Sharing the Chattahoochee

Beginning from a small spring in northern Georgin's Blue Ridge
Mountains, the Chattahinochee River provides drinking water, irri-

gution, hydropower, wildlife habitat, and recreation for millions of

people. As it tumbles down from the mountiing, the Chattahoochee
15 a clean, cool, swift-flowing stream, a popular destination for fish-
ing, swimming, and boating, Far downstream, the Chattahoochee
joins the Flint to form the Apalachicola River, which flows across
the Florida Panhandle into Apalachicols Bay, in the Gulf of Mexico
(fig. 10.1). Together, the Apalachicola, Chattahoochee. and Flint
(ALF) watershed supporis rich and diverse ecosystems, inchufing
valuable marine fisheries for oysters, shrimp, and finfish.

But between the mountains and the sea, the Chattahooches
River passes through Atlanta, where it undergoes dramatic changes,
Atlania is one of America’s fastest-growing cities. Expanding sub-
urbs and industries crowd the Chattahoochee’s banks, producing
runofl of silt, salts, and yard fenilizers that wash into the river.
Growing households and industries withdraw water from the river.
which becomes lower, slower, and warmer. Additional contami-
nants mix with remaining water—oils, metals, and dust from city
streets and storm sewers, as well as chlorine and other contaminants
from sewage treatment plants. The warm, shallow, turbid water holds
less oxygen and supports fewer of the river’s native plants and ar-
mals. The Environmental Protection Agency has named the 100 km
of the Chattuhoochee south of Atlanta one of the five most polluted
river segments in the United States.

In an effort to force action, the EPA has levied millions of
dollars in fines on Atlanta for polluting the river. Atlanta dilutes
the contaminated waters by releasing more clean water from reser-
voirs upstream, but the city government says little can be done to
prevent widespread runoff from the large and growing city. Mean-
while, Alabama and Florida complain that Georgia is taking oo
much water. They say the 2.3 billion liters (600 million gal) of
water withdrawn each year in Georgia is needed downstrenm for
homes, industries, and farms. Low river lows and contaminated
water also threaten wildlife, shipping, and recreation. The
Apalachicola Bay is particularly endangered. Pollution. reduced
river flow, and increasing salinity in the estuary jeopardize the
bay’s multimillion-dollar-per-year fishing and tourism industries,

Atlanti recognized the looming problem of water supplies in
the 19705, and the city has been working with the Army Corps of
Engineers 10 develop additional water supplies. In 2004 Cieorgia

FIGURL 10.1  Rising in the mountains of novthern Georgia, the
Chattehoochee flowy south through Atfanta before Jotring the Flint to
Soverne the Apalochicola River

began working on a comprehensive state water plan, which is
scheduled 1o be completed in 4 years. Ecologists worry that wildlife
and biodiversity won't be adequately represented in this planning,
Meanwhile, hydrologists point out that climate change could result
in more erratic, less dependable rainfall in the future (see chapter 9),
If river lows become more unpredictable as a result, water LT
ment could become an even more urgent and difficull concern,

In the United States, water shortages have long been o west-
em problem, with growing cities in California and other wesiern
states struggling to acquire enough water withowt destroying river
ecosystems. But like Atlanta, many growing metropolitan areas in
other regions are increasingly competing with other users for
water, Around the world, cities are experiencing water shortages, |
while pollution makes the water we do have less useful. The
United Nations wamns that water supplies are likely 1o become one:
of the most pressing environmental issues of the twenty-first cen-
tury. By 2025 two-thirds of all humans could be living in countries
where water resources are inadequate, In this chapter, we'll look at
where our fresh water comes from, what we do with it, and how
we can protect its quality and extend its usefulness, !

