eventually became
unable to handle natural stresses such as weather extremes or insect
attacks. A situation similar to that at Hubbard Brook occurred with
excess acid leaching calcium and magnesium from the soil and then
being carried off by rainwater. A vicious circle begins. As the alkaline
calcium and magnesium are lost, soils are progressively less able to
neutralize acid deposition, and tree roots are damaged. This study
is relevant to the United States too where until recently, sulfur in
acid deposition was the major concern. As sulfur dioxide emissions
are controlled, albeit imperfectly, the less well controlled nitrogen
oxides pose increasing concerns.

Past agreements among European countries to curb sulfur diox-
ide and nitrogen oxide emissions led to significant emissions cuts.
One approach used was to burn a fuel with lower amounts of sul-
fur, natural gas. However, actions taken were insufficient, and acid
deposition continues to harm forests, fish, and monuments. In late
1999, European countries agreed to further cuts, not only of sulfur
dioxide and nitrogen oxides, but also of ammonia and VOCs. Nitro-
gen oxide emissions are to be cut by 40% by 2010. ® Some mem-
ber countries of the European Union, such as Norway and Sweden,
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are harmed by the transport of acid deposition blown to them from
Poland and Bulgaria. These latter two countries are among the Cen-
tral and Eastern European nations that want to join the European
Union. To become members, they must abide by EU environmental
regulations, and Scandinavian countries will be less troubled by their
emissions. Moreover, with each new country that enters the Euro-
pean Union, its borders are enlarged, thus controlling pollution over
a larger area. With increasing control, acid deposition in European
countries is expected to decrease in the coming years.

Asia

Recall the smog blanketing the Indian Ocean during monsoon
months (Chapter 5). In the summer, the smog blows back over India
and China, and it falls as acid deposition, damaging the wheat crop
in both countries. In 2002, 200 scientists reported, after a 7-year study,
that less solar radiation was reaching the Earth due to this smog; this
has a negative impact on the growth of crops and other plant life. It
has other effects too, altering rainfall and affecting human health by
increasing the incidence of respiratory diseases. Klaus Toepfer, Direc-
tor of the UN Environmental Program commented on the smog blan-
ket, “There are also global implications, not least because a pollution
parcel like this, which stretches 3 km high, can travel halfway around
the globe in a week.” These worldwide ramifications are being actively
studied.

In 2002, China mined more coal than any other country. Coal
burning furnishes 80% of its electricity - and 90% of its sulfur dioxide.
Acid deposition already damages surface water, soils, ecosystems, and
food crops over one-third of China’s land area; however, the effects are
not yet as bad as those seen in Europe and parts of North America.
Yet analysts believe that acid deposition will cause increasingly seri-
ous effects unless China and other Asian countries reduce sulfur
dioxide and nitrogen oxide emissions. China understands this and
is changing the way in which it uses coal. It is reducing subsidies for
coal production, and shutting down some heavily polluting indus-
tries. Its reliance on coal had fallen 17% by 1999, and it intends fur-
ther cuts. More recently, China began requiring electric power plants
and large industrial facilities to start capturing part of their sulfur
dioxide emissions. They intend to reduce sulfur dioxide emissions
10% by 2005, as compared with levels in 2000. The government is
also asking households to switch to gas or electricity when possible
or to use lime-containing coal briquettes that capture sulfur dioxide.
Not only does China suffer from its emissions of acid precursors, but
Korea and Japan complain about the pollution reaching them from
China. Eleven Asian nations including China are working with the
United Nations on means to lower emissions. One early step was to
set up an acid-deposition monitoring network in India, Thailand, and
Nepal. Local people, trained to measure acidity, operate monitoring
stations. Other less-developed countries are also working together to
assess the effects of acid deposition, how to lower acid emissions, and
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how to lower the transboundary movement of a country’s emissions
into other nations.
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Chapter 7

Global climate change

“We are undertaking a vast experiment with Earth'’s
climate. We're not doing it to test a hypothesis . ..
We're doing it because we can't help it. But since we
are doing it, we can at least start behaving like good
experimenters.”

Donald Kennedy, Science Editor-in-Chief

Climate change is nothing new. About 18 000 years ago, Earth was
experiencing the last of many ice ages, from which it only emerged
about 10000 years ago. More recently, between the years 1430 and
1850, portions of the Earth passed through a little ice age. The role of
greenhouse gases, especially carbon dioxide and water vapor, in warm-
ing the Earth is also ancient, and indeed has long served life on Earth
well. Figure 7.1 shows a representation of this phenomenon. Radiation
from the sun reaches and warms the Earth’s surface. In turn, Earth
emits radiant heat (infrared radiation) back toward space; part of this
radiant heat is captured by water vapor and greenhouse gases. With-
out this so-called “greenhouse effect” to trap the warmth, the Earth
could be 35°C colder than it actually is, and would not support life.
However, the twentieth century has brought greater warming beyond
that just described. It is this accelerated warming that we examine
in this chapter.

Section I notes that Earth has warmed over the twentieth cen-
tury. It looks at increased levels of greenhouse gases believed to be
responsible for the warming, and examines observations that are con-
sistent with warming including increasing ocean temperature, melt-
ing snow and ice, and rising sea levels. Section II summarizes how
global climate change is assessed using general circulation models.
It looks too at the conclusion of the Intergovernmental Panel on Cli-
mate Change that the warming is due to human actions. The question
is also posed as to whether it matters if the Earth warms. Section III
overviews the greenhouse gases and their sources. It examines the
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bon dioxide away from the atmosphere? It looks too at actions taken | globalwarming/climate/)

to reduce emissions by industries, states, and cities. Finally this sec-
tion examines the efforts of some less-developed countries to reduce
emissions.

SECTION |
A warming Earth

A large number of temperature measurements indicate that the
Earth’s average surface temperature rose about 0.75°C (about 1.3 °F)
compared with the early twentieth century. The increase has not been
smooth (Figure 7.2). It warmed noticeably from about 1910 to the
mid-1940s, leveled off, and began increasing again in the late 1970s.
The 1990s were warmest of all, and 1998 was the warmest year. The
year 2001 was the second warmest with an average temperature of
14.3°C (57.8 °F), a result arrived at on the basis of 14 000 land and sea
measurements around the world. About two-thirds of the century’s
warming has occurred in the past 25 years. In earlier years, tempera-
ture measurements were made in unsystematic locations around the
globe. For this and other reasons, there were problems in interpret-
ing the data. One major complication in trying to determine the real-
ity of warming is the “heat island” effect. Many recording stations
were in locales where cities subsequently grew up. A city, with its
paving and buildings absorbs more heat than a rural area, sometimes
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change (1880 to 2000). Source: Us | these locations. In the intensive research of recent years, tempera-
National Climatic Data Center tures were also calculated from tree rings, ice cores, other historical
(2001) data and other means. The results of several research groups using
a number of different methods consistently point to a temperature
increase this past century.

A puzzling observation results when two temperature records
from 1979 to 1994 are compared. The record shown in Figure 7.2 is
surface temperature. The other, not shown, is a satellite record, which
shows temperature hardly changing over the 15 years. However, one
might expect different records because the satellite is measuring radi-
ation 8 km above the Earth. When issues raised by stratospheric-ozone
depletion are included in the global climate change models described
below, the two records are in closer alignment.

Increasing atmospheric greenhouse gases

Even if we had not detected an increase in temperature, we would
suspect one to occur. This is because of the increasing levels of green-
house gases in the atmosphere, especially carbon dioxide (CO;), which
absorb and trap infrared radiation from the earth. In an 1896 pub-
lication, Swedish chemist Svante Arrhenius stated that the climate
would warm as we increased the amount of atmospheric CO, by burn-
ing coal: “We are evaporating our coal mines into the air.” Living
in a very cold climate, Arrhenius apparently relished the possibility.
Table 7.1 indicates the growth in greenhouse gas concentrations in
the atmosphere as compared with historic levels. A striking record of
increasing CO, concentration is seen in Figure 7.3. The see-saw effect
in the figure shows Earth’s respiration. In the cold season plants don’t
grow, or grow less, so less CO, is taken up from the atmosphere. In
the warm season the opposite is true. The ability of vegetation to
draw down CO, is vivid.
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Table 7.1 | Increasing concentrations of atmospheric greenhouse gases
Lifetime in
Historic Current Warming potential atmosphere
level level compared to CO, (years)

Carbon dioxide (CO,) 280 ppm 370 ppm? | 5-200
Methane (CH4) 700 ppb® 1720 ppb? 23 12
Nitrous oxide (N,O) 275ppb 314 ppb? 300 |14
Ozone (O3)° — — — Days/weeks
Chlorofluorocarbons 0 ppt levels 4000-8000 5-100

(CFGCs) and related

chemicals
Perfluoromethane, one of 40 ppt 80 ppt 5700 50000

the perfluorocarbons

(PFCs)
Sulfur hexafluoride (SFg)? 00!l ppt 3 ppt 22000 3200

Table is adapted from T. J. Blasing and S. Jones (http://cdiac.ornl.gov/pns/current_ghg.html)

%Values compared to the year of about 1750.

bRecall that ppb (parts per billion) is a thousand-fold lower concentration than ppm (parts per million);

ppt (parts per trillion) is a million-fold lower than ppm.
¢Ozone is a greenhouse gas, but for several reasons, it is not important to detail it here.

9Additional greenhouse gases other than those shown here exist, detected at tiny levels, but with high

warming potentials. Some also have very long lifetimes.
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Box 7.1 | Sunshine and climate change

Variation in the sun’s output of radiation may affect climate. The little ice age that
lasted until 1850 occurred when solar activity was very low. Recently, researchers
have been examining a possible correlation between an | [-year sunspot cycle
and Earth's temperature. Between [958 and 1995, Earth’'s temperature cycle
matched the sunspot cycle. However, 37 years is too short a time to make def-
inite conclusions. Nonetheless, interest in the possible role of the sun in global
climate change has been growing. Some calculate that as much as half of the
past-century’s warming could be accounted for by variations in the sun's energy
output, but no one knows. As one researcher phrased it, the sun’s true role is
ambiguous.

Ice-core studies

Analysis of gas bubbles trapped in Arctic and Antarctic ice dating as
far back as 420000 years tell us that glacial (cold) periods correlate
well with low levels of atmospheric CO, and interglacial (warm) peri-
ods with higher CO, levels. In those 420 000 years, atmospheric CO,
varied only between 180 and 280 ppm. Compare this to the present,
when CO, is 370 ppm and climbing. One group of scientists com-
mented, “We have left the domain that defined the Earth system for
the 420000 years before the Industrial Revolution.” Because few see
any immediate hope of stopping our profligate use of fossil fuels, the
goal has become to slow the CO; increase and to keep it from going
beyond about 550 ppm; this is about double the highest level before
the industrial age.

Box 7.2 | Information in ice

Ice sheets are laid down one layer of snow at a time, year after year. Similar to
tree growth rings, individual years can be discerned although over many thousands
of years layers become progressively more distorted as the weight from above
of more recent snowfalls increasingly flattens them. Scientists have painstakingly
collected ice borings to great depths from Greenland and Antarctica, and analyzed
them by a variety of instrumental techniques. The data gleaned tell us what green-
house gases, other gases, metals and dust were trapped at identifiable times in the
past. They also, because of a characteristic of the element oxygen, provide infor-
mation on temperature. Oxygen has two stable isotopes, '°O and '#O. In warm
years more of the heavier isotope 'O is found in air than in cooler years. Thus,
core air bubbles tell us how climate cycles waxed and waned over the years. Much
other information is also within the ice. The dates that Greeks and Romans most
heavily mined lead and copper are laid down in specific layers. So are the years in
which large dust storms occurred. Years when nuclear bombs were tested in the
atmosphere are also clearly seen by the radioisotopes laid down in the ice. Similar
studies can be done with ocean sediment borings, but finer detail is provided by
ice borings.
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How global warming is showing itself

Increasing ocean temperature

Climate models developed by scientists indicate that the Earth’s
oceans will warm before the Earth’s atmosphere. Previously, there
were too few temperature measurements in the ocean to verify this
projection. But oceanographers kept looking, and were delighted to
recover eventually literally millions of old measurements that had
been made by dropping temperature sensors into the sea. Some
dated back to the mid-1950s. The information was not systematically
recorded, and was stored in many different places and ways. When
these data were analyzed they indeed showed the predicted ocean
warming. Between 1955 and 1995, both the north and south Pacific
Ocean, Atlantic Ocean, and Indian Ocean all showed an average warm-
ing of 0.06 °C (0.11 °F) between the surface of the ocean and a depth
of 3000m. A 0.06°C rise seems small, but think for a moment - if
you calculate the volume of three oceans down to 3000 m, the result
is a great deal of stored heat. Indeed, researchers at the US National
Oceanic and Atmospheric Administration (NOAA) calculated that the
oceans were holding ten times more heat to date than the amount
that has been used on the Earth’s surface to warm the global atmo-
sphere and melt sea ice and glaciers. They noted that the oceans are
playing a major heat-trapping role. This is fortunate because it tends
“to steady the rest of the climate system.”

Just as the Earth’s surface temperature did not increase smoothly
over time, neither did ocean warming. An increased amount of heat
was stored in the years before each temperature rise was detected
over land - just as models had projected. A worrisome point is that
no one knows how much more heat oceans can store before surface
temperatures begin to increase more rapidly. NOAA is setting up a
new temperature-monitoring system, “Argo.” Argo spans the oceans
with 3000 free-floating packages of instruments, which are linked by
satellites. Data collected from these will create a “weather map” of
the ocean down to 1500 m.

Snow and ice are melting

In the US state of Alaska, the temperature has risen by 3°C (5.4 °F) in
the past 30 years, four times greater than the average global increase.
This increasing temperature has led to the melting of Alaskan glaciers
at what a University of Alaska research team calls an “incredible
rate,” much faster than was previously thought. A few glaciers are
exceptions in that they have gained mass. Using aircraft-carried laser
devices, researchers measured the volume of 67 Alaskan glaciers. They
compared this information with aerial photographs taken between
the 1950s and the early 1970s, and to contours of US and Canadian
topographic maps. They made calculations which yielded a surprising
result - the melting Alaskan glaciers have contributed at least 9% of
the sea-level rise seen in the twentieth century. Researchers asserted
that the glacial melting is faster than anything that has happened in
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at least ten centuries. However, it isn’t only glaciers that are melting.
People’s lives are affected. Alaska’s permafrost (permanently frozen
subsoil) is beginning to thaw. This is resulting in sagging roads, sink-
ing pipelines, and rapid multiplication of insects that feed on the
state’s spruce forest. Some trees are showing their roots as the per-
mafrost melts.

Rapid melting goes far beyond Alaska.

¢ Africa’s highest mountain is in Kenya, Mt. Kilimanjaro with its
famous “Snows of Kilamanjaro.” As compared with a 1912 survey,
82% of the icecap has melted. If current rates continue, melting
will be complete between 2010 and 2020.

* Mountain glaciers in places as far apart as Peru and Tibet are also
melting. Figure 7.4 shows Peru’s Qori Kalis. This glacier shrank
33 times faster between the years 1998 and 2000 than it did in 1963
to 1978. The bottom photograph of Figure 7.4 shows how much of
the glacier had melted and the 10-acre (4 hectare) lake formed from
the melt.

¢ In Nepal and Bhutan, 44 lakes around melting glaciers are filling
so quickly that flooding is feared within a few years.

¢ At the location of the world’s highest peak in the Himalayas, people
climbing the mountain must now walk 2 hours from base camp
before reaching the ice whereas in 1953 Sir Edmund Hillary stepped
directly onto ice from the base camp.

* Many other glaciers around the world are melting too, much more

rapidly than in earlier years.

There are exceptions - a small number of glaciers have added mass.

Also, the interior of Antarctica has cooled in recent decades. But

at the same time, the Antarctic Peninsula warmed so much (2.5°C,

4.5°F) over the last 50 years that it lost a Rhode-Island-sized chunk

of its ice shelf in 2002.

Sea levels are rising

Globally, sea levels rose 10 to 20 cm (4 to 8 in) in the twentieth cen-
tury. You can see the eating away of some shorelines that resulted
by comparing pictures of lighthouses taken a hundred years ago or
more to present pictures in which they are much closer to the water.
Today, a space-based technology is used to study these changes. A US-
French satellite has been calculating changes in sea levels since 1992.
Now a newer satellite, Jason, with better instrumentation continues
to assess rising sea levels, especially along low-lying coastlines such
as those found in certain island nations, in Bangladesh, and parts of
coastlines in other countries. One billion people would face home-
lessness if the sea rose 1 m. In Bangladesh alone, a 1 m rise would
displace 15 to 20 million people. According to a researcher at the
United Kingdom’s Hadley Climate Centre, “The sea-level rise in the
last 100 years was about 10 times faster compared with the average
growth over the last 3000 years.” Some scientists believe that part of
the increased sea level is natural, due perhaps to changes in land
movement. Increasing water temperature increases sea level in two
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ways: (1) as water warms it expands to take up more space; (2) as ice
melts there is an increase in the amount of water in the oceans.

SECTION I
Assessing global climate change

Analysis of change

Each of the issues just discussed was investigated using scientific
instrumentation from space, air, Earth, and sea. However, we need
a method to pull all this relevant information together into a usable
picture that will allow us to see climate holistically, and use it to
provide future climate projections. For this, scientists use computer
models. General circulation models (GCMs) are used to project future cli-
mate. These models project a warming of between 1.4 and 5.8 °C (2.5 to

AW RN Qori Kalis glacier
flowing from Peruvian mountains.
Top photo, 1978; bottom photo,
2000. Credit: Dr. Lonnie
Thompson, Ohio State University
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10.4 °F) in the twenty-first century. This wide range in possible temper-
ature increases reflects the different GCMs used, and the information
entered into it. There are several complex GCMs, each incorporating
somewhat different information on: greenhouse gas characteristics
and their sources and environmental sinks; atmospheric and ocean
circulation; clouds and aerosols; reflectivity of snow, land, and water;
and many other variables. A GCM takes a given set of conditions and
makes future projections from them. It projects not just tempera-
tures, but rainfall and snowfall patterns, storm severity, sea level,
and more. Some successful projections have been made. GCMs suc-
cessfully projected the cooling effect on the climate of the eruption
of the Philippines’ Mt. Pinatubo in 1990, which injected huge quanti-
ties of sulfur dioxide and particulates into the atmosphere. They have
also had success in reproducing the global warming of the past cen-
tury. ® One variable that scientists continue to struggle with is the
effect of atmospheric particulates on climate. Sulfate aerosols reflect
part of the sunlight back into space and are generally agreed to have
a cooling effect. However, soot aerosols may have a net warming, not
cooling, effect. m Clouds are another uncertainty. High clouds appear
to enhance the greenhouse effect, but low clouds reflect incoming
sunlight back into space and have a cooling effect. The current net
effect of clouds is cooling.

Models are powerful, but cannot give absolute answers. They make
projections based on available information. ® A major limitation of
GCMs is that at present, they cannot predict what will happen in
any particular small region, such as a state or province. Certain areas
may cool not warm, which does not necessarily contradict climate
models. A perhaps obvious limiting factor is that GCMs are only as
accurate as the information incorporated into them. They must be
continuously modified as additional data are gathered. Information
remains incomplete. ® Among projections that all GCMs make is that,
once warming begins, it will continue for hundreds of years. This is
another reason to take global warming seriously even though uncer-
tainties remain. See web sites such as those in Further reading for
additional information.

The Intergovernmental Panel on Climate Change

The IPCC, the Intergovernmental Panel on Climate Change, was
formed in 1988 by the World Meteorological Organization and the
United Nations. Hundreds of scientists from 178 member nations do
exceedingly careful reviews of climate data, and periodically report on
their findings. A 1995 report said that there is a “discernible human
influence” on global warming. Then, in 2001, after 3 years of further
study, an IPCC report went further and attributed most warming of
the past 50 years to human activities. Several of their conclusions
follow.!

! UN Environment Program, Intergovernmental Panel on Climate Change (IPCC). 2001.
Third Assessment Report. http://www.ipcc.ch/ (accessed January, 2004).
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¢ Atmospheric greenhouse gases continue to increase as a result of
human activities.

* The fraction of warming due to carbon dioxide exceeds 50%.

* Decreases of about 10% in snow cover have occurred since the late

1960s.

Reductions in the year’s duration of lake and river ice cover in

the northern hemisphere’s mid- and high latitudes occurred in the

twentieth century.

Increases in the heat contained in the world’s oceans have occurred

since the late 1950s.

* Between 0.1 and 0.2 m rise in global average sea levels occurred in
the twentieth century.

IPCC scientists did not believe that variance in solar radiation,
natural climate fluctuation, or poor climate models explained the
warming. As IPCC Chairman Robert T. Watson said, “We see changes
in climate, we believe we humans are involved, and we’re projecting
future climate changes that will be much more significant in the
next 100 years than in the past 100 years.” The panel projects that, if
current trends continue, increases in atmospheric greenhouse gases
in the twenty-first century will result in an average global tempera-
ture increase between 1.4 and 5.8 °C (2.5 to 10.4 °F). About 75% of the
warming is expected to be due specifically to carbon dioxide. They
also project sea-level rises of another 0.1 to 0.9 m. A sober forecast is
that climate change will persist for many centuries.

Even the 1995 IPCC report greatly altered the world’s view of cli-
mate change, and led to the 1997 Kyoto Protocol, an international
agreement among industrialized nations to modestly reduce emis-
sions of greenhouse gases. IPCC members willingly admit to many
uncertainties about global climate change. Chairman Robert Watson
commented, “We could conceivably be overestimating the effect
human activities have on the Earth’s climate.” However, “we could
also be underestimating it.” As Dr. Donald Kennedy, Editor-in-chief of
Science said, “We are now undertaking a vast experiment with Earth’s
climate. We’re not doing it to test a hypothesis or achieve a result,
and it doesn’t have a design. We'’re doing it because we can’t help it.
But since we are doing it, we can at least start behaving like good
experimenters: collect the data carefully, examine the background
factors that have taken us to where we are, and prepare ourselves for
mid-course modification in the (Kyoto) protocol if the need for that
becomes clear.”

Does it matter if the Earth warms?

By the end of the twentieth century Earth’s temperature had
increased about 0.75°C (1.3 °F) compared with the pre-industrial age.
This seems modest until you consider that an average temperature
at the Earth’s surface is only 15°C (59 °F). During the last major ice
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age, ending about 10000 years ago, temperatures were only about
5°C colder than today. And temperature has varied only about 2°C
since then. We noted above that even with a 0.75°C increase we see
warmer oceans, melting ice, and rising sea levels. General circula-
tion models (GCMs) project that, as greenhouse gas levels continue
climbing, Earth’s average temperature will increase between 1.4 and
5.8°C (2.5 to 10°F) in this century. Warming toward the higher end
could be devastating. Even an increase of 2°C would be the highest
temperature in the past 2 million years.
Many future changes are projected as temperatures increase.

¢ Think about the implications of the melting Peruvian glacier Qori
Kalis. Dr. Lonnie Thompson of Ohio State University noted that as
the glacier melts, “hydroelectric dams and reservoirs in Peru (will)
be flush with water.” But, as the glacier disappears, what happens to
communities that now depend on it for drinking water, agriculture,
and electricity? For electricity, they may turn to oil or coal - and
produce more greenhouse gases. Many other glaciers around the
world are also melting.

¢ Coastal flooding will increasingly occur with rising sea level. Peo-
ple, who are already poor and overcrowded, may be forced from
homes in low-lying countries such as Bangladesh. Prosperous coun-
tries such as the Netherlands, long accustomed to fighting back the
sea, may lose land too. A rising sea level can exert great damage even
in less critically affected regions, e.g., beaches, beach-front property,
and may increase storm surges along coastlines. A higher sea level
also means salty water can infiltrate fresh groundwater in coastal
areas, making it undrinkable. Such infiltration of ocean water
can also destroy coastal ecosystems, and the species they support.
Inland wetlands and ecosystems are also at risk.

¢ Rainfall patterns would be altered, with some areas getting more
rainfall and others suffering more droughts. Think about soil and
trees. On warmer days more water evaporates from these into the air
leading to more clouds and rainfall. But moisture can also evaporate
from dry soils, depriving them of already limited moisture.

* Storms of increased severity are expected. This happens because
trapped heat energy drives atmospheric air circulation and oceanic
water circulation. These circulations have been positive forces
because they distribute heat energy more evenly around the world -
making Earth on average a more moderate place to live. However,
hurricanes and typhoons feed on this warmth too, and as the energy
in air and water increases, storms can be expected to grow to greater
severity than in the past.

* Another logical accompaniment of increased warming is more
severe heat waves. Higher temperatures would worsen air quality -
recall that photochemical smog increases on hot summer days.

¢ Diseases currently restricted to existing hot regions may move into
the newly warming regions. Malaria is one such disease, spread by
mosquito vectors, infecting and killing millions each year in warm
climates. As temperature increases in currently temperate regions,
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mosquitoes and other insects are expected to move in, spreading
diseases as they go. In addition, indigenous disease organisms pre-
viously killed by winter cold will be better able to survive milder
winters.?
¢ In the oceans, warming damages coral reefs — a marine source
of great biodiversity. Coral reefs have limited tolerance for warm
waters. They compensate in the short run, but with continued
warming, they will die.
Increased carbon dioxide and warmer temperatures can have pos-
itive effects too. Agricultural crops, up to an unknown point are
expected to respond with increased growth as the concentration of
the nutrient carbon dioxide increases. However, the regions suit-
able for growing particular crops and trees will change. There are
many other potential impacts, some important, in addition to those
described here.

SECTION I
Greenhouse gases and their sources

The major greenhouse gas, simply because of the huge quantities
produced, is carbon dioxide. Others of importance are methane and
nitrous oxide. Chlorofluorocarbons (CFCs) and ozone are also green-
house gases. Some scientists now call for soot to be included in the
greenhouse list. All greenhouse gases (or particulates such as soot) are
minor atmospheric components, which does not decrease their seri-
ousness. Even the most abundant greenhouse gas, carbon dioxide is
only found at about 370 ppm (0.037%). Compare 0.037% to nitrogen’s
78.1% and oxygen’s 21%; neither nitrogen nor oxygen absorb infrared
radiation. Water vapor is the most plentiful greenhouse gas in the
atmosphere with a concentration of almost 1%. Global warming skep-
tics sometimes argue that this is a reason to discount the influence
of other greenhouse gases. However, we know that carbon dioxide,
methane, nitrous oxide, and other greenhouse gases absorb infrared
radiation coming from the Earth, and that their atmospheric levels
have increased and continue to increase. And we know that an ice-
core record of 420000 years shows that carbon dioxide was higher
during warm periods and lower during cold periods although one
must be careful about attributing causality. Moreover, carbon dioxide
levels did not increase beyond 280 ppm over those 420 000 years.

Carbon dioxide

CO, is the major greenhouse gas accounting for more than 50% of the
current warming when all greenhouse gases (excepting water vapor)
are added together. CO, does not powerfully absorb infrared radiation.

2 Diseases are already spreading for other reasons, in particular the massive increases
in international trade and travel. The West Nile virus in the United States may be an
example of these latter reasons.



166

GLOBAL CLIMATE CHANGE

However, its concentration at 370 ppm is much higher than other
greenhouse gases. It is also persistent, with an atmospheric lifetime
of over 100 years. Human activities emit more than 6 billion tons
(5.4 billion tones) of CO, into the atmosphere each year.

Carbon dioxide sources

Worldwide the major source of CO, is fossil-fuel combustion (coal,
petroleum, and natural gas), contributing about 80% of anthro-
pogenic CO,. Coal has the greatest carbon content among fossil fuels,
and emits more CO, when burned than petroleum does. Natural gas
emits the least CO,. m Coal-burning electric power plants are the
major CO; sources in many countries from the United States to China
and India. Petroleum-burning motor vehicles contribute about 25% of
the CO, in the United States m Deforestation contributes too because
when felled trees are burned, their stored carbon is released as CO,.
At the same time, deforestation leaves fewer trees to take up atmo-
spheric CO;. Trees that are grown on a sustainable basis make no
net CO, contribution. In sustainable growth, as much tree biomass is
grown as is harvested on an ongoing long-term basis. ® Natural CO;
sources include releases from oceans and land, and plant respiration.
Microbes also release CO, as they decompose dead plant and animal
matter. Animal respiration releases CO, too. Volcanoes are a large
natural source.

Carbon dioxide sinks

Oceans are a major CO; sink, containing about 50 times more carbon
than the atmosphere. Terrestrial biomass including trees and grasses
store about three times more CO, than the atmosphere. Together,
ocean and terrestrial ecosystems absorb perhaps half the excess
CO, generated by human activities. The rest enters the atmosphere
increasing its level of this gas. One group of scientists expressed their
belief, “. . . natural sinks (oceans and land) can potentially slow the
rate of increase in atmospheric CO,, (but) there is no natural sav-
ior waiting to assimilate all the anthropogenic CO, in the coming
century.”

Box 7.3 | Carbon dioxide is more than a greenhouse gas

Only in recent decades have we thought of CO,, at least the CO, in outside
air, as a pollutant. After all, CO, is vital to life on earth. It is captured through
photosynthesis by trees, plants, phytoplankton and some bacteria, and used to make
carbohydrates, proteins, and lipids and other biochemicals. Aimost all biochemicals
derive from fixation of atmospheric CO; — including those within plants, and other
photosynthetic organisms that trap CO, and all the biochemicals within creatures
that eat the plants and single-celled organisms. It includes too the hydrocarbons of
coal, petroleum, and natural gas, which were once biochemicals. B CO, is a waste
gas respired by animals, plants, and many bacteria. Students sometimes express a
belief that an increasing human population breathing out CO; is the reason that
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atmospheric CO, levels are increasing. This is not true. (See Internet resources,
Frequently Asked Global Change Questions.) The major reason for increased CO,
is fossil-fuel burning and, secondarily, deforestation. ® CO; is also an acid precursor.
In the presence of atmospheric moisture, part is transformed to carbonic acid. CO,
reaching water bodies is converted into carbonic acid, bicarbonate, and carbonate.
Carbonate accumulates in shells and coral, and eventually in ocean sediments.
There is concern that, because oceans are such a large sink for CO,, the pH of
ocean water may eventually decrease enough to damage ocean life. This is an area
of active investigation.

Methane

Methane (CHy) is a simple hydrocarbon gas accounting for about 20%
of the greenhouse effect. It is second in importance only to carbon
dioxide. Its atmospheric concentration is only 1720 ppb or 1.72 ppm.
This is a level more than 200 times lower than that of carbon dioxide,
but molecule for molecule, methane has almost 25 times greater
ability to absorb infrared radiation from the Earth than carbon diox-
ide. Fortunately, it has a much shorter atmospheric lifetime, about
12 years.

Methane sources

Agriculture is a major anthropogenic source of methane. Domestic
ruminant animals, especially cattle and sheep, emit about 15% of
all methane. Rice paddies produce methane too.® m Landfills pro-
duce almost as much methane as agriculture. The anaerobic bacteria
within landfills degrade organic wastes such as food, paper, wood,
and plant debris. By themselves American landfills emit an estimated
7% of the world’s methane. ®m Other sources are methane leaks dur-
ing coal mining, and flaring of natural gas from oil wells. ® Natu-
ral methane sources include Arctic tundra and wetlands where anaer-
obic bacteria break down organic material. Tropical termites release
methane as a result of their symbiotic relationship with microor-
ganisms; so do millipedes, cockroaches, and scarab beetles. Tropical
insects or those living indoors, for instance, cockroaches, produce
especially large amounts. The oceans and methane-hydrate deposits
in permafrost release methane too. Compared to pre-industrial times,
methane’s atmospheric levels are high (Table 7.1). However, its atmo-
spheric growth rate has declined by about two-thirds since 1980. No
one knows why.

Questions 7.1 |

I. What does the following statement mean: Sustainably grown trees and other
biomass make no net contribution to carbon dioxide?

3 This happens because anaerobic bacteria (bacteria that do not need oxygen) live in the
paddies. These anaerobes break down organic material to methane, not CO,. (Aerobic
bacteria use oxygen and break down organic material to CO,.)



168

GLOBAL CLIMATE CHANGE

13.

. The expiration of carbon dioxide by more than 6 billion people on Earth

doesn't make a net contribution to atmospheric carbon dioxide. Nonethe-
less, there is an association between growing population and greenhouse
gas emissions. How does a growing human population lead to: (a) Increased
carbon dioxide emissions? (b) Increased methane emissions? (c) Increased
nitrous oxide emissions?

. How does increasing industrialization in poor nations increase carbon dioxide

emissions disproportionately compared to more-developed countries?

. Other than reducing greenhouse gas emissions, what are three additional

environmental reasons to reduce fossil-fuel use?

. Trees, especially young rapidly growing trees, serve as an important terrestrial

sink for carbon dioxide by taking it up from the atmosphere. What are three
other environmental reasons to avoid deforestation?

. How does lowering petroleum use benefit national security?
. Review the uncertainties related to global climate change. Are these uncer-

tainties so great that you believe we need not lower greenhouse gas emissions?
Explain.

. Climate warming is expected to increase ground-level air pollution. Why?
. Think about a college campus. (2) What are two steps it could take to reduce

greenhouse gas emissions that would have no cost? (b) What are two steps
it could take that will pay for themselves in fuel savings over a short period of
time, a short pay-back time?

. The IPCC uses the word “project” as a verb, e.g., IPCC projects a warming

of between 1.4 and 5.8 °C in the twenty-first century. What does it mean by
“project?”

. The IPCC believes that 75% of the warming expected in the twenty-first

century will be due to carbon dioxide. What does this tell you about the
predominating fuel that we will be burning?

. Go to the American Forests’ web site: http://www.americanforests.org/

resources/ccc/. Use the Climate Change Calculator to determine how much
your household contributes to atmospheric carbon dioxide. Alternatively, con-
sult the article by Lavendel in Further reading to examine your emissions.
(2) What three steps could you take to reduce your personal greenhouse gas
emissions?! (b) Which steps, if any, are you most likely to take?

Why are glaciers sometimes referred to as nature’s water towers?