WATER RESOURCES

Water is a marvelous substance—flowing, swirling, seeping, con-
stantly moving from sea to land and back again. It shapes the eanth's
surface and moderates our climate, Water is essential for life, Ii is the
medium in which all living processes occur (see chapter 2}, Water
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dissolves nutrients and distributes them o cells, regulites bady et
perature, supports structures, and removes waste products. About 8
percent of your body is water. You could survive for weeks witholg
food, but only a few days without water, Water also is necded for
agriculture, industry, transportation, and a host of other humsan uses
In short, clean freshwater is one of our most vital nanral resources,
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this water use, Low-fow shower heads can reduce our second-
largest household water use.

These steps are so important that 4 number of cities (includ-
ing Los Angeles. Orlando, Auvstin, and Phoenix) ordered that
water-saving toilets, showers, und faucets be installed in all new
buildings, The motivation was two-fold: o relieve overburdened
sewer systems and to conserve waler.

Significant amounts of water also can be reclaimed and
recycled (see the section “Sewage Treatment™). Cualifornia uses
more than 555 million m* (450,000 acre-feet) of recycled water
annually. That's equivalent to about two-thinds of the water con-
sumed by Los Angeles every year.

Signs of Progress

Growing recognition that waler is & precious and finite resource
has changed policies and encouraged conservation across the
United States. Despite a growing population, the United States is
now saving some 144 million | (38 million gal) per duy—a temth
the volume of Lake Erie—compared with per capita consumption
rutes of 20 yvears ago. With 37 million more people in the United
States now than in 1980, we get by with 10 percent less water.
New requirements for witer-efficient fixtures and low-flush toilets
in many cities help conserve water on the home front. Mose - Fi-
cient irrigition methods on farms also are & major reason fol the
downward trend. New sprinkler systems have small spray heads
just & fool or so nhove the plant tops and apply water much more
dircetly, Even better is drip irrigation, which applies water directly
to plant roots (see fig, 10.10), Californin and Florda farmers cur-
rently wauter ahout 500,000 ha with this technigue.

Charzing o higher proportion of real costs to users of public
witer projects hos helped encourage comservation, and sa have water
marketing policies that allow prospective wsers o bid on water
nghts, Both the United States and Auwstralia have had effective
water pricing and allocation policies that encourage the most
socially beneficial uses and discourage wasteful water uses. It will
be important, as water markets develop, to be sure that environ-
memnl, recreational, and wildlife values are not sacrificed to the
lure of high-bidding industrial and domestic users.
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Saving Water and Preventing Pollution

Each of us can coriserve much of the water we use and svold water pollu-
tion in many simple ways.

»  Don't flush every time you use the toiler. Take shorter showers. and
shower instead of taking baths.

«  Don’t bet the fascel run while brushing vour teeth or washing
dighes. Draw a basin of water for washing and another [oe finsing
dishes, Don't run the dishwasher when s hall full.

*  Use wiler-conserving appliances: low-llow showers, low-flush toi-
lets. and scraied faucels.

= Fix leaking faucets, tubs, and foilets. A leaky twoilet can wiste 50
gal per disy. To check your toilet, add a few drops of dark food cuol-
oring 1o the tank and wait 13 minutes, IF the wok is leaking, the
water in the bowl will change color.

«  Put g brick or full water bottle in your toiet lank 1o reduce the vol-
ume of water in each {lush,

= Dispose of used motor oll, househokld hazardous waste, bateries,
and 5o on responsibly, Don®t dump anything down o stomm sewer
that you wouldn't want 1o drink.

s Avold osing toxic or harardouss chemicals for simple cleaning o
plumbing jobs, A plunger or plumber’s snpke will ofien unclog a
drain Just s well as caustic seids or lye. Hot water and soap can
accomplish most cleaning tasks,

*  If you have a lawn, or know someone who does, use water, fertil-
izer, nnd pesticides sparimgly, Plant native, low-mainienance plants
that have low water needs.

»  Use regycled (gray) water for lswns, house plants, and car washing.