Nitrous oxide

Nitrous oxide (N,O) accounts for about 5% of the greenhouse effect.
Its atmospheric concentration is only 310 ppb, but it has 300 times
greater ability to absorb infrared radiation than carbon dioxide does.
It has an atmospheric life of over 100 years. ® A human activity that
releases N,O is soil cultivation, especially adding nitrogen fertilizer.
Microbes convert this to other chemicals including N,O. Fossil-fuel
burning in electric power plants and biomass combustion also pro-
duce some N,O, as do nylon and nitric-acid production. ® The major
natural N;O source is the bacterial breakdown of reactive nitrogen
chemicals in the soil especially in forests (enhanced when humans
add reactive nitrogen, fertilizer, to soil). Another natural source is
ocean water.
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Ozone

Ground-level ozone is a greenhouse gas - it can absorb infrared radia-
tion and contribute to warming. Ground-level ozone forms from VOCs
and nitrogen oxides in the presence of heat and the sun’s ultravio-
let radiation (Chapter 5). In the stratosphere, ozone destruction has
a cooling effect offsetting the effect of too much ground-level ozone.
However, if stratospheric ozone levels continue to recover as expected,
this offsetting effect will become progressively less important.

Other greenhouse gases

The synthetic chemicals, CFCs, are potent greenhouse gases, but the
Montreal Protocol has banned CFCs, and they may become insignifi-
cant as greenhouse gases. ® The perfluorocarbons (PFCs) are byprod-
ucts of aluminum smelting and are also used in semiconductor man-
ufacture (Table 7.1). m Sulfur hexafluoride (SF¢) is used in magne-
sium smelting and as an insulator in electrical equipment (Table 7.1).
® Some other industrial chemicals are potential greenhouse gases,
but these are under control.

Soot as a greenhouse “gas”

Some scientists proposed in 2001 that soot (black carbon) be added
to IPCC’s list of greenhouse chemicals. Western scientists had previ-
ously been familiar only with North American and European sulfate
hazes. These cool the atmosphere by reflecting sunlight back into
space, and also (when present in clouds) make clouds more reflec-
tive. But the massive Indian Ocean haze (Chapter 5) contains more
soot than Western hazes. Soot appears to absorb sunlight and then
apparently radiates it. When soot was studied in a computer simula-
tion of climate at Stanford University, results showed that it had a
large warming effect. However, soot is not necessarily produced dur-
ing burning. Efficient combustion could greatly reduce or eliminate
its production. Thus, even in less-developed countries it could poten-
tially be well controlled. Soot also has a much shorter atmospheric
life than greenhouse gases because it can be rained out of the atmo-
sphere within a week or two.

Reducing greenhouse gas emissions

International agreements

UN Framework Convention on Climate Change

In 1992 at the UN Earth Summit in Rio de Janeiro, many countries
signed this convention. Its objective was to stabilize “greenhouse gas
concentrations . . . at a level that would prevent dangerous anthro-
pogenic interference with the climate system.” Anthropogenic inter-
ference means human interference. About 150 countries ratified the
convention. By ratifying it, a country was agreeing to return its green-
house gas emissions to 1990 levels by 2000. In the United States, then
President Clinton developed a Climate Change Action Plan to lower
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greenhouse gas emissions. However, the steps of the plan were volun-
tary and US emissions, far from decreasing, continued to climb. The
same was true of many other countries. This result indicated that
stronger measures were needed to reduce greenhouse gas emissions,
a plan that clearly specified: (a) the exact reductions in greenhouse
gas emissions; and (b) when these reductions were required.

The Kyoto Protocol

After strenuous negotiating sessions, the Kyoto Protocol (also under
the UN Framework Convention on Climate Change) was adopted
in late 1997. Under the protocol, industrialized countries agreed
to reduce greenhouse gas emissions to an average of 5.2% below
1990 levels between the years 2008 and 2012. Nations signing the
protocol then labored further to resolve three controversial points.
(1) Find acceptable means of accomplishing greenhouse gas reduc-
tions. (2) Agree on an accounting system that gave nations credit for
their reductions. (3) Agree on penalties for lack of full compliance
with agreed-upon reductions. This third point was left until later to
resolve.

In July 2001, 1700 diplomats representing 178 countries resolved
the first two of these points. Meanwhile, the United States had become
only an observer to negotiations because a new President, George W.
Bush, refused to consider ratifying this “fatally flawed” document.
This made matters difficult for the protocol, because, for it to come
into force, 55 countries (accounting for at least 55% of the world’s 1990
emissions) had to ratify it. With the United States — accounting for 25%
of the world’s emissions - standing aside, it is difficult to reach 55%
although as of 2003, this may still happen. One US objection was that
the protocol does not require less-developed countries to reduce their
emissions. They were omitted because it is industrialized countries
that are largely responsible for current levels of atmospheric green-
house gases (Figure 7.5). And, industrialized nations are the ones able
to develop the technology to lead the way in making reductions.

How to reduce greenhouse gas emissions

Conservation and efficiency

On the basis of earlier chapters, you know that to reduce the quan-
tity of fossil fuel used, society must practice conservation and, at the
same time, burn fossil fuels more efficiently (produce more energy
per amount used). Measures include encouraging electric utilities to
use “co-generation” to allow more of the energy that they produce
to be used, and developing more energy-efficient industrial motors
and household appliances. Many simpler measures are important
too. One is improving appliance circuits so they don’t draw current
even after they are turned “off.” Developing more environmentally
compatible energy sources is also critical. In addition, because trees
sequester carbon we need to prevent further deforestation and pro-
mote the planting of additional forests. Other greenhouse gases, such
as methane, require different approaches. One method to reduce
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methane emissions is to dry out rice paddies when they are not in
use. To reduce nitrous oxide emissions, we need to avoid using too
much fertilizer on farm crops.

Kyoto Protocol reductions
Parties to the Kyoto Protocol wanted flexibility in how they could
pursue reductions in greenhouse gas emissions. They spent great
amounts of time discussing flexibility mechanisms, ways by which a
nation could take credit for reducing emissions. ® Greenhouse gas
trading. A nation (or company) that reduces its greenhouse gas emis-
sions more than required would be allowed to sell its “excess” to
another nation (or company) that had not reduced its own emissions
so well. That nation (or company) would then receive credit just as
if it had made the reduction itself. ® Joint implementation. Here, a
developed country gets credit for cooperative projects that it under-
takes with less-developed countries to reduce greenhouse gas emis-
sions in the latter nations. ® A somewhat different approach is the
“clean development mechanism.” Here a company or country finances
a project in a less-developed country. It may plant a forest in that
country to take up atmospheric carbon dioxide. Or it may pay for
solar roofs in that country to provide electricity without producing
carbon dioxide (unlike an electric power plant burning a fossil fuel).
Or, it may help that country build an energy-efficient factory. Flexi-
bility mechanisms are intended to supplement not replace direct actions
by a country or company such as conserving fossil fuel.
Unfortunately, even assuming that countries fulfill the require-
ments of the Kyoto Protocol, the reduction in greenhouse gas emis-
sions achieved will be minimal compared with the scope of the prob-
lem. The major question remains: What level of greenhouse gases

Carbon dioxide
emissions per capita (year 2000).
FSU, former Soviet Union. Source:
US Energy Information
Administration
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will avoid “dangerous anthropogenic interference” with the climate
system?

Reducing population growth

A US National Academy of Sciences report stated that population
growth is the major single driver of atmospheric pollution. ® A grow-
ing population leads to growing fossil-fuel use and greater pressure to
cut forests. These activities enhance carbon dioxide levels in the atmo-
sphere. ®m A growing population promotes more agricultural activities,
more cattle and more rice paddies that enhance methane emissions.
® In the United States which lacks a population policy, population is
growing about 1% a year. Not surprisingly, there has been a concomi-
tant increase in carbon dioxide emissions.

SECTION IV
Industry and government action to reduce emissions

Industry action

Some major industries don’t see global warming as a problem, and
have actively opposed the Kyoto Protocol. Others see it differently.
BP Amoco’s Chief Executive Officer, John Browne agrees that the sci-
ence of climate change “is provisional and perhaps always will be.”
But he says, it “would be unwise and potentially dangerous to ignore
the mounting concern over climate change.” Other companies also
recognize the scientific uncertainties, but like Browne, believe that
sometimes it is important to “make plans and decisions in the face of
uncertainty.” The Pew Center on Global Climate Change is a group of
32 major companies supporting the Kyoto Protocol, including Boeing,
Lockheed Martin, BP Amoco, Maytag, Whirlpool, DuPont, Toyota,
3M, and United Technologies. Other corporations working to com-
bat greenhouse gas emissions are the oil company Royal Dutch/Shell,
aluminum makers Canadian Alcan and French Pechiney, oil sands
producer Suncor Energy of Canada, and some power companies such
as Canada’s Ontario Power Generation. Moreover, many recognize that
Kyoto reductions are only a first step, and promote ideas as to ways to
further reduce emissions. They believe they can reduce greenhouse
gas emissions and still sustain economic growth.

In 2000, a poll of 425 executives in Fortune 5000 companies (the
largest 5000 companies in the United States) found that a majority
favored regulations to lower industrial carbon dioxide emissions; 71%
of the executives thought the government should establish emission
limits facility by facility, just as happens in the United States for
hazardous air pollutants. More than 40% wanted increased federal
taxes on oil and gas, the aim of which would be to reduce demand
and encourage energy efficiency. Moreover, 77% favored raising fuel-
efficiency standards for cars and trucks. Such reactions indicate that
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industry does not present monolithic opposition to reducing green-
house gas emissions.

Are there good business reasons for companies to support reduc-
tions in greenhouse gas emissions? Some companies have financial
stakes such as making energy-efficient products and environmental
controls. Some US companies fear the economy will be harmed if
the United States is not part of the Kyoto Protocol because European
companies will get a head start in developing “climate-friendly tech-
nologies.” ® Worldwide, 68 insurance companies are fighting to com-
bat global warming. These companies insure against climatic events
such as severe storms. They fear the increased incidence of extreme
events that warming brings, which could lead to the loss of great
sums of money; some could go out of business. ® Executives in some
businesses believe too that emission controls will sooner or later be
mandated, and want to get a head start. ® Most also recognize that
many energy-conservation projects — which reduce carbon dioxide
emissions — mean spending less on energy.

A number of corporations, working with the environmental orga-
nization Environmental Defense, pledged to reduce greenhouse gas
emissions at all their facilities worldwide. Some of these companies
will also provide technical advice to other businesses. Those that vol-
untarily reduce greenhouse gas emissions provide examples for oth-
ers. This is especially important in the United States, where the gov-
ernment rejected the Kyoto Protocol. But most observers believe that
voluntary cooperation is not enough. After the Kyoto Protocol comes
into force, businesses in those countries that have ratified it will need
to adhere to specific reductions. Once that happens, there will be
more pressure on US corporations to follow suit.*

Box 7.4 | Corporate cuts in greenhouse gas emissions

Many energy-conservation and efficiency steps are appropriate to all companies,
but some approaches are more specific.

® BP Amoco will continue energy-efficiency measures within its facilities to reduce
carbon dioxide emissions. It will participate in joint implementation projects
with other nations to reduce or offset part of BP's greenhouse gas emissions,
and establish a pilot emissions-trading program. BP also plans increases in solar
technology investment and hopes to expand its photovoltaic energy business
ten-fold by 2010.

¢ Certain DuPont facilities release greenhouse gases other than carbon dioxide,
e.g, nitrous oxide and fluorochemicals. Both these gases absorb infrared radiation
much more strongly than does carbon dioxide (Table 7.1). DuPont plans, by 2010,
to reduce emissions of these by 65% compared to 1990. Also, DuPont pledges

4 The Kyoto Protocol will come into effect once it has been ratified by 55 nations pro-
ducing more than 55% of the developed world’s greenhouse gases.
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not to increase its energy use as compared to 1990, but will increase its use of
renewable energy sources to provide |0% of energy needs by 2010.

® Motorola uses the strong infrared absorbers, perfluorocarbons (PFCs) to etch
and clean semiconductors. It aims to halve its use of PFC by 2010 by finding other
means to clean its semiconductors. More generally, the World Semiconductor
Council decided to urge a 10% reduction in PFC emissions, compared with 1995
levels, at all member facilities worldwide by 2010.

Sulfur hexafluoride is a particularly potent greenhouse gas with 24 000 times the
warming potential of carbon dioxide. It is used to produce magnesium and mag-
nesium parts. As societal use of magnesium increases so will sulfur hexafluoride
use unless steps are taken. Recognizing this, |2 magnesium-producing companies
formed a partnership to find means of reducing emissions of this gas.

State and province reductions

Some states and provinces are also voluntarily taking action. In 1998,
the US state of New Jersey set a goal to reduce its greenhouse gas
emissions to 3.5% below 1990 levels by 2005. One reason for taking
action was the concern that, as a coastal state, it is vulnerable to
rising sea levels. To lower greenhouse gas emissions, it is necessary
to determine current emissions. New Jersey’s inventory showed that
88% of its greenhouse gases came from burning fossil fuel. Of this,
transportation contributed 38%, energy use in residential buildings
24%, energy use in commercial buildings 22%, and industrial energy
use 16%. New Jersey’s second step was to establish specific goals to
reach by the year 2005 to reduce emissions from each sector.

¢ Industry. One way that this sector will reduce energy use is that,
whenever they need to replace a motor, it will replace all fixed-speed
motors with variable-speed motors. (Industrial motors are a major
use of electricity. Variable-speed motors are superior because they
are run to use only the amount of energy a task requires whereas a
fixed-speed motor runs at high speed at all times.) Industry can also
reduce energy loss by actions such as repairing steam leaks and air
COmpressors.

¢ Transportation. New Jersey’s government will work to reduce emis-

sions from vehicles that it owns. It has begun to purchase energy-

efficient vehicles for its state fleet.

Individuals. New Jersey did not challenge its citizens to reduce emis-

sions. It could have done so by encouraging them to buy more fuel-

efficient motor vehicles, or more energy-efficient household appli-

ances.

Other US states have begun to follow New Jersey’s example. ® In
2002, California passed a law requiring limits on emissions of CO,
by cars and trucks. Massachusetts and New Hampshire enacted bills
to cut power plant emissions of CO,. New York plans “aggressive”
steps to reduce its greenhouse gas emissions. Other states likewise
have developed Climate Action Plans. ® In 2002, an organization com-
posed of the Governors and Premiers of US New England states and



INDUSTRY AND GOVERNMENT ACTION TO REDUCE EMISSIONS

175

eastern Canadian provinces strongly committed to cut greenhouse gas
emissions.

City reductions

Over 400 cities around the world, such as Toronto and Boston, are part
of an organization, Cities for Climate Protection. Each city calculates
its greenhouse gas inventory, sets a target for reducing emissions, and
develops a plan to meet its target. Boston, Massachusetts committed
itself to reducing municipal energy use 10% by 2005. Boston is doing
this by working on practices such as reducing energy use by street-
lights, buildings, and transportation. Cities act not only to reduce
greenhouse gas emissions, but to save money through increased
energy efficiency. They also reduce local air pollution, and develop
new jobs creating, installing, and maintaining new technologies.
m College and university campuses, organizations, and individuals are
also becoming active in the move to reduce greenhouse gas emissions.
Any one reduction may be tiny. Added together they are significant
and are also significant in the role of setting examples to others.

Adaptation and remediation

Carrying out the emissions reductions specified in the Kyoto Protocol
is important, but it is only a first step. It will not halt the warm-
ing. We must also consider measures to adapt to or mitigate the
effects of climate change. ® An example of mitigation is to erect a
sea-wall to prevent coastal flooding as sea levels rise, or to stop salt
water intrusion into groundwater and into drinking water systems.
Another proposed mitigation measure, still at the research stage,
would be developing crops and animals better adapted to warmer
climates, or to dry or saline soils. ® Sequestration of CO, is a mitiga-
tion possibility being widely explored. CO, emissions are captured
from a source such as coal-burning power plants and sequestered,
i.e, stored in a way that they cannot reach the atmosphere again in
the foreseeable future. One way to sequester CO, is to inject it deep
into the ocean, which as you recall is already a huge CO, reservoir;
or, inject it into deep aquifers under sea or land. Sequestration gener-
ates enormous controversy: how long before CO, deposits escape from
their storage locations, or how does concentrated CO, harm ocean
ecosystems at the point of injection? Research aimed at answering
such questions includes studying ocean mixing and the circulation
of ocean currents.’ ® Even more controversial is the idea of fertilizing
oceans with iron - to stimulate the growth of ocean plankton; as more

5 Another major concern generated controversy: At some future time, might large quan-
tities of CO; be released precipitously? This would be undesirable, and not just because
the CO, would return to the atmosphere, but because at high doses CO, too can be
toxic. Precipitous release could in some circumstances expose living creatures to CO;
concentrations large enough to asphyxiate them by blocking inhalation of enough
oxygen. This is not a theoretical concern. In 1986 the volcanic crater lake, Lake Nyos
in Cameroon released a huge CO, ‘bubble’, which killed about 1500 people and all
animal life up to 14 km from the point of release.
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plankton grow, they take up more atmospheric CO,. ® An idea more
acceptable to many is developing long-lasting products that chemi-
cally lock CO; into them. These would be analogous to the CO, now
locked into wood in houses or into the paper of this book. However,
instead of wood or paper, these would be synthetic products that
are produced using captured CO,. Some minor uses already exist for
captured CO,.°

Box 7.5 | Carbon sequestration is already being used

Trapping CO, emissions to prevent them from entering the atmosphere is expen-
sive. However; Norway has had a carbon tax since 1991, about $55 per ton ($50
per tonne) of CO, emitted. This tax stimulated oil and gas companies to con-
sider how to minimize CO, emissions. Statoil, Norway's state-owned oil company
recovers natural gas, which is contaminated with 9.5% CO,. They must reduce
this to 2.5%, the limit for commercial natural gas. Because Statoil had to trap CO,
anyway, it cost the company relatively little to do the following. Since 1998, it has
pumped about a million tons of CO,, about 3% of Norway's CO, emissions, into
an immense offshore aquifer 800 m below the floor of the North Sea. This oper-
ation adds about 1% to the cost of natural gas production, small compared with
the carbon tax. The storage aquifer is a porous sandstone formation filled with salt
water: Norway's Petroleum Research group believes such disposal is permanent
and safe. It calculates that enough capacity exists in North Sea aquifers to sequester
CO, emissions from all EU power plants for hundreds of years. Modeled results
indicate that it would take over 10000 years before even small amounts of the
CO; would escape up to the floor of the ocean.

Questions 7.2 |

I. What is your initial reaction to learning of projects that sequester CO,? Explain.

2. What is your reaction to the Statoil project?

3. What more might you like to know about sequestration to enhance your
confidence that it could safely be used to store CO,?

Action in less-developed countries

It was difficult for those negotiating the Kyoto Protocol to reach agree-
ment on reducing emissions to even 5% below 1990 emissions; 5%
is small, but starts the process. Even 5% will be a struggle because
the world’s use of fossil fuels is rapidly increasing. In 2000, the US
Department of Energy projected that world energy use would rise
60% by 2020, compared with 1997 levels, and more than that in

6 Uses for CO, include pumping it into oil wells, where it enhances oil recovery. Small
amounts are used in the pulp and paper industry to make calcium carbonate, a paper
coating and filler. Some goes into sodium carbonate, an industrial chemical which is
also used in washing soda. And some is used in carbonated beverages. However, none
of these applications make a dent in the major amounts of CO, released.
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developing countries. Carbon emissions will increase because more
energy is needed, and much of the additional energy will come from
coal burning. One reason that the United States refused to ratify the
Kyoto Protocol is that less-developed countries, even those ratifying
the treaty do not have quantified targets for greenhouse gas reduc-
tions. However, consider the point of view of those from poor nations:
the average American emits perhaps 20 times more CO, than the
average Indian. This observation has led many to conclude that devel-
oped countries such as the United States must lead the way - find
means to lower their own greenhouse gas emissions, develop new
technologies while doing so, and transfer those technologies to poor
nations.

China

Only industrialized nations are formal parties to the Kyoto Protocol,
but some developing nations find it in their interest to ratify the
treaty. Doing so makes them eligible to receive assistance from devel-
oped nations making use of the flexibility mechanisms noted above.
For instance, some coal-burning utility companies have reforestation
and energy-efficiency projects in poorer nations. The contributing
companies find that they accomplish reductions more cheaply than by
making major modifications to their own facilities. And, they receive
credit for emissions reduction. The less-developed country for its part
has a new technology and the added employment that a new invest-
ment generates. Both sides gain. China’s Xinhua News Agency reports
that China wants to work with other nations on climate change. Its
coal-burning power plants produce 80% of electricity now, and expec-
tations are that China will be the globe’s largest CO, source by 2020.
However, China is changing too. A year 2001 Science article’ reported
that Chinese CO, emissions fell 7% compared with emissions in the
peak year 1996. One reason that CO, emissions slowed was the Asian
economic crisis of the late 1990s, which led to slowed production in,
or shutting down of, many factories. But there is actual action too:
China is reducing subsidies to its coal industry, and has shut down
some of its worst-polluting industries. Energy efficiency is improving
too. China’s reliance on coal burning is falling, and many coal mines
have been shut down. Economic growth has not slowed. ® Because
China has suffered soil erosion and flooding from widespread defor-
estation, and trees help to protect the water supply, this nation is also
planting huge numbers of trees to take up CO,. ® China’s methane
emissions also are reportedly 2% lower than in their peak year of
1997. m And although per capita, US CO, emissions were already nine
times higher than in China, US emissions are growing faster. China’s
people, its environment and crops suffer greatly from pollution asso-
ciated with fossil-fuel burning. So, aside from reducing greenhouse

7 Streets, D. G., Jiang, K., Hu, X., Sinton, ]. E., Zhang, X., Xu, D., Jacobson, M. Z., and
Hansen, J. E. Climate change: recent reductions in China’s greenhouse gas emissions.
Science, 294(5548), 30 November, 2001, 1835-37.
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gas emissions, when China takes steps to lower CO, emissions it also
lowers emissions of other damaging pollutants.

India and other less-developed nations

China has one-fifth of the world population, but India too has a popu-
lation of over a billion and is still growing. India too greatly depends
on coal. Along with other Asian nations, and African and Latin Amer-
ican nations, India needs assistance from the industrialized world.
® Low-lying island countries have the problem of surviving at all as
sea levels continue to rise.

Studies led by the University of California, Davis indicate that the
developing world’s rapidly growing megacities, such as Delhi, India
do have low-cost options to lower emissions of CO, and soot. These
include improved sidewalk and bicycle networks, and better public
transportation. Countries can promote clean efficient motorcycles,
scooters, smaller cars, and cleaner engine technologies. Recall that
incomplete combustion is responsible for soot emissions, and efficient
engines produce less. Because some warming is considered inevitable,
the UN Environmental Program is also working on means to help poor
countries in their mitigation efforts. In particular, how can coun-
tries ensure dependable food production as the climate warms? For
instance, Mongolia greatly depends on its grasslands to graze ani-
mals. How can the grasslands survive climate change? Or, how could
better weather forecasts help Nigeria and Niger improve cereal pro-
duction? Eileen Claussen, president of the Pew Center on Global Cli-
mate Change has said that, “One of the greatest challenges we face
in addressing climate change is helping developing countries forge
cleaner, more sustainable paths to development.”
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Chapter 8

Stratospheric-ozone depletion

“If all the ozone in the atmosphere were compressed
to a pressure corresponding to that at the earth’s
surface, the layer would be only 3 mm [0.1 18 in]
thick. .. The thin stratospheric-ozone layer has
proved to be an Achilles’ heel that may be seriously
injured by apparently moderate changes in the
composition of the atmosphere.”

Swedish Academy of Sciences, announcing the award of the 1995 Nobel Prize
for Chemistry to Mario Molina, F. Sherwood Rowland, and Paul Crutzen

You have read in this text many times of the major pollution problems
resulting from combustion, especially fossil-fuel combustion. In this
chapter we see a global issue - destruction of stratospheric ozone -
which does not result from combustion. The chemicals responsible
are synthetic chemicals, chlorofluorocarbons (CFCs) and halons. Strato-
spheric ozone is essential to life on Earth. It absorbs more than 95%
of the sun’s ultraviolet (UV) radiation, which could otherwise destroy
most life. Stratospheric-ozone depletion led to the 1987 Montreal
Protocol, the first worldwide agreement to protect the environment.
Except for smuggled chemicals, the ban of ozone-depleting chemi-
cals is working. The stratospheric-ozone layer is expected to recover,
albeit slowly. Section I below examines the stratosphere and provides
background on CFC uses and how ozone depletion was detected. In
Section II, we see why the greatest ozone depletion occurs over Antarc-
tica, and describe the increases in UV radiation reaching the Earth.
Section III brings us to the pollutants that deplete ozone and their
sources, and a description of concerns associated with increased lev-
els of UV radiation reaching the Earth. The reduction in atmospheric
levels of ozone-depleting substances as a result of the Montreal Pro-
tocol is introduced in Section IV, as is the smuggling of CFCs and
halons that could threaten the effectiveness of this treaty. Finally,
Section V describes what the future holds in terms of alternatives to
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ozone-depleting chemicals and for the restoration of the stratospheric-
ozone layer.

SECTION |
The stratosphere and ozone

The lower 10 km of our atmosphere is called the “troposphere.” It
is the atmospheric layer within which we live. The troposphere con-
tains about 90% of all air molecules. The stratosphere lies just above
the troposphere, 10 to 50 km above Earth (Figure 8.1). Although it
contains but 10% of the atmosphere’s air molecules, it has 90% of
its ozone. Only 10% of ozone is in the troposphere. Stratospheric
ozone absorbs more than 95% of the sun’s UV radiation, which would
otherwise reach and damage human, animal, plant, and microbial
life. In the stratosphere there is an ongoing natural cycle in which
ozone is formed, destroyed, and reformed (Box 8.1).

Box 8.1 | A bit of chemistry — making and remaking
ozone (O3)

Reaction |. The energy of the sun’s ultraviolet (UV) radiation breaks diatomic
oxygen (O,) into single oxygen atoms (O).

* O, + UV radiation - O + O (oxygen atoms)

Reaction 2. An oxygen atom reacts with O, to form ozone (O3).

* O+0;, »> Os



A BRIEF HISTORY OF OZONE DEPLETION 183

HT-UICR W An ozone-depletion
CFCs, halons and related chemicals are released at ground level, and snapshot

later reach the stratosphere. There, the sun's ultraviolet (UV) light

breaks them down releasing chlorine and bromine atoms.

\

Chlorine and bromine lead to stratospheric-ozone destruction.
Less ozone means more UV radiation reaches Earth
More UV light increases the risk of adverse effects on:

* plant growth on land and phytoplankton growth in
oceans and other waters;

e animal skin, eyes, and immune system.

Reaction 3. UV radiation dissociates an O3 molecule into O, and one oxygen
atom.

® O3 + UV radiation — O + O,
Reaction 4. Remaking ozone.

*O+0;, = 0Os

A brief history of ozone depletion

A hundred years ago, the new refrigeration industry used highly toxic
gases, such as ammonia and sulfur dioxide, as coolants. Accidental
leakage of such chemicals resulted in many human deaths, and in the
1920s, the US Congress attacked manufacturers for producing “killer
refrigerators.” Then, in 1928, a young chemist announced the cre-
ation of a new coolant. Later he demonstrated that he could directly
inhale the coolant - it had low toxicity. When exhaled, the breath
could be used to blow out a candle - so it was not flammable. This
impressive coolant was a chlorofluorocarbon (CFC). In 1931 it was
introduced into the market as Freon. Its safety made it seem a god-
send and Freon became widely used in refrigerators and, later, air
conditioners. Other CFCs found other applications: aerosol-can pro-
pellants, industrial solvents, cleaning agents, and insulating agents
(in which CFCs are blown into foam products or polystyrene cups).
® Halons are related to CFCs, but contain the element, bromine rather
than chlorine. Halons became important fire-fighting chemicals.
Another property of CFCs and halons that made them so useful
industrially was their lack of chemical reactivity. This stability was
their Achilles’ heel. By the 1970s scientists found they were spreading
around the globe. With nothing to break them down it was estimated
that CFCs would survive hundreds of years. Their curiosity piqued by
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E-OIR: X Growth of the
Antarctic ozone hole. The shaded
area shows the zone of ozone
depletion. Source: US National
Oceanic and Atmospheric
Administration

such information, Professors Mario Molina and F. Sherwood Rowland
made calculations that led to a hypothesis that CFCs would lead to
significant depletion of the stratospheric-ozone layer. Molina subse-
quently examined the question: Why does the greatest ozone deple-
tion occur over Antarctica?! (See Rowland and Molina, 1994 in Further
reading.)

Laboratory work demonstrated that high-frequency UV light could
break down CFCs. One of the chemicals into which CFCs were
degraded was elemental chlorine; this could catalyze the breakdown
of ozone (O3). In nature, the high-intensity UV light necessary to
degrade CFCs and halons is found only in the stratosphere, and CFCs
were found to be making their way into the stratosphere. By 1976,
scientists believed that CFCs were threatening stratospheric ozone. At
that time, two-thirds of manufactured CFCs were used as aerosol pro-
pellants, and in 1979, the use of CFCs as propellants was banned by
the United States and, later, by a number of other governments. There-
after, concern about stratospheric ozone lessened. The quietude ended
in the 1980s when a group of British researchers, making ground-
based measurements of the ozone above Antarctica, reported a 30%
decline compared with its levels in earlier years. These researchers
had actually observed October (spring) depletion as early as 1977, but
doubted their own observations. When they reported their findings
in October 1985, the US National Aeronautics and Space Administra-
tion (NASA) confirmed their observations using satellite and airborne

! In 1995, Professors Mario Molina and F. Sherwood Rowland won the Nobel Prize for
Chemistry. This was the first time that a Nobel Prize recognized research into man-
made impacts on the environment. They shared the prize with Professor Paul Crutzen,
who showed that nitrogen oxides accelerated ozone depletion. This finding led to
cancellation in the 1970s of a planned fleet of supersonic aircraft, which would have
released nitrogen oxides directly into the stratosphere.
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Region of Region of
high chlorine monoxide (ClO) low ozone (O3)

measurements of stratospheric ozone. Since then, Antarctica’s spring
“ozone hole” has been actively monitored. A US National Oceanic
and Atmospheric Administration (NOAA) representation of ozone dis-
appearance over Antarctica after 1979 is seen in Figure 8.3. The region
outlined at the bottom of the globe is Antarctica. By 1986, a disap-
pearance of ozone (shaded area) is seen over this continent. This area
became increasingly obvious in 1991 and 1996.2

SECTION lI
Antarctica

Up to 60% of the ozone disappears over some parts of Antarctica dur-
ing its September-November spring. Antarctica is much more vulnera-
ble to ozone depletion than other locales. This sensitivity results from
the ice-particle clouds, polar stratospheric clouds (PSCs) that form dur-
ing the tremendously cold winters. PSCs are trapped within a polar
vortex, formed by strong wind currents circulating around the pole.
The vortex prevents air from mixing with the atmosphere beyond the
Antarctic. m Crucially, the PSC ice particles provide surfaces on which
CFCs can decompose into the highly reactive chemicals chlorine and
chlorine monoxide (ClO). ® Then, the UV radiation of the returning
spring sun assists chlorine monoxide in reacting with and destroying
ozone. Later in the spring, as the atmosphere warms, the ice parti-
cles and the vortex dissipate. The polar air can then mix with the
atmosphere beyond Antarctica, and stratospheric-ozone levels return
to normal. m In Figure 8.4, notice that the region where chlorine

2 Ozone is measured in Dobson units (DU). The normal stratospheric-ozone layer thick-
ness is about 300 DU. Antarctic ozone records date back to the 1920s when Dobson
developed the Dobson spectrophotometer and began making measurements from the
ground. Remote sensing of ozone from satellites began in 1960. Currently, ground-
based and satellite-based instruments monitor stratospheric-ozone levels not only over
the Antarctic, but over the Arctic and 80 other sites worldwide.

-0 X B Chlorine monoxide
and the Antarctic ozone hole: late
August 1996. Source: US National
Oceanic and Atmospheric
Administration
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monoxide is found in higher amounts corresponds to the “region of
low ozone” where ozone destruction occurs. In addition to using satel-
lites to follow the chemicals in the stratosphere under various condi-
tions and times, the chemical reactions leading to ozone destruction
have been well studied under laboratory conditions set up to simulate
atmospheric conditions.

Ozone thinning beyond the Antarctic

Ozone thinning is seen, but to lesser extents, in places other than
Antarctica.

¢ Some thinning, typically about 15%, is seen over the Arctic. In
one exceptionally cold winter, ozone depletion reached 30%. These
losses are smaller than in Antarctica for several reasons. One is that
the less-cold Arctic forms fewer stratospheric ice particles.

* Ozone losses measured by ground-based and satellite instruments,
are seen over middle-latitude countries, the United States, Canada,
and Europe too. The losses observed are lower than in the Arctic,
about 2.7% a decade. By 1996, ozone was 5% to 8% lower than 1957
to 1970 levels. Similar losses are seen in middle-latitude countries
of the southern hemisphere.

Volcanic eruptions

But how can we explain ozone losses in places where there are no
stratospheric ice particles to provide surfaces that allow the destruc-
tive process? Here is where a chemical with which you are familiar,
sulfur dioxide, enters the picture. Volcanic eruptions release huge
quantities of sulfur dioxide. This reaches the stratosphere as sulfu-
ric acid. The sulfuric acid aerosol serves the function of ice particles,
providing a surface for reactions leading to chlorine-catalyzed ozone
depletion. Volcanic eruptions appear to exert major effects in the year-
to-year fluctuation seen in stratospheric-ozone depletion. ® In 1993,
a NASA satellite recorded stratospheric-ozone levels over Antarctica
of 88 Dobson units (DU) compared with a normal level of 300 DU
(see footnote 2). This was the greatest Antarctic thinning, or ozone
hole, observed up to that time, and was ascribed to particles formed
after the eruption of Mt. Pinatubo in the Philippines in 1991. Because
sulfate particles settle out of the stratosphere, investigators hypoth-
esized they should be gone by 1994. Indeed, Antarctic ozone levels
partially recovered in 1994 reverting to the slower - but still ongoing -
depletion rate seen before the volcano erupted.