WATER POLLUTION

Any physical, biological, or chemical chunge in water quality that
adversely affects living organisms or makes water unsuitable for
desired uses can be considered pollution. There are natural sources
of water contuminution, such as polson springs, oil seeps, and sed-
imentation from erosion, but here we will focus primarily on
humuan-caused changes that affect water quality or usability.

Point and Nenpoint Source Pollution

Pollution control standards and regulations usually distinguish
between point and nonpoint pollution sources, Factories, power
plants, sewage treatment plants, underground coal mines, and oil
wells are classified as point sources because they discharge poliu-
tion from specific locations, such as drain pipes, ditches, or sewer
outfalls (fig. 10,18). These sources are discrete and identifiable. so
they are relatively easy to monitor and regulate. It is generally
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FIGURE 1018  Sewer oufistls, industrial effuent ripes, il
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possible to divert effluent from the waoste strenms of these solirces
drdl trean it belore 1l enters the environment

In contrast, nonpeint sources of water pollution are difTuse,
having no specific location where they discharge into a particula
body of water. They wre much harder 10 monitor and reculate than
point sources because their sources are hard 1o identify. Naonpoin
sotrces include runol from farm Gelds and Festcllonl s, =:!|.'||r CONLITHES,
lawns and gardens, construction sites, logeing areus, roads, stresls,
and parking lots (fig. 10L19). While point sources may be fairly uni
form and predictable throughout the year, nonpoint sources wre often
highly episodic, The first heavy rainfall afier o dry period may flush
high concentrations ol gasoling, lead, oil, and rubber residues off ity
streets, for imstance, while subsequent runofl may be much cleaner.

Perhaps the ultimate in diffuse, nonpoint pollution 15 aimo-
spheric deposition of contaminants carried by air currents and pre-
cipitated into watersheds or directly onto sudace walers o8 rain,
snow, o dry particles. The Great Lakes, for example, have been

TABLE 10.4

CATEGORY EXAMPLES
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found o e pecumulating industrial chemvicals, such as PCRg
(polychlorinmed biphenvls) snd dioxins, as well as agricultural
ko ins, such as the insecticide toxsphene, that cannot be accounted
far by local sources alone. The nearest sources for many of these
chemicals are sometimes thousands of kilometers away,

Biological Pollution

Although the types, sources, and effects of witer pollutanty are
often mterrelated, it is convenient to divide them inio major care-
gories for discussion (table 10.4), Here, we look at some of the
important sources and effects of different pollutants,

Major Categories of Water Pollutants

SOURCE

CAUSE HEALTH PROBLEMS

|, Infections agents

2 Orpanic chemicals

Bactena, viroses, pamsites

3. Inorganic chemicals Acids, caustics, salts, meeals

4, Radioactive manerials

-~

AUSE BCOSYSTEM DISRUPTION
| Sediment Soml, sili
1. Plani nutricnts

3, Ovgen-demanding wastes

4, Thermal changes Heat

Pestivides, plastics. detergents, oil, gasoline

Uraniom, thorim, cesium, iodine, radon

MNitrates, phosphates. ammoniom
Animal manure, plam residues

Prim iples of Emdraemeermanl Scienee

Human and onimal exereta
Industral, household, ond farm use
Indu
Mining and proceéssing of ores, power plants. LNV
production, miteral sources

triad effluents, Rousehold cleansers, surface runaofi

Lond erosion

Agriculiural and urban fertilizors, sewape, mamine
sewage, agncaliural runoff, paper mills, food processing
Power plants industrial cooling
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Infectious Agents

The most setious water pollutants in terms of human health world-
wide are pathogenic organisms (see chapter B). Among the most
important waterborne diseases are typhoid, cholera, bacterial and
amoebic dysentery, enteritis, polio, infectious hepatitis, and schis-
tosomiasis. Malaria, yellow fever, and filariasis are transmitted by
insects that have aguatic larvae. Allogether, at least 25 million
deaths each year are blamed on these water-relaled diseases.
Mearly two-thirds of the mortalities of children under 5 years old
are associated with waterborne diseases,

The main source of these pathogens is untreated or improperly
Ireated human wastes, Animal wustes from feedlots o ficlds near
waterways and food processing factories with madequale waste
treatment facilities also are sources of disease-capsiog organisms.