Other sulfur dioxide sources

Even when there is little volcanic activity, two other sources of sulfur
dioxide to the stratosphere exist. One is carbonyl sulfide naturally pro-
duced in the ocean and continually transported into the stratosphere,
where it is converted into sulfur dioxide. The other source of sulfur
dioxide comes from the troposphere — from human pollution. This
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appears to be able to move into the stratosphere. But particles alone
don’t deplete ozone: it is the interaction of ozone-depleting chemicals
with the particles — whether ice particles or an aerosol formed from
sulfur dioxide - that causes the problem.

Ultraviolet radiation

Ultraviolet radiation

UV radiation is divided into UV-A, UV-B, and UV-C. The wavelength of
UV-C is the shortest of the three, and has the highest energy. UV-B
is of intermediate energy, and it is UV-B that is usually referred to
in discussions of UV radiation and its harm to life. Larger amounts of
harmful UV radiation can reach Earth if there is less ozone in the stratosphere.
Can this statement be confirmed? Measurements of UV are straight-
forward and were first made in the late 1800s. However, detecting
small increases in UV radiation beneath an area of ozone depletion
can be difficult, especially if the amount of depletion is small. This
is due to several factors. ® Clouds absorb part of the UV radiation
with thicker clouds absorbing more; clouds also scatter some radia-
tion. ® The UV radiation reaching Earth varies with the time of day
and the season of the year. ®m It varies in a more regular way with
latitude: the closer to the equator one moves, the greater the amount
of UV radiation reaching Earth. Radiation at the equator is about a
thousand times greater than at the poles. ® More radiation reaches
Earth at higher elevations as compared with ground level. m And
remember ground-level ozone. As with stratospheric ozone, ground-
level ozone absorbs UV radiation too. In ozone-polluted areas more
UV is absorbed. m Other air pollutants also absorb some UV radiation.
If you think of all these variables, you can see why it is difficult to
demonstrate a greater amount of UV radiation reaching the Earth
due to stratospheric-ozone thinning.

You might expect that it would be easier to clearly see increases
in UV radiation reaching Antarctica during its spring when a great
deal of ozone depletion is occurring overhead. And indeed, the most
clearly demonstrated increases in UV radiation are seen in Antarctica
beneath regions of depleted ozone. In fact, the UV radiation reaching
Antarctica in its spring can be even greater than that reaching the
ground in San Diego, California; San Diego would naturally receive
more UV because the sun is much higher above the horizon. ® Clear
increases in UV can also be measured at the Arctic pole during its
spring in March. ® It is more difficult to detect UV increases under
regions where only a small amount of ozone has been depleted. Still,
this has been accomplished in numerous places from Texas, to Canada
and Switzerland. ®m To evaluate UV radiation reaching the Earth more
accurately, measurements are taken on clear days, and in areas far
from major cities and their air pollution. More broadly, satellite mea-
surements now follow global changes in UV radiation, and make
corrections for cloud cover.
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SECTION lli
Ozone-depleting pollutants

Ozone-depleting pollutants and their sources

The source of ozone-depleting chemicals in the stratosphere is the
manufacture of chlorine-containing and bromine-containing chemi-
cals by humans, especially CFCs and halons.> m CFCs are no longer
manufactured in industrialized countries, but remain in older refrig-
eration equipment including automobile air conditioners. Freon-12
(CCI,F;) was the most widely used refrigerant. ® Another less-potent
group of ozone-depleting chemicals is the halocarbons. These synthetic
chemicals contain carbon plus at least one halogen (fluorine, chlorine,
bromine, or iodine). Ozone-depleting halocarbons include the fumi-
gant methyl bromide, the specialized refrigerant methyl chloride, and the
solvents methyl chloroform, carbon tetrachloride, and 1,1,1-trichloroethane.
About 20% of the chlorine reaching the stratosphere is natural and
the other 80% is that in synthetic chemicals. ® The fire-fighting chem-
icals, halons, were the largest source of ozone-depleting bromine.
Now the largest source of bromine is the fumigant methyl bromide.
Marine organisms and forest and grass fires also generate significant
amounts of methyl bromide. ® A 1995 report indicated that iodocar-
bons (iodine-containing chemicals) may also deplete ozone.

Each CFC and other ozone-depleting chemicals are rated accord-
ing to an ozone depletion potential (ODP). CFC-12 (Freon) was given
a value of 1. Halon 1301 has an ODP of 10; that is, it is 10 times
more destructive than CFC-12. On the other hand, methyl chloride
has an ODP of about 0.1; that is, it is 10 times less destructive than
CFC-12. Nature produces the lion’s share of methyl chloride, about
5 million tons (4.5 million tonnes) as compared with only 26 000 tons
(23 600 tonnes) from human activities. Iodine, an element in the same
family as chlorine and bromine, may be important in ozone deple-
tion too, but in this case nature produces iodocarbons in amounts
that dwarf human contributions. The amount of iodocarbons that
reach the stratosphere is unknown.

Not all chlorine and bromine chemicals deplete ozone
Water-soluble chemicals are much less likely to deplete ozone. A
major instance is hydrochloric acid (HCI), produced in huge quan-
tities by volcanic eruptions. However, HCI is water soluble and almost
all is washed out before reaching the stratosphere. Sodium chloride
in ocean spray does not reach the stratosphere for the same reason.
Other water-soluble forms of chlorine include those used for water
disinfection, swimming pools, or bleach. It is the water-insoluble CFCs
and halons that are not rained out of the atmosphere. They survive
to reach the stratosphere, where they cause mischief.

3 Volcano vents are a natural source of CFCs, but release them in tiny amounts as
compared with the quantities produced by humans.
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Why ozone-depleting chemicals concern us

Some chemical and physical factors

In earlier chapters you became familiar with a number of organic
pollutants including polychlorinated biphenyls (PCBs) and polychlo-
rinated pesticides that are persistent in the environment. However,
CFCs and halons are much more stable, so much so that they may per-
sist in the atmosphere for up to 200 years. They are heavier than the
air molecules oxygen and nitrogen. In fact, skeptics previously argued
that CFCs could not reach the stratosphere because of their heaviness.
However, because CFCs and halons are not rained out and are so sta-
ble, they survive to mix with air masses moving into the stratosphere.
Indeed, they are measured in the stratosphere by instrumentation
aboard balloons, aircraft, and satellites. ® In the stratosphere, CFCs
and halons finally encounter an agent - UV light from the sun - that
can destroy them. When CFCs do react, the major product of their
degradation is free chlorine (or free bromine atoms from halons).
It is the highly reactive chlorine that, after conversion to chlorine
monoxide, reacts with ozone to destroy it. If each atom of chlorine or
bromine destroyed only one atom of ozone, there would be no problem. But
they act as catalysts — one chlorine atom can destroy many thousands
of ozone molecules, and one bromine atom is much more destructive
still. Thus chlorine and bromine destroy ozone disproportionately to
their low concentration (Box 8.2)

Box 8.2 | A bit of chemistry — destroying ozone with
CFCs

CFC-12 (Freon) is the best-known CFC. Its formula is CF,Cl,. Below (simplified)
are reactions that result in ozone destruction.
Reaction |.

® CF,Cly + UV radiation — CF,Cl 4 Cl (single chlorine atom)
Reaction 2a.

® Cl+ O3 — O, + CIO (chlorine monoxide)

Reaction 2b.

e IO+ 00—+ 0,

Net reaction of 2a and 2b is:
Reaction 2c.

* O3+ 0 — 20y

i.e. the ozone has been destroyed.

One CIO molecule can catalyze the destruction of many thousands of ozone
molecules. Chlorine is eventually converted to a water-soluble chemical such as
hydrogen chloride (HCI), which can then be deposited from the stratosphere.
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The harm to life of ultraviolet radiation

UV radiation can harm any living creature exposed to it. This includes
phytoplankton (microscopic algae) at the bottom of the food chain
on which all animals, including humans, depend for food, directly
or indirectly. The productivity of these critical tiny organisms is one
reason why a threat to stratospheric ozone raises serious concerns. A
1985 report projected that, if CFC use continued at the 1985 rate, a 7%
loss of stratospheric ozone would occur by the year 2050. This seems
a relatively small loss, but it could increase the Earth’s UV radiation
enough to harm the vital phytoplankton. A 1994 UN Environmental
Program study reported that increased UV-B radiation was reaching
the water’s surface in the Antarctic, and causing phytoplankton losses
plus developmental damage to fish, shrimp, crabs, amphibians, and
other animals. However, because of very large uncertainties in the
data, quantitative estimates of adverse effects were impossible.

Natural levels of ultraviolet radiation

For a moment, forget about stratospheric-ozone depletion. Consider
overexposure to “normal” sunlight, especially summer sunlight, and
especially if you are moving toward the equator, or up a mountain.
Overexposure to even “everyday” levels of sunlight can seriously affect
your health. Midday summer sun is the worst, but other parts of the
day can also lead to overexposure. ® In eyes, overexposure can lead to
cataracts. ® In skin, adverse effects of overexposure include sunburn,
premature skin aging, and skin cancer. Cancer occurs because UV
light damages the genetic material, DNA, within skin cells. Cells can
repair DNA, but not all breaks are repaired. There is no such thing
as a healthy tan.

Natural levels of UV light can be deleterious. Thus, any increase
in UV radiation resulting from stratospheric-ozone depletion must be
taken seriously. For each 1% increase in UV-B radiation reaching the
Earth, there is a projected 2% increase in non-melanoma skin cancers.
These are cancers associated with cumulative exposure to sunlight
over the years. The more serious skin cancer, malignant melanoma, is
associated not with cumulative exposure, but with periods of intense
exposure or sunburn that occurred early in life. Skin-cancer inci-
dence has increased rapidly in recent decades, but started its sharp
increase years before stratospheric-ozone declined. Thus, changes in
lifestyle were the suspected cause. People spend more time in the
sun, often around midday, when UV radiation is most intense. Often,
clothing is inadequate for skin protection, and perhaps 40% of people
wear inadequate sunscreen protection. Diet may also contribute to the
development of skin cancer. But — even though lifestyle is currently the
major factor in the increased incidence of skin cancer - researchers
believe that increasing radiation resulting from ozone depletion will
further increase cancers. In 2001, Chilean scientists published a report
that they believe shows a direct link between ozone depletion and
skin problems. A medical doctor working with climatologists found
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sun blisters appearing on people’s skin on the same days that ozone
depletion over the Antarctic expanded to cover southern Chile.

® Because the skin contains immune cells, UV radiation can sup-
press the immune system. This may be observed as an increase in cold
sores during the first sunny days of summer; these cold sores result
from activation of latent (dormant) herpes virus. More generally,
an increase in infectious illnesses is seen in those with suppressed
immune systems; that is, in people whose immune systems are
already weakened by other illnesses or age. Although immune-system
suppression occurs more readily in fair-skinned people, dark-skinned
people are also susceptible. Again, increasing radiation resulting from
ozone depletion could increase these problems. ® UV radiation also
subjects materials, such as plastics and other organic materials, to
photodegradation. ® And remember that ground-level ozone is formed
in the largest amounts in summer under the sun’s strongest UV radi-
ation. So, increased UV radiation could increase ground-level ozone
(“bad ozone”) levels although paradoxically, ground-level ozone also
absorbs UV radiation. Stratospheric ozone, critical for the protection
of life on Earth, is the “good ozone.”

CFCs and climate

m CFCs are potent greenhouse gases, many thousands of times
more potent than carbon dioxide (see Internet resources, Current
Greenhouse Gas Concentrations). They absorb certain wavelengths
of infrared radiation emanating from Earth; wavelengths that are
not absorbed by other gases. ® On the other hand, CFCs cool the
stratosphere. This happens because ozone normally absorbs the sun’s
energy as it breaks down. This warms the stratosphere. With ozone
destroyed, there is less to interact with the sun’s radiation. So, the
stratosphere cools. This may balance out the warming caused by CFC
action as a greenhouse gas. ® There may be interactions between
ozone depletion and global climate change, a possibility now being
studied.

Contrary views on stratospheric-ozone depletion

Scientists almost all agree that CFCs, halons, and related chemicals
can destroy stratospheric ozone. However, as happens with many
environmental issues, there are skeptics. And often, as with ozone,
researchers respond to skeptics by doing more research. ® At one time,
skeptics asserted that a drop in Antarctic ozone had been reported in
the 1950s, at a time before CFCs were widely used. However, a NASA
researcher re-analyzed the data on which that 1950s report was based,
and found that instrumental errors explained what was thought to
be a lowered level of stratospheric ozone. As a 1994 Science article
stated, “There is no credible evidence for an ozone hole in 1958.”
m Skeptics asserted yes, there is chlorine in the stratosphere, but it is
chlorine from volcanic eruptions, not CFCs. NASA researchers subse-
quently demonstrated that CFCs did reach the stratosphere and were
degraded there: satellite instruments detected the refrigerant CFC-12
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in the stratosphere. The amount of CFC-12 decreased above 20 km,
a level where the sun’s high-energy UV radiation breaks it down. At
levels where CFC-12 was detected, its breakdown products — hydrogen
chloride and hydrogen fluoride — were also detected. Stratospheric lev-
els of hydrogen fluoride have increased steadily over the years. Such
a steady build-up is not consistent with the hypothesis that hydrogen
fluoride is produced by intermittent volcanic eruptions.* Scientists
directing the NASA project stated that CFCs are the source of chlo-
rine in the stratosphere, stressing, “There is no other possibility.”
Other work firmly established the link between chlorine build-up in
the stratosphere and ozone loss. An estimated 20% of stratospheric
chlorine is from natural sources, as compared with 80% from human
activities.

m Skeptics also go another step and say, yes, CFCs do reach the
stratosphere, but they don’t destroy a significant amount of ozone.
They say, we have only been measuring stratospheric-ozone levels for
about 40 years, and don’t know enough about natural fluctuations to
know that ozone is being perturbed. They point out that stratospheric-
ozone levels, even in one location, can naturally vary by 40% over a
period of a few weeks. ® Critics also say too that the amount of UV
radiation reaching Earth varies greatly (and naturally) with degrees of
latitude. For every 60 miles (97 km) that a northerner travels south,
UV exposure increases by 5%; or for every additional 150ft (46 m)
elevation, UV exposure increases by 1%. In Denver - the mile-high
city — people have a 35% greater exposure to UV radiation than do
Philadelphia citizens; or, one approximately doubles skin-cancer risk
by moving south from Chicago to Atlanta because of Atlanta’s greater
UV radiation. There are answers to these questions. In the case of
the equator’s heavy UV radiation, we see that life there has evolved
means to protect itself from heavy UV doses. Consider the dark skin
of tropical peoples, which partially protects them from intense UV
radiation. But life at the South Pole evolved with low UV levels and
is damaged by higher radiation. In the end, not every point made
by skeptics may be fully answered. Policy makers must go with the
best-available evidence.

Questions 8.1 |

I. Students sometimes ask why we can't solve the problem of stratospheric-ozone
depletion by pumping ground-level ozone into the stratosphere. Assume that
this is practical. Why would this not solve the problem of stratospheric-ozone
loss?

2. Why are the large majority of air molecules in the atmosphere found in the
troposphere?

4 The reason for following hydrogen fluoride (and not hydrogen chloride) is that there
is no natural source of this chemical other than volcanoes.
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3. Although ozone is heavier than either oxygen or nitrogen, most ozone is found
in the stratosphere — why?

4. (a) More UV radiation reaches higher elevations than lower elevations — why?
(b) Why does more UV radiation reach locations that are closer to the equator
than those that are further away?

5. Inresponse to stronger UV radiation, plankton can move deeper into the water.
This being the case, why are we concerned about the effect of UV on plankton?

6. The banning of CFCs and halons has been difficult. But it is relatively easy
compared with what will be required to greatly reduce, let alone ban, carbon
dioxide emissions. Why?

SECTION IV

Reducing atmospheric levels of ozone-depleting
substances

The Montreal Protocol

Once stratospheric-ozone depletion was observed in the 1980s, many
believed that a quick and complete ban was necessary to avert seri-
ous consequences, especially because CFCs and halons have atmo-
spheric lifetimes of decades to centuries. In 1987, most industrialized
nations signed the Montreal Protocol on Substances That Deplete the
Ozone Layer; an agreement to ban CFC and halon manufacture. Many
other nations later signed the treaty, which was further strength-
ened in 1992. The Montreal Protocol was significant because it banned
ozone-depleting chemicals, and also because it represented the first
global environmental-protection treaty. In the United States, by 1995
almost all CFC and halon manufacture ceased. In small amounts,
CFCs continue to be used for purposes deemed essential: as propel-
lants in aerosol sprays used by asthmatics and to manufacture rocket
motors. Although no longer manufactured in the United States, CFCs
still remain in refrigerators and air conditioners produced before
the ban. As these appliances reach the end of their lives, CFCs are
collected by trained technicians to prevent their escape into the
atmosphere.