In developed countries, sewage treatment plants and other
pollution-control techniques have reduced or eliminated most of
the worst sources,of pathogens in inland surface waters. Further-
more, drinking water is generally disinfected by chlotination, so
epidermics of waterbomne diseases are rare in these countries. The
United Nations estimates that 90 percent of the people in devel-
oped countries have adequate (safe) sewage disposal, and 95 per-
~ cent have clean drinking water.

, The situation is quite different in less-developed countries,

where billions of people lack adequate sanitation and access
clean drinking water. Conditions are especially bad in remote. rural
sreas, where sewage treatment is usnally primitive or nonexistent
and purified water is either unavailable or too expensive to abiain,
The World Health Organization estimates that 80 percent of all
sickness and discase in less-developed countries can be aftributed
1o waterbome infectious agents and inadequate sanitation.

Fecal Coliform Bacteria and Oxygen Demand

Detecting specific pathogens in water is difficult, time-consuming,
und costly, so water quality is usually described in terms of con-
centrations of coliform bacteria—any of the many types that live
in the colon, or intestines, of humans and other animals. The most
enmmon of these is Escharichia coli (or E. coli), which Tives sym-
piotically in many animals, but other bacteria, such as Shigella,
Sabmonelfa, or Listeria, can also cause fatal diseases. If any col-
iform bacteria are present in a water sample, infections pathogens
are usually assumed to be present also. Therefore, the Environ-
meatal Protection Agency (EPA) considers water with any col-
iform bacteria at all to be unsafe for drinking.

The amount of oxygen dissolved in water is a good indicator
of water quality and of the kinds of life it will support. An oxygen
content above 6 parts per million (ppm) will support game fish and
pther desirable forms of aquatic life. At oxygen bevels below 2 ppm,
water will support mainly worms, bacteria, fungi. and other
detritus feeders and decomposers. Oxygen is added to water by
diffusion from the air, especially when turbulence and mixing
rates are high, and by photosynthesis of green plants, algae, and
eyanobacteria. Therefore, turbulent, rapidly fowing water is con-
stantly aerated, so it often recovers quickly from oxygen-depleting
processes. Oxygen is removed from water by respiration and
chemical processes that consume oxygen.

CHAPIER 10 Water: Resources and Pollution

Adding organic materials, such as sewage or paper pulp, 1o
water stimulates activity and oxygen consumption by decom-
posers. Consequently, biochemical oxygen demand (BOD), or the
amount of dissolved oxygen consumed by aquatic mic ms,
is a standard measure of water contamination. Alternatively, chem-
ical oxygen demand (COD) is a measure of all organic matter in
water, In addition, dissolved oxygen (DO) content can be mes-
sured directly, with high DO levels indicating good-quality water.

Downstream from a point source, such a8 a municipal
sewage plant discharge, a characteristic decline and restoration of
water quality can be detected either by measuring DO content or
by observing the types of flora and fauna that live in successive
sections of the river, The oxygen decline downstream is called the
oxygen sag (fig. 10.20). Upstream from the poliution source, oxy-
gen levels support normal populations of clean-water organisms,
Tmmediately below the source of pollution, oxygen levels begin to
fall as decomposers metabolize waste materials, Trash fish, such
as carp, bullheads, and gar, are able to survive in this oxygen-poor
environment, where they eaf both decomposer organisms and the
wiste itself,

Farther downstream, (he waler may become s0 oxXygen
depleted that only the most resistant microorganisms and inverte-
hrates can survive. Eventually, most of the nutrients are used up,
decomposer populations are smaller, and the water becomes oxy-
genated once again. Depending on the volumes and flow rates of
the effluent plume and the river receiving it. normal communities
miay not appear for several miles downstream.