Assisting less-developed countries

Production of CFCs in the United States and other Western countries
ceased in 1996, but the Montreal Protocol allowed eight developing
countries that produce CFCs a grace period of 10 years. They began
phasing out production in 1999 and it will cease completely by 2010.
The grace period was necessary because new equipment is necessary
for the substitute refrigerants. The cost of this equipment posed a
problem for poor countries. Underdeveloped nations also agreed to
freeze halon and methyl bromide production by 2002. Ensuring that
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developing countries comply is essential if the Montreal Protocol is to
succeed. Money is always a form of assistance that developed nations
can provide. The World Bank agreed to pay seven Russian companies
$17.3 million to compensate them for ending production of CFCs and
halons. The halt in production is being verified by outside experts
who will continue to monitor the situation for some years. These
Russian companies had accounted for half of the remaining produc-
tion capacity. Sometimes, information alone is useful. In the case of
halons, poor nations especially had the problem of ensuring fire pro-
tection while banning the very effective, safe, and affordable halons.
The UN Environmental Program assisted by providing published case
studies showing how this could be accomplished.

Box 8.3 | Reducing exposure to ultraviolet radiation

Recall from Chapter 2 that pollution prevention is preferable to treatment or con-
trol. Thus, banning ozone-depleting substances through the Montreal Protocol was
a major achievement. However; quite aside from increased UV radiation reaching
the Earth, even “normal”” UV exposure needs to be controlled. Children, in partic-
ular, need sun protection because, by the age of |8, most will have been exposed
to 80% of their lifetime dose of UV radiation —and the resultant later damage it can
cause. Chronic effects of severe sunburn, or of overexposure even without sun-
burn, may not appear until many years later. In the northern hemisphere, people
have a progressively greater need for eye and skin protection the further south
they live, as the intensity of UV radiation increases. Despite all its negative effects,
sunlight should not be entirely avoided and is necessary to form vitamin D in the
skin. Individuals need exposure to sunlight for a few minutes a day several days a
week. The sun also improves many people's sense of well-being, but protection is
needed for anything beyond low exposures.

The US National Weather Service and the EPA provide a summer UV index
used by newspapers, radio, and television in weather forecasts (Table 8.1). The
index is calculated for noon, or 1.00 p.m. daylight saving time. The sunlight at
9.00 a.m. or 3.00 p.m. is only about half as intense as at noon. The higher the
index value, the more quickly sunburn can occur. The further south a northern
hemisphere person lives, the higher is the average index value. Light-skinned people,
or those who sunburn easily, are most vulnerable. A high index should alert people
to wear wide-brimmed hats, skin covering, and sunglasses that block 99% to 100%
of UV radiation. Simple polo or T-shirts provide little protection to the skin. An
unbleached cotton, high-luster polyester, or dark material is needed. Specialized
fabrics are marketed to those with sun-sensitive skin. A sunscreen with a sun
protection factor (SPF) of |5 or higher should be used. To protect against UV-A
as well as UV-B, the sunscreen needs an ingredient such as avobenzone.

Substitutes for ozone-depleting chemicals
The major CFC substitutes developed were hydrofluorocarbons (HFCs)
and hydrochlorofluorocarbons (HCFCs). These alternatives still retain
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Table 8.1 | Weather service UV index

Index value Exposure level
0-2 Minimal

34 Low

5-6 Moderate
7-8 High

9—-10+ Very high

some ozone-depleting ability (about 10% as much as CFCs), and better
substitutes are being sought. Interestingly, production of substitute
coolants will be significantly lower than was CFC production because
leak prevention has been improved and recycling is a given. This repre-
sents a significant change in society’s approach to handling problem
chemicals. Chemical substitutes have also been found for many indus-
trial halocarbon solvents. @ However, many farmers remain unhappy
with the alternatives available for the fumigant methyl bromide.
Because methyl bromide is also produced by the ocean, and forest and
grass fires, some argue that the amount used by farmers is not great
enough to warrant banning it. ® Good alternatives to the fire-fighting
halons are not yet available. Nonetheless, halons are banned because
a 30- to 50-year supply remains on hand. Other fire-fighting substi-
tutes evaluated either have undesirable properties or are very costly.
For example, one iodine- and fluorine-containing chemical showed
good fire-fighting properties and had a short atmospheric life, but
was too toxic for routine use. Halon alternatives are still being actively
sought.

Smuggling of CFCs and halons

The Montreal Protocol is largely a successful treaty. Levels of ozone-
depleting substances in the lower atmosphere have begun a slow
decline and may be stabilizing in the stratosphere. Unfortunately,
some facilities continue to produce CFCs and halons illegally, and
smuggling has became a serious problem. Contraband CFCs are used
to recharge motor-vehicle air conditioners. Halons are still valued fire
suppressors. For a while, CFCs were the second most lucrative com-
modity smuggled into the United States through Miami, exceeded
in value only by cocaine smuggling. The trade slowed after North
American, Japanese, and European authorities began to arrest and
convict smugglers although these countries apparently remain the
targets of smugglers. Much illegal trade moved to Asia. The origin of
the contraband is presumably those countries that can still legally
produce the CFCs until 2010, including India, China, Mexico, and
Venezuela. Smuggling networks reportedly exist in India, Bangladesh,
Pakistan, Malaysia, the Philippines, Vietnam, Indonesia, and other
countries. Smugglers have many ways to disguise their actions. For
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instance, recycled CFCs can still be legally sold in developed countries.
However, customs officers cannot tell the difference between the recy-
cled and the new. Several ways to combat the illegal trade are in place.
One is a 1997 amendment to the Montreal Protocol; this amendment
set up a system of prior informed consent to control both imports
and exports. Other means to fight the trade include providing direct
financial assistance to certain facilities to end their production now
and not wait until 2010 (see below). For CFCs at least, demand will
abate as older cars are removed from the road. Nonetheless, illegal
trade is seen as an ongoing threat, which could slow, even reverse,
the recovery of the stratospheric-ozone layer.

Box 8.4 | Environmentally, there is no free lunch

CFC substitutes were selected on the basis of their effectiveness in serving desired
functions, and on not having ozone-depleting ability. For some CFC uses, such as
metal cleaning, it was fairly easy to find substitutes. It was less easy to duplicate the
functions of CFCs as refrigerants or as an insulation foam in refrigerator walls. The
HFCs and HCFCs finally selected are chemically related to CFCs, but have much less
ozone-depleting capability. However, any chemical will have some environmental
impact. As you read the examples below, keep in mind that all together these
impacts are much less serious than stratospheric-ozone depletion.

B HCFCs degrade more easily than CFCs, but do reach the stratosphere
and have some ozone-depleting potential. Their manufacture will be phased out
early this century. ® HFCs have no chlorine and no ozone-depleting potential,
but they are greenhouse gases and may eventually be banned for this reason.
B The hydrocarbon cyclopentane can substitute for CFCs in the production of
polyurethane foam insulation. However, it is a volatile organic compound (VOC)
regulated by the US Clean Air Act.

B Propellants used to replace CFC aerosols are flammable hydrocarbons, such
as propane and butane, and should not be used near flames. ® In leather shoe
sprays, hexane and 2,2,4-trimethylpentane replaced the ozone-depleting chemical
[,1,1-trichloromethane, but incidents of acute respiratory illnesses have occurred
among those using the sprays in poorly ventilated areas. ® Water-based solvents
replaced CFCs in many cleaning jobs, but the water necessarily becomes dirty.
Although treated before release, inevitably some pollution is released into water
bodies. @ Some hydrocarbons can be used as refrigerants, but they are flammable —
a major negative.

Innovative substitutes continue to be explored. Sound waves or thermoacous-
tic refrigeration could possibly completely replace chemical coolants as it needs
neither refrigerants nor compressors. It combines evaporative cooling, already
used in dry climates, with a desiccant to dry the air so the system can be used
in moist climates. Most people would not consider eliminating refrigeration. As
one public health scientist noted, “Refrigeration has done more to increase the
life span of humans than pharmacology.” People used to die of food poisoning
caused by microorganisms that were able to multiply rapidly in foods kept at room
temperature.
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SECTION V
The future

A decline in CFCs and a return to normality

Together, CFC-11 and CFC-12 represent 50% of all CFCs used. Strato-
spheric levels of these chemicals increased until 2002 to what is
expected to be their peak. Data supporting such a conclusion were
gathered from monitoring stations around the globe, including the
South Pole and Point Barrow, Alaska. However, the lifetime of CFC-11
is 40 years and that of CFC-12 is 140 years. Thus, stratospheric levels
are expected to decline only slowly. In contrast, concentrations in the
lower atmosphere already peaked in 1992 to 1994, and have declined
since then. m The Antarctic ozone hole still appears each polar spring.
Indeed, the year 2000 saw the largest ozone hole ever seen over Antarc-
tica although scientists believe the depletion in 2000 was due to the
unusual intensity of the Antarctic vortex (created by the circulating
stratospheric air current separating polar air from the atmosphere
around it). The UN Environment Program and the World Meteoro-
logical Organization make the projection that given full compliance
with the Montreal Protocol, stratospheric-ozone levels will return to
normal by about the year 2050.

Reducing CFC alternatives too

CFC alternatives are safer, but not environmentally benign; the next
challenge is to reduce their use as well (Box 8.4). ® HCFCs (hydrochlo-
rofluorocarbons) are more reactive chemicals than CFCs, and thus
have shorter atmospheric lifetimes and less capacity to damage
ozone. Nonetheless, they have some ozone-depleting ability, and are
also greenhouse gases. The Montreal Protocol required industrialized
countries to cap their HCFCs consumption by 1996, and thereafter
to progressively reduce their use: 90% by 2015, and totally by 2030.
m Other substitutes, e.g., the HFCs (hydrofluorocarbons), became the
alternative of choice to air-condition motor vehicles. HFCs don’t con-
tain chlorine and don’t affect the stratospheric-ozone layer, but are
powerful greenhouse gases.
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Chapter 9

Water pollution

“For change, we need three factors: leadership from
above, pressure from below, or some exemplary
catastrophe.”

(Crispin Tickell, Oxford University)

Aside from the very important issue of clean drinking water, why care
about clean water? Clean water - and enough of it - is essential to
any and all life, animals, plants, and microbes. Fish are vulnerable
to polluted water. Indeed, there are places in the world where the
water is so polluted that fish have disappeared. In many other places
fish or shellfish survive, but are not safe to eat because their flesh is
contaminated. Humans enjoy being around water, but contamination
with infectious organisms makes swimming unsafe; or if water has
obnoxious odors or scum, being near it is not pleasant. Clean water
is vital.

This chapter surveys water pollutants, the problems they cause,
and actions taken to reduce them. Section I introduces terms impor-
tant to understanding water pollution. After then describing the
six conventional water pollutants, it introduces toxic and non-
conventional pollutants. Section II examines reducing point-source
pollution, especially through wastewater treatment. Sewage treat-
ment is a major part of this effort. Section III looks at the control
and pollution-prevention methods commonly used to reduce sources
of non-point-source pollution. Section IV examines how the impact
of pollution differs depending on the type of water body affected
(rivers, estuaries, groundwater, and wetlands). Section V delves into
water pollution in a developing country, China. Section VI comes back
to one conventional water pollutant, i.e., nutrients, and the major
problems it is causing around the world. As you read this chapter,
note whether a point or non-point source is being discussed. If it is
a non-point-source pollutant, does it arise from land runoff or from
atmospheric deposition? Learning the six conventional water pollu-
tants first will make it easier to follow the rest of the chapter. Note
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too that three of the six conventional pollutants are implicated in
global-level problems - pH (acid deposition), pathogenic agents (in
drinking water), and nutrients (the “nitrogen glut”). As you familiar-
ize yourself with water-pollution terminology, it is useful to under-
stand how water cycles in the environment (Figure 9.1).

SECTION |
Introduction

Laws governing water quality existed in the United States before 1972,
but there was no uniform national law. Water pollution was not well
controlled and some states, eager to keep or attract industry, were
negligent. The Clean Water Act of 1972 and the Safe Drinking Water
Act of 1974 mandated states to treat water pollution uniformly. These
laws have been updated over the years. Other countries likewise have
laws to protect their water. Some enforce their laws well, but others
poorly. In developed countries, many water bodies are cleaner than
30 years ago. When Congress passed the Clean Water Act in 1972,
only 30% of US waters were judged fishable and swimmable. By 1994,
it was greater than 60%. “Fishable” means that fish from the water
are safe to eat; “swimmable,” that it can be used for swimming with-
out fear of infectious organisms or other unhealthy contaminants.
Critics point out that the 60% figure may be deceiving. Although cit-
izens may see improvements in specific water bodies, they cannot
know the overall quality of the country’s water bodies because large
information gaps exist. In the United States, only 19% of rivers and
streams are monitored and only 6% of ocean and shoreline waters.
Methods used to monitor water also vary widely, and many consider
the statistics unreliable.
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Terminology

A “point source” is “any single identifiable source . . . from which pol-
lutants are discharged, e.g., a pipe, ditch, ship, or factory smokestack.”
Outlet pipes of industrial facilities or wastewater-treatment plants are
examples of point sources. Developed countries such as the United
States initially worked to control point sources of water pollution.
Point sources originate in large easily identified facilities and thus
are easy to trace. Developed countries control most point sources
well. ® A “non-point-source” pollutant is one whose source is much
harder to identify precisely, hence the term “non-point”. ® The word
“runoff” indicates rainwater or snowmelt carried across land to water.
Runoff arises from non-point sources. Runoff carries almost anything
that water can carry - oil, grease, dirt, trash, animal waste, microor-
ganisms, and chemical pollutants, including metals, pesticides, and
fertilizers. Urban non-point sources include streets and parking lots,
roofs, and construction sites.! Rural non-point sources include agri-
culture, logging, and mining sites. Pollution from non-point sources
is much harder to control than that from point sources. ® To better
understand runoff, think of watershed. A “watershed” is a drainage
basin encompassing an area in which rain and other precipitation
drains into a particular river or river system. It also includes water
bodies auxiliary to the river such as wetlands, aquifers, and estuar-
ies. Basically, all precipitation falling in a watershed flows into one
water body. This means that runoff from distant points can reach -
and influence - the water body into which the river system flows,
be it an estuary, lake, or wetland. ® Polluted runoff is the most serious
water-pollution problem, a major problem worldwide.

Box 9.1 | Pollutant movement in the environment

Categorizing pollutants as air, water, or soil pollutants is convenient. But a given
pollutant often moves in land, water; and air. Sometimes it cycles among all three,
and may contaminate food as well. ® Once emitted into air; pollutants can settle
onto water and land, including food crops and other vegetation. ® If discharged
to water or land, many pollutants become airborne, but then settle out again. ®
If deposited onto land, many pollutants run off into surface water; and, afthough
partially detoxified by soil filtration, they seep down into groundwater:
Polychlorinated biphenyls (PCBs) provide an illustration of these movements.
Most PCBs were initially discharged into water bodies or leaked into soil from
equipment. PCBs, although not especially volatile, do become airborne from water
and land. From air, they eventually settle again onto land and water, sometimes far

! On undisturbed land, rainwater can percolate down through the soil to replenish
groundwater. As the water moves downward, the soil - providing one of nature’s ser-
vices - absorbs and detoxifies many pollutants. But on land covered with parking
lots, roads, shopping malls, factories, buildings, and homes there is less soil to absorb
water. In addition to less replenishment of groundwater, contaminant-carrying rain-
water runs off into surface water.
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from their origin. From their new resting places, PCBs again become airborne, and
the cycle continues to repeat itself.

Atmospheric deposition

Water is impacted by runoff from land, but it is also increasingly affected by another
non-point source, i.e., atmospheric deposition (Figure 9.2). Acid deposition may
be the best-known atmospheric deposition, but many other pollutants are also
deposited from the atmosphere including nutrients, metals, organic chemicals, and
microorganisms. To understand the significance of atmospheric deposition, reflect
on the huge quantities of criteria pollutants emitted into the air: sulfur dioxide,
nitrogen dioxide, lead and other metals, and particulate matter. The fate of these
air emissions is often deposition onto Earth and water. Likewise, many airborne
organic chemicals — pesticides, polychlorinated biphenyls (PCBs) and others — are
also deposited onto land and water: Lake Superior, one of the Great Lakes, provides
an illustration: about 919% of the PCBs in the lake come from the atmosphere; so
do about 69% of the lead and 73% of the mercury.

Using this terminology

In 1985, European countries decided to reduce the excessive amounts
of the nutrients phosphorus and nitrate running off into the Rhine
River. They set a goal of reducing the amount of each nutrient reach-
ing the Rhine by 50% within 10 years. They succeeded with phospho-
rus because it largely came from point sources — wastewater (sewage)-
treatment plants. However, as you will see below, nitrate enters water
bodies largely in non-point-source runoff. This is harder to trace
and control. As of 2000, the desired 50% reduction in nitrate still
was not achieved. ® Now remember atmospheric deposition. This is
another source of nitrate to water bodies (after atmospheric nitrogen
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oxide (NOy) is transformed into nitrate and nitric acid, Figure 5.3).
An example illustrates how significant atmospheric deposition of
nutrients is: about 40% and 30%, respectively, of the nitrate input
into Chesapeake Bay and the Potomac River basins is from the atmo-
sphere.