Plant Nutrients and Cultural Eutropbication

Water clarity (ransparency) is affected by sediments, chemicals,
and the abundance of plankton organisms; clarity is a uscful mea-
sure of water quality and water pollution, Rivers and lakes that
have clear water and low biological productivity are said to be
oligotrophic (oligo = little + rrophic = nutrition). By contrast,
eutrophic (eu + trophic = well-nousished) waters are rich in
organisms and organic materials. Eutrophication, an increase in
nutrient levels and biological productivity, often accompanies suc-
cessional changes (see chapter 5) in lakes. Tributary streams bring
in sediments and nutrients that stimulate plant growth, Over time,
ponds and lakes oftea fill in, becoming marshes or even terrestrial
biomes. The rate of eutrophication depends on water chemisiry
and depth, volume of inflow, mineral content of the surrounding
watershed, and biota of the Jake itself.

Human activities can greatly accelerate eutrophication, an
effect called cultursl eutrophication. Cultural eutrophication is
mainly caused by increased nutrienl input into a waler bady.
Increased productivity in an aquatic system sometimes can be
beneficial. Fish and other desirable species may grow faster, pro-
viding a welcome food source. Often, however, eutrophication
produces *“blooms” of algae or thick growths of aguatic plants
stimulated by elevated phosphorus or nitrogen levels (fig. 10.21).
Bacterial populations then increase, fed by larger amounts of
otganic matter. The water often becomes cloudy, or turbid, and has
unpleasant tastes and odors. Cultural eutrophication can acoclerate
the “aging” of a water body enormously over natural rates, Lakes
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FIGURE 10.20  0ugen sag downstream of mn organic sowrce. A great deal of time and distance moy be required for the stream and itx infsabiints
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FIGURE 10.21  Ewmphic liske. Nutrients from agrivelure and
dontestic saurces hove stimulared growth of alpee dnd agueatic plants,
This reduces water qualiey, alters species composition, and fowers the
leeke "x vevredtriontied and aesthetic values

and reservorrs that normally maght exist for hundreds or thousands
of years can be filled in a matter of decades.

Eutrophication also occurs in murine ecosystems, especinlly in
nearshore waters and partially enclosed bays or estuaries, Partially
enclosed seas, such as the Black. Balic, and Meditermanean Seus,
tend 10 be in especially critical condition. During the tourist season,
the coustal populition of the Mediterranean, for example, swells to
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200 million people. Eighty-five pereent of the effluents from large
citics go untreated into the sea. Beach pollution, fish kills, and con-
taminated shellfish result. Extensive “dead zones™ often form where
rivers dump nutrients into estuaries and shallow seas. The largest in
the world occurs during summer months in the Gulf of Mexico at the
mouth of the Mississippi River. This hypoxic (oxygen-depleted)
zone can cover 21,000 km’, or ubout the anea of New Hampshire, A
federal study of (he condition of LS. coastal waters announced in
2004 that 28 percent of estuaries are impained for aquatic life, and 80
pencent of all coastal water is in fair w poor condition.

Toxic Tides

Excessive nutrients support blooms of deadly squutic microonzin-
isms in polluted nearshore waters. Red tides—and other colors,
depending on the species involved—huve become increasingly
common where nutrients and wastes wash down rivers.