Conventional pollutants

Pollutants regulated by the US Clean Water Act are described here.
These are the “conventional,” “non-conventional,” and “toxic” pollu-
tants. Just as the term “criteria air pollutants” did not reveal the
seriousness of those six pollutants, the term “conventional water pol-
lutants” does not tell us that these can have serious, even devastating,
effects. However, “conventional” does correctly imply that these are
common pollutants produced in large amounts. These conventional
pollutants are as follows: biochemical oxygen demand, nutrients, pH, sus-
pended solids, oil and grease, and pathogenic microorganisms. Note that
none of these is an individual chemical. Indeed, one, microorgan-
isms, refers to whole living organisms. These conventional pollutants
will now be examined in turn.

Biochemical oxygen demand

Microorganisms decompose organic matter discharged to a water
body. They require oxygen to do so. The amount of oxygen required to
decompose a given amount of organic pollutant is the “biochemical
oxygen demand” (BOD). Natural BOD, such as plant debris and wildlife
feces, is almost always present. However, a high BOD often indicates
human activity, such as sewage or industrial discharge. Human activ-
ities that lead to a discharge of BOD include municipal wastewater-
treatment plants, food-processing operations, chemical plants, pulp
and paper operations, tanneries, and slaughterhouses.

A high BOD can reduce or deplete the oxygen in water. In a large
water body, fish can swim away from low-oxygen (“hypoxic”) condi-
tions, but crabs and snails and sedentary organisms may die. Profes-
sor R. Diaz of the College of William and Mary’s School of Marine
Sciences has noted, “Low oxygen now causes more mass fish deaths
than any other single agent, including oil spills, and it ranks as a
leading threat to commercial fisheries and the marine environment
in general.” Hypoxic water is a problem in the United States and world-
wide. Hypoxia can be an irregular or seasonal occurrence in a water
body, or an ongoing problem. An inorganic nutrient is not BOD, but
notice in Box 9.2 that a nutrient can generate BOD.

Nutrients
A nutrient is a substance required for life, but has a more sin-
ister face at high concentrations. Man-made fertilizers, containing
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concentrated reactive nitrogen?> and phosphorus are a major source of
nutrients to water bodies. When fertilizer is added to agricultural
fields, the excess runs off with rainwater into water bodies. There
water plants, especially algae, ingest the nutrients. This has a cascade
of effects. Although synthetic fertilizer is the major offender, any
organic matter has nutrient value. Human activities that lead to the
discharge of organic matter include municipal wastewater-treatment
plants, food-processing operations, chemical plants, pulp and paper
operations, tanneries, and slaughterhouses. Natural sources of nutri-
ents likewise are similar to those noted for BOD, i.e., plant and animal
debris and wildlife feces.

Continuing input of excess nutrients can lead to eutrophication, a
process “during which a lake, estuary, or bay evolves into a bog or
marsh and eventually disappears.” A water body naturally becomes
eutrophic, but over many years as it slowly accumulates nutrients.
During later stages of eutrophication, the water is choked with plant
life, in particular algal “blooms.” Blooms may form a scum on the
water surface, produce offensive smells, give the water a bad taste,
and make it unfit for swimming. Human activities that put excess
amounts of nutrients into water accelerate eutrophication.® Nitrate
and ammonia, as well as many organic chemicals, contain nitrogen
in a form bioavailable to plants and algae. Excess nutrients — the
“nitrogen glut” — have become a global problem. Section VI deals
with this issue in more detail.

Box 9.2 | BOD and nutrients

Nitrate and phosphorus are two nutrients found in commercial fertilizer. As inor-
ganic chemicals, they themselves do not exert BOD. However, they are fertilizers,
stimulating plant growth.

® Nutrients stimulate algal growth in water, sometimes an algal bloom.

® Zooplankton eat the proliferating algae.

® Bacteria, using the oxygen in water to do so, digest the fecal pellets of the
zooplankton as well as dead plankton and dead vegetation. Even if oxygen is only
partially depleted, aquatic organisms suffer: If most of the oxygen is depleted, a
dead zone can result.

In estuaries and coastal areas, excessive nitrate is the major culprit atthough phos-
phorus, another important nutrient, also contributes to the problem. In fresh-
water lakes, phosphorus is often the major culprit stimulating excessive growth of
vegetation.

2 Reactive nitrogen is used in this text as a synonym for “fixed nitrogen” or bioavailable
nitrogen. Atmospheric nitrogen is inert to most life. However, specialized microbes and
a few plants can “fix” it into reactive or bioavailable chemicals such as nitrate. Fixed
or reactive nitrogen can then be used by plants and algae to make nitrogen-containing
biochemicals.

3 The term “reactive nitrogen” is often referring to nitrate. When reactive nitrogen is pre-
sent in larger amounts than needed, excess growth, especially of algae, is stimulated.
The relatively more rapid growth of algae crowds out the growth of other plant life.
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pH*

® Acid deposition. You examined acid deposition in Chapter 6. Recall
that the global problem of acid deposition can lead to water bodies
becoming too acid to optimally support life or, sometimes, to support
life at all. m Mining operations. These are another source of damaging
amounts of acid. Metal ores often contain metal sulfides. Mining of
sulfide ores and of sulfur-containing coal brings sulfides to Earth’s
surface. There, exposed to oxygen, sulfides are oxidized to sulfate,
and in the presence of moisture sulfate is converted to sulfuric acid
(Figure 5.2). This acid runs off into nearby water, sometimes caus-
ing great damage. To make the situation even worse, sulfuric acid
dissolves metals, including hazardous metals, contained in mining
wastes; rainwater runoff can carry these into water bodies. The acid
damage can sometimes be carried for miles downstream. If iron is
one of the metals present, contaminated streams can turn orange.

Suspended solids

This physical pollutant is found naturally in water to varying extents.
As usual, it is an excess that is deleterious. Also recall that in air, it
is the very fine particles which cause the greatest health problems.
Similarly, fine particles in soil runoff become fine suspended solids
in water, which can cause serious problems. ® Increased suspended-
solids content makes water more turbid or cloudy. This limits the
sunlight reaching aquatic plants and stunts their growth. ® Fine sus-
pended solids can also clog fish gills and harm the respiration of
other water animals. ® Suspended solids can interfere with efficient
water disinfection by shielding microorganisms from the disinfectant.
Surviving microorganisms can then contaminate drinking water.?

A major source of suspended solids is soil runoff from agricultural
fields, especially in row crops. Forestry and construction activities
contribute too. Point sources of suspended solids are facilities that
discharge various solids including those that create BOD.

Oil and grease

Oil spills are a major problem in some near-coastal waters, killing
or adversely affecting fish, other aquatic organisms, birds, and mam-
mals. These spills can also kill or reduce organisms living in coastal
sands and rocks, and may kill the worms and insects that are food

4 Extremes of pH can be either acid or basic (alkaline). See Figure 6.2. Excessive acidity
(low pH) is typically the major problem. However, excess alkalinity can also harm or
kill aquatic life, such as when there is a spill of alkaline “liquor” from a pulp and
paper mill using an alkaline pulping process.

5 Soil particles that are not suspended can cause problems too. Heavier soil particles fall
to the bottom of a water body. Eroded soil carried in runoff from agricultural lands
and construction sites has badly impaired water quality in a number of rivers and
lakes in the United States and elsewhere. Excessive soil input can suffocate or damage
bottom-dwelling organisms, and change the characteristics of the water body. In the
worst cases it fills in stream beds. It is a frequent cause of impaired water quality in
rivers and lakes.
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to birds and wildlife. When the spills intrude into coastal marshes,
the oil can damage or kill fish, shrimp, birds, and other animals
(Box 9.3). Oil spills can also foul beaches used for swimming and recre-
ation. Despite the sometimes horrendous damage caused by oil spills,
they are seen as a relatively minor problem for fish and the marine
environment in comparison to chronic nutrient pollution. Depend-
ing upon the amount and type of oil spilled, where it is spilled,
and weather conditions, ecosystem recovery can be quick or painfully
slow.

Spills are not the only source of oil in water: oil leaking from
vehicles, or released during accidents, washes off roads with rain-
water and then reaches water bodies. A portion also percolates down
to groundwater. Used oil from motor vehicles is often improperly
disposed of too. Direct releases of oil into water bodies also occur.
Motor and other recreational boats release up to 30% of their fuel,
unburned, into water. These individually small, but ongoing events
add up to much more oil than is spilled in a dramatic event such
as the Exxon Valdez. However, the effects of a major spill are obvious
whereas the environmental impact of ongoing small events is harder
to assess.

Box 9.3 | The Exxon Valdez

In 1994, the biologist Rick Steiner described the effects of the Alaskan oil spill: “The
essence of the disaster lies in images of once-playful river otters oiled and crawling
off to die in rock crevasses along their home streams; bald eagles losing their grip
in the treetops, falling dead, deep in the forest; orphaned sea-otter pups searching
for dead parents, shivering through oiled fur in cold water that once seemed warm;
seals, sea-lions, and whales staring up at a black surface through which they must
swim in order to take their next breath, eyes and nostrils inflamed, often then
inhaling oil instead of air; diving birds, soaked in oil and unable to fly, with simply
nowhere to go but back into the thick of the oil. If nothing else, the Exxon Valdez
should serve to remind all of us that any true prosperity we seek in this world
must also include consideration for the many innocent beings along the way.”®

Pathogenic microorganisms

Most microorganisms are not pathogens, and do not cause disease. Most per-
form useful, often vital, functions for humans including assisting the
digestion in our intestines. We depend on microbes to degrade organic
wastes in the environment and to biodegrade the organic material in
landfills. We use microbes in fermentations to make food products,
pharmaceuticals, and other chemicals. Microbes are almost ubiqui-
tous in our environment, found almost anywhere that one looks. Pro-
fessors Bruce Levin and Rustom Antia (see Further reading) state it
well, “Almost every time we eat, brush our teeth, scrape our skin,
have sex, get bitten by insects, and inhale, we are confronted with

6 Steiner, R. Oilstained legacy. National Wildlife, 32(5), August/September, 1994, 37.
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Giardia lamblia

populations of microbes that are capable of colonizing the mucosa
lining our orifices and alimentary tract and proliferating in fluids
and cells within us. Nevertheless, we rarely get sick much less suc-
cumb to these infections.” It is specific microorganisms, pathogens
that are capable of causing infectious disease, that concern us. A
pathogen can be a bacterium, virus, fungus, protozoan, or toxic algal
species.

Dangers of pathogens

Pathogens in drinking water, as we will explore in Chapter 10 are
a tremendous health threat. Other threats posed by pathogens fol-
low. m If infectious microbes or their toxins are found in shellfish,
their harvesting for food use is halted. m Pathogenic viruses and bac-
teria in coastal water can infect swimmers and others. Viruses are
abundant in marine waters, often surviving in salt water longer than
bacteria. Infections can result not just by ingesting water containing
pathogens, but through the skin. In the United States, as many as 19
out of 1000 swimmers each year are reported to suffer gastroenteritis
caused by swimming in water containing infectious microbes.

Sources of pathogens

Pathogenic microbes in a water body are often anthropogenic, gener-
ated by human activities. ® Runoff. They may arrive in water bodies
in runoff of storm water, and from improperly operating septic sys-
tems, or runoff from livestock operations. ® Point sources. Pathogens
sometimes come from point sources, especially poorly performing
municipal sewage-treatment plants. ® All these sources exist in devel-
oped countries. The situation is worse in less-developed nations where
most sewage remains untreated, and is often dumped into rivers and
oceans. Figure 9.3 shows two pathogenic protozoans.

JT-TIR XN Two parasites in
drinking water (Cryptosporidium
parvum and Giardia lamblia from
animal feces). Photo credit:

H. D. A. Lindquist, US EPA (Scale
bar, 10 pm). Source: US EPA
Microbiology
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Priority (toxic) pollutants

If you remember that a specific pollutant, such as lead or chloro-
form, often contaminates more than one environmental medium,
you won’t be surprised to learn that many common air pollutants
are common water pollutants too. Recall too that hazardous air pol-
lutants (HAPs, Chapter 5) are often called toxic air pollutants. Like-
wise, priority water pollutants are often called toxic water pollutants.
The US EPA, under the Clean Water Act, regulates 126 priority pol-
lutants including metals such as arsenic, cadmium, lead, mercury,
nickel, copper, and zinc. These metals are not only priority water pol-
lutants. They are also HAPs (Table 5.4). Among the priority pollutants
that are organic chemicals, are the widely used industrial chemicals
such as benzene, toluene, and many pesticides. Many of these too are
HAPs.

A high concentration of a priority water pollutant such as a
pesticide may cause acute illnesses or death in aquatic life. In the
United States, hundreds of fish kills are still reported each year that
result from runoff of spilled pesticides or other chemicals. In smaller
quantities, many priority pollutants present a chronic health risk,
e.g., some pesticides may act as environmental hormones (Chapter 3).

If the priority pollutant comes from a point source, e.g., a
wastewater-treatment facility, it can usually be well controlled. Con-
trol is more difficult for priority pollutants found in non-point-source
runoff, as with pesticides from agricultural fields, organic chemicals
in runoff from city streets, or polycyclic aromatic hydrocarbons (PAHs)
deposited from air.

Banned discharges

The Clean Water Act totally forbids the discharge of some substances,
including radioactive chemicals, and chemical and biological war-
fare agents. Other chemicals whose discharge is prohibited are PCBs,
which in the United States are regulated by the Toxic Substances Con-
trol Act (TSCA). In industrialized countries, the manufacture of PCBs
was banned in the 1970s, but they still occur in runoff from old
spills, waste sites, or leaks in old electrical equipment. As a result of
discharges into water when PCB manufacture was still legal, these
long-lived chemicals are still to be found in sediments. PCB concen-
tration is lower in water because of their poor water solubility.

Non-conventional and non-toxic pollutants

A third group of water pollutants regulated under the Clean Water
Act is the non-conventional and non-toxic pollutants. Here we find
ammonia, chloride (as from sodium chloride, salt), iron, aluminum,
total phenols, and color. Many facilities - textile factories are an
example - discharge colored effluents. The intensity of the discharged
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color is regulated by law. Heat is a regulated pollutant too. Elec-
tric power plants especially, but also many industrial facilities dis-
charge heated effluents. Thermal pollution can cause problems but is
not ordinarily as serious as many other pollutants discussed in this
chapter.

SECTION I
Reducing point sources

One point source of water pollutant is municipal sewage-treatment
plants and industrial wastewater-treatment plants. Wastewater is tap
water after it has been used in homes, businesses, and institutions
for drinking, bathing, flushing toilets, and other purposes (Box 9.4).
Before a municipal or industrial facility can discharge wastewater
into receiving water in the United States, it must first treat it to
remove pollutants to levels in compliance with its particular per-
mit. The intent of the US Clean Water Act was to eventually elimi-
nate point sources of pollution. Because elimination was not immedi-
ately possible, the US EPA allowed permits to be issued to municipal
and industrial facilities. These permits allowed discharges of speci-
fied amounts of particular pollutants. A facility must comply with
its permit and regularly monitor its discharges to assure its compli-
ance. The goal of permits is to limit discharges to a point that is
protective of human health and aquatic life. Over the years waste-
water treatment has become increasingly effective at removing con-
taminants, but pollutant release has not been eliminated. Unfortu-
nately, in many less-developed countries pollutant release is poorly
controlled or uncontrolled.

Box 9.4 | Sewer terminology

m A “sewer” is an underground pipe system that carries wastewater to a treatment
plant. B A “sanitary sewer” carries wastewater (from homes, commercial, industrial,
and institutional establishments) to a treatment plant. B A “storm sewer’ carries
runoff from rainstorms or melting snow. B A “combined sewer”" carries both sani-
tary wastewater and storm-water runoff. Combined sewer contents ordinarily go
to a wastewater-treatment plant, but if a heavy storm exceeds the capacity of the
system it overflows. The combined sewer overflow (CSO), containing untreated
sewage and contaminated storm water, discharges into nearby water bodies. Com-
bined sewers dating from the late nineteenth and early twentieth century remain in
use in many hundreds of eastern and mid-western US cities. B Storm-water runoff,
CSO, and other poorly controlled sewage systems have continued to lead to beach
warnings or closings in coastal states. In the 1990s, the US EPA began to regulate
or provide guidelines for storm-related events, not just for CSO, but storm drains
that discharge directly to water, carrying pollutants and trash with them. These
major and expensive programs will take time to implement effectively.
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WASTEWATER
Primary treatment U
PRE-TREATMENT
Aeration allows the release of gases such as hydrogen sulfide.
Physical methods are used to remove solid materials ==Grit.

U
SEDIMENTATION
Suspended solids settle out == Primary sludge.
Secondary treatment U
BIOLOGICAL TREATMENT
Microorganisms digest organic substances in wastewater.

SEDIMENTATION
Mass of microorganisms is settled out == Secondary sludge.
Advanced treatment U
SPECIALIZED TREATMENT
This is sometimes used to remove remaining contaminants such as phosphorus or nitrogen.

|
WASTEWATER DISINFECTION
l
DISCHARGE OF EFFLUENT

Wastewater Treating wastewater
treatment process Primary and secondary treatment

Initially, screens remove large objects such as sticks and trash from
the wastewater, then smaller solids such as sand and small stones.
Then, in primary treatment the suspended solids in the wastewater are
settled out. Removing solids is the major purpose of primary waste-
water treatment (Figure 9.4). Chemical treatment assists in settling
out solids. Most BOD from the incoming wastewater settles out in
the solids, as do many pathogenic organisms. Reactive nitrogen and
phosphorus only partially settle out. After settling, solids are removed
as primary sludge. m Wastewater then moves on to secondary treat-
ment, where bacteria digest soluble organic contaminants. Because
the bacteria multiply rapidly during this process, major quantities
of microbes are produced and must be settled from the secondary
wastewater, and recovered as secondary sludge. m The final step before
discharging the wastewater is to disinfect it, typically with a chlorine-
containing chemical (Figure 9.4).

Wastewater treatment typically removes only a portion of the phos-
phorus and reactive nitrogen, which can be so detrimental to receiv-
ing waters. Advanced treatment is necessary to remove all nutrients.
Moreover, if standard treatment does not adequately remove the pri-
ority pollutants (described above), other treatment is necessary. Some
wastewaters also need to have other substances removed such as those
causing excessive color.

What to do with sludge
Large quantities of primary and secondary sludge result from waste-
water treatment. In the past sludge was dumped at sea, landfilled,
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or incinerated. Dumping at sea is prohibited in the United States
and a number of other countries. Landfilling is expensive. Europeans
increasingly incinerate the sludge, but then they must still deal with
the ash. m In the United States, 60% of treated sludge (called biosolids)
is applied to farms, forests, parks, and golf courses as fertilizer. To
meet standards for land spreading, sludge is sanitized to control
pathogens. As necessary to meet legal standards, the sludge is treated
to remove heavy metals and other contaminants. Lime may be added
to raise the pH and reduce unpleasant odors. Many see sludge as
a valuable biological resource that should be land spread. However,
some raise major objections to the land spreading of sludge because
it may contain surviving pathogens, metals, and organic chemicals
such as PCBs and polybrominated diphenyl ethers (PBDEs). Sludge
produces gaseous amines too. Concern is expressed for the work-
ers spreading it and for those living nearby. One question raised is,
could surviving pathogens be windborne to nearby communities from
land-spread sludge after it dries? Communities near to land-spreading
sites sometimes protest, fearing the sludge’s contaminants, its odor,
and the flies attracted to it. They assert that illness, even deaths, have
resulted from the use of biosolids on nearby land.

Among developed countries, the United States has the least-strict
standards for metals in sludge. US heavy metals standards are up to
100 times less strict than those of European countries. Europeans fear
that soil may build up harmful levels of cadmium, zinc, copper, and
other metals. This indeed sometimes happened in earlier years, espe-
cially in Eastern Europe. Europeans now consider how difficult, even
impossible, it is to restore metal-contaminated farmland. Thinking far
ahead they ask, what will soil metal levels be in 50 or even 500 years
from now? Plant roots take up some metals such as cadmium from
soil. Europe has such strict new standards for metals in food that even
the low cadmium content now permitted in sludge would result in a
cadmium level in wheat that would exceed standards.

In the United States, the US National Research Council reviewed
the way that sludge was being handled, and proposed more research
aimed at developing new standards. Some scientists support cur-
rent standards. One US Department of Agriculture scientist stated,
“We know more than enough to say with confidence that high-
quality sludge can be used practically forever on farmland without
any adverse effects.” For their part, European scientists are recon-
sidering whether their standards are too strict. As continues to be
pointed out on both continents, the sludge must go somewhere. We
must develop treatments and standards with which people can be
comfortable.

Industrial wastewater

In earlier years, industrial facilities often paid a municipal facility
to treat their wastewater effluent along with municipal wastewater.
This was financially attractive to municipal plants except that some
industrial effluents had components that interfered with their proper
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functioning; or the municipal plant could not remove certain noxious
pollutants and they passed into receiving waters. Municipalities often
want to use wastewater sludge for beneficial purposes, and the pres-
ence of industrial pollutants can make that impossible. So, the US
EPA began requiring industrial plants to pre-treat their wastewater
before sending it to a municipal plant. Alternatively, some industrial
facilities completely treat their own wastewater; it is then released to
a waterway and not a municipal plant.

Alternative wastewater treatments

Wastewater can be treated in other ways. ® Small communities with
land available sometimes use artificial (constructed) wetlands. They
direct wastewater to the wetland where suspended solids drop out.
Nutrients are used by plants and microorganisms, which also often
use or degrade organic chemicals. Metal pollutants are absorbed into
the wetland soil, which obviously does not destroy the metals, but
contains them in place. Even in cold climates, small communities can
use constructed wetlands maintained in greenhouses. Some indus-
trial facilities use constructed wetlands too, but they take up too
much land to be feasible for large cities. ®m Recently, the French
added chrysanthemums to the mix of plants in constructed wet-
lands. Aerobic (oxygen-dependent) microbes growing on chrysanthe-
mum roots use the reactive nitrogen and phosphorus in wastewater
as nutrients, taking up 40% to 80% of these from the wastewater.
They reportedly remove 95% of the suspended solids too, and 91% of
the BOD. Moreover, the chrysanthemums can be harvested and pro-
cessed to obtain the natural insecticide pyrethrin, which is in high
demand.

An attractive technology for small communities is a greenhouse
with a complete ecosystem including slow-moving streams. It has
flowers, ferns and other vegetation, and aquatic life such as fish,
worms, and snails. After screening and grit removal, the wastewa-
ter is fed to bacteria, algae, zooplankton, and plants. These remove
nutrients, reduce suspended solids and BOD, and otherwise carry out
the functions of a wetland. The aesthetics are such that one author
described it as having “the smell of a freshly tossed garden salad and
the glassy look of a botanical museum.” The effluent can be used
for plant irrigation indoors and outdoors, for flushing toilets, and for
groundwater recharge. Mature plants grown in the greenhouse can be
sold.

Why deliberately pollute water with human waste?

Some think it strange to pollute clean water with human waste delib-
erately. Once dirtied, we must then cleanse that water, removing most
of its solids and disinfecting it, before it is released to waterways.
Such treatment of human sewage raises other problems too: ® Treat-
ment consumes large amounts of water, up to 30% of household water
use. ®m Without special equipment, treatment plants discharge much
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reactive nitrogen and phosphorus, contributing to the excess nutri-
ents in waterways. This is doubly unfortunate because urine is
rich in nitrogen, phosphorus, and potassium. ® Dealing with the
sludge produced by wastewater treatment continues to be a prob-
lem. ® Micropollutants (pharmaceuticals and their metabolites) found
in feces and urine, enter wastewater-treatment systems, but many
are not removed. Hormones, such as estrogens in birth-control pills
are micropollutants of special concern. Especially in highly popu-
lated areas, enough estrogen reaches waterways below treatment-
plant outfalls to affect fish and other aquatic life. Antibiotics are
other micropollutants of major concern because they may contribute
to the development of antibiotic-resistant bacteria in waterways. ® As
human populations grow, so do the problems associated with treating
human waste. These pollution problems will not go away. Alternative
approaches to handling human waste are needed.

Box 9.5 | A Swiss proposal

Are there better ways to handle sewage? B Few care forthe “outhouses” once used.
There are composting toilets, electric incinerating toilets, and a toilet combining the
use of solar energy with composting. These toilets are used most often in vacation
cabins. ® Recently, Swiss scientists developed a technology called “NoMix”, which
they believe could be a substitute forthe current toilet. It separates urine from feces.
Only feces are carried to a central plant, and the urine is temporarily stored for
separate collection or release. Their process uses 80% less water than now used
to flush even a water-saving toilet. NoMix needs smaller wastewater-treatment
plants and produces smaller amounts of sludge. Homeowners would save because
the process saves water.

What about the urine? It could be sterilized, and its micropollutants and odor
removed. Separate processing has advantages. Urine constitutes about 80% of
the reactive nitrogen load and 50% of the phosphorus load to receiving water
from a wastewater-treatment plant. Plants without expensive advanced treatment,
have difficulty removing this nitrogen and phosphorus. Other interesting possibil-
ities exist. (1) Current phosphorus production methods mean mining phosphate
rock, a limited resource. Mining also poses environmental problems including the
production of hazardous waste. And the phosphate rock recovered is high in cad-
mium, a heavy metal taken up by plants. (2) Producing nitrogen fertilizer involves
fixing atmospheric nitrogen into a form that is bioavailable to plants, an energy-
intensive process. To address both these issues, the Swiss propose to use urine as
a rich source of both reactive nitrogen and phosphorus. And urine is a renewable
resource.

Reusing wastewater

® Individual households. “Gray water” is all the wastewater produced
by households, businesses, and institutions, with the exception of
sewage. It usually goes down the drain along with sewage and greatly
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increases wastewater volume and treatment cost. Some households in
water-scarce areas now collect and use gray water. They can recover it
by separate pipes, and use it to flush toilets, wash cars, or water yards.
m Cities. Wastewater reclamation is a major issue in arid urban areas
facing increasing water demand and often increasing populations. In
reclamation, the treated wastewater is not discharged. Instead it is
reused as cooling and process water, for commercial washing, orna-
mental fountains, fire fighting, golf-course irrigation, creation of arti-
ficial wetlands, and groundwater recharge. The major concern, but
not the only one, is the surviving pathogens. However, if the reclaimed
water is not used for drinking, pathogens need only be reduced, not
eliminated. Some water-scarce areas embrace water reuse, but others
caution that more monitoring is needed.

Limits to controlling point sources
Some point emissions have been reduced by 95%, even 99%. In the
United States, by 1994 only about 15% of water pollution could be
traced to point sources. But the original intent of the Clean Water Act
was to eliminate discharges - the name of the permit issued to munic-
ipalities and industries was the National Pollutant Discharge Elimina-
tion System. Recall though how difficult it is to eliminate a pollutant
end-of-pipe, even with very expensive treatment. A spokesperson for
the Water Environment Federation, an organization of scientists, engi-
neers, and wastewater managers, observed that many pollutants exist
at levels so low that they are hard to quantify and often very difficult
to eliminate. He stated, “It would probably cost as much to eliminate
the last 5% of a contaminant as to eliminate the other 95% . .. Our
philosophy is to move toward smaller amounts of pollutants and ana-
lyze the cost of eliminating decreasing quantities versus the benefit
of the environmental gain.” ® Pollution prevention would, of course
reduce the amount of pollutant formed in the first place. Some envi-
ronmentalists suggest giving the most toxic pollutants a deadline by
which time their discharge must be eliminated. The result could be
societal phase out of the most toxic chemicals. This has already hap-
pened for some chemicals. An example is the international treaty
banning 12 of the worst persistent organic pollutants (POPs). Another
is the major decreases in lead and mercury emissions in developed
countries using pollution prevention.

By the mid-1990s, US water quality was better than in 1970 despite
a 25% increase in population and a 50% increase in gross national
product. Yet point sources can still be significant, especially in urban
areas. Maintaining a strong infrastructure is an ongoing problem.
Municipalities have difficulty finding money to modernize or even
properly maintain wastewater-treatment systems. Many struggle too
with combined sewer overflow and storm-water management, still
sometimes releasing untreated sewage during storms. Nationwide,
modernization of treatment systems could cost hundreds of billions
of dollars.
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SECTION Il
Reducing non-point sources

Reducing non-point-source pollution is much more difficult than
reducing point-source pollution. Table 9.1 shows sources of polluted
rainwater and snowmelt runoff, the contaminants, and ways to
reduce them. A holistic watershed-protection approach is needed. But
look at all the sources and consider how many people must take
action to reduce runoff effectively — hundreds of thousands, millions
of individuals must act. Is that possible? Author Cheryl Hogue’ has
said that, “Starting the clean-up of US rivers, lakes, and streams was
easy. In the 1970s, nearly any action to control pollution yielded imp-
rovements in water quality. Now, commercial sources of pollution -
those that are readily identified by effluent pipes - are fairly tightly
controlled.” The problem now “is in large part the result of runoff
from roads and urban areas, farms, and timber operations . . .” In
2000, the EPA proposed that individual states develop plans to clean
up waters polluted by non-point-source runoff. But the response was
“a hailstorm of criticism from states, industry, agriculture, and the
forestry sector and thousands of written comments to the agency.”
Such reactions make clear the difficulty of the task ahead.

On-site sewage systems

Wastewater-treatment plants are expensive to build and operate.
Another major cost is building the pipe system connecting each home
to the plant. To avoid these costs, homeowners and businesses in less-
populated areas often build individual on-site systems. Underground
septic systems are the best known of these. After treating household
wastewater, these leave a concentrated septage, which must be periodi-
cally pumped out and treated. ® Properly built and maintained on-site
systems can treat waste in an ecologically sound manner and return
the water to the environment. But improperly installed and main-
tained systems fail. Indeed, the US EPA estimated that at any one time
10% to 30% of septic systems are failing - these are a serious non-point-
source of pathogens. The EPA is establishing new guidelines for septic
system operation as follows. To ensure proper building and mainte-
nance, a local government may track on-site systems. It may issue a
permit to build a system, and require that it be periodically renewed.
Before renewal the homeowner must show that the septic system has
been properly maintained. Septage removed from septic tanks is typi-
cally transported to and treated at a traditional wastewater-treatment
plant. However, similar to the alternatives described above, one alter-
native treatment takes septage to a greenhouse where it is aerated,
heated, treated by bacteria, algae, plants and snails, and finally run
through an engineered marsh.

7 Hogue, C. Clearing the water: EPA plan to address waterways that remain polluted.
Chemical and Engineering News, 78(11), 13 March, 2000, 31-33.
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Reducing agricultural runoff

Agriculture is a major cause of non-point-source runoff of soil, pesti-
cides, fertilizers, and animal wastes into rivers, lakes, and other water
bodies.

* One important runoff control for many operations is to plant a
buffer strip of grass or trees next to water bodies. These absorb
runoff before it reaches the water.

* In no-till farming, crop residues are left on the soil, not tilled into
the ground. It is an important means to limit soil erosion and runoff
into water. A disadvantage is that more herbicide is needed to man-
age the weeds no longer plowed into the ground.

¢ Nutrients are typical, and very damaging, runoff contaminants.
Farmers ordinarily apply more fertilizer than is needed to their
crops. Crops cannot capture or use it all. When it rains, the excess
runs off into surface water or percolates down into groundwater. In
some instances, agricultural specialists work with farmers to ana-
lyze land nutrient needs, section by section, and enter the results
into a computer within a tractor. The computer lets the farmer
know whether a particular section actually needs fertilizer before
any is applied. Less fertilizer applied means less fertilizer runoff
into water.

e Farmers can minimize pesticide runoff by using “integrated pest
management” (IPM). In IPM, farmers evaluate their fields regularly,
using a pesticide only as necessary, when a pest population reaches
a certain level. This contrasts with the still often-used method
of applying pesticide according to a schedule, regardless of need.
Reduced applications mean less pesticide in runoff from treated
fields.

* When researching new products, chemical companies now place
priority on developing herbicides that can kill weeds in much
smaller amounts. Newer herbicides are also often less water sol-
uble and bind more tightly to soil - both these characteristics can
lower pesticide runoff.
Facilities with large numbers of animals often produce runoff con-
taining animal waste, which has contaminated both surface and
groundwater with potentially infectious bacteria, viruses, or pro-
tozoa, especially Giardia and Cryptosporidium. There are methods to
minimize runoff (Table 9.1), but even some mammoth operations
do no more than allowing waste solids to settle out in a detention
pond. Pollution-prevention approaches would include a return to
smaller family farms with fewer animals at one locale, and eating
less meat.

Reducing agricultural runoff is a major challenge. Farmers need
to be willing to educate themselves on methods to control or reduce
runoff. This can mean significant changes in the way many farm,
requires more time, and often involves additional costs. Providing
incentives or assistance can make a difference. One cooperative
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Table 9.1 | Reducing non-point-source pollution to rivers, lakes, and coastal waters

Sources and pollutants produced

Reducing or treating the runoff

Agriculture (growing crops)
Contaminants include soil, fertilizers,
pesticides (if irrigation is used, salt is in
the runoff too)

Agriculture (animal operations)
Contaminants include animal wastes
with pathogens, nutrients, BOD,
suspended solids

Timber-cutting operations
Contaminants include soil, BOD,
nutrients

Mining operations
Contaminants include acid (sometimes
severe), soil, metals

Construction sites
Contaminants include soil, oil/grease,
heavy metals, debris

Cities/suburbs with sealed
surfaces (roads, parking lots, malls,
roofs, etc.)

Contaminants include oil, grease,
metals, PAHs (from motor-vehicle
exhaust), salt, sand, bacteria, eroded
soil, animal wastes, and debris.

* 99.9% of water hitting paved or
roofed surfaces runs off into storm
drains

Trap runoff by a buffer strip of vegetation next to
water bodies

Use no-till farming to limit soil erosion

Use precision farming to reduce fertilizer use

Use integrated pest management (IPM) to reduce
pesticide use and runoff

Use barriers to prevent leaks from lagoons
Treat feces/urine from factory farms
Limit factory farms; encourage family farms

Leave a buffer strip of uncut trees near streams to
absorb runoff

Build logging roads to minimize runoff

Build wetland to capture and treat runoff

Grow vegetation on sites 