Une of the most féared of these organisms is Phiesrersa piv-
cicida, an extruordinarly poisonous dinoflagellate thar only
recently has been recognized as a Killer of fish and shellfish in pol-
luted rivers and estuaries, In North Carolina’s Pamlico Sound, Pf-
exteria Kills hundreds of thousands to millions of fish annually.
Dinoflagellates are peculiar organisms with complex life cycles
and many different shapes. Pfiesteria can chinge into at least two
dozen distinct forms and sizes, depending on water temperature,
turbulence, and food supply. The right conditions can cause a pop-
ulation explosion, If fish blunder into this profuse swarm, Pfiee
ria quickly turn into o toxic, swimming form that amacks with
soluble poisons. These toxins produce skin lesions and paralyze
fish, so they can't escape. The predatory Pfiesteria feed on both
the flesh and the oozing sores.
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Humans are harmed if they eal contaminated seafood or
even if they breathe airhorne Pfiesreria cells or secretions. Symp-
wms of Pliesteria poisoning include headaches, blurred vision,
aching joints, difficulty breathing. memory loss, und long-term
damage to the brain, liver, and other organs. (See related story “A
Flood of Pigs” at wwwmhhe.com/cases )

Inorganic Pollutants

Some toxic inorganic chemicals are naturudly released into water
from rocks by weathering processes (see chapter 11). Humans
accelerate the transfer rates in these cyeles thousands of times
above natural background levels by mining. process ing, using, and
discarding minerals.

Among the chemicals of greatest concern are heavy metals.
such as merciry, lead, tin, and cadmium. Supertoxic elements,
<uch as selenium and arsenic. also have reached hazardous fevels
in some waters. Other inorganic materials, such us acids, ssilts,
nitrates. and chlorine, that are nontoxic at low concentrations may
hecome concentrated enough 1o lower water quality and adversely
affect biological communities,

Metals

Many metals, such as mercury, lead. cadmium, and mickel, arc
highly toxic in minute concentrions. Recause metals are highly
persistent, they accumulate in food chains and have a cumulative
effect in humans.

Currently the most widespread toxic metal contamination in
North America is mercury released from incinerators and coal-
burning power plants. Transported through the gir, mercury pre-
cipitates in water supplies, where it bioconcentrates in food webs
10 reach dangerous levels in top predators. As a general rule,
Americans are warned not to eat more than one meal of fish per
week, Top marine predators, such as shark, swordhish. Bluetin
wina, and king mackerel, tend to have especially high mercury
content. Pregnant women and small children should avoid these
species entirely, Public health officials estimate that 600,000
American children now have mercury levels in their bodies high
enoigh 1o cause mental and developmentul problems. while one
woanan in six in the United States has blood-mercury concentra-
tions that would endanger a fetus.

Mine drainage and leaching of mining wastes are serious
sources of metal pollution in water. A survey of water quality in
castern Tennessee found that 43 percent of all surface streams and
lakes and more than half of all groundwater used for drinking sup-
plies were contaminated by acids and metals from mine drainage.
In some cases, metal Tevels were 200 times higher than what is
considered safe for drinking water.

Nonmetallic Salts

Some soils contain high concentrations of soluble salts, including
woxic selenium and arsenic (see Case Study, p. 246), You have
probably heard of poison springs and seeps in the desert, where
percolating groundwater brings these compounds o the surface.
Irrigation and drainage of desert soils can mobilice these materials
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on & larger scale and result in seripus pollution problems, as in
Kesterson Marsh in California, where selenium poisoning killed
thousands of migratory birds in the 1980s.

Salts. such as sodium chloride (tuble salt), that are nontoxic
al low concentrations also can be mobilized by irrigution and con-
centruted by evaporation, reaching levels that are toxic for planes
and animals. Salinity levels in the Colorado River and surmounding
{arm fields have become so high in recent vears that millions of
hectares of valuable croplands have had to be abandoned. In
porthern stutes, millions of tons of sodivm chlonde and calcium
chloside are used to melt road ice in the winter. Leaching of ronic
salts into surface waters has a devastting effect on some ayuatic
ecosysLems.

Acids and Bases

Acids are released is by-products of industrial processes, such as
lenther tanning, metal smelting and plating, petroleum distilla-
tion, and organic chemical syathesis. Coal mining is an especially
important source of acid water pollution. Sulfur compounds n
coal react with oxygen and water to make sulfuric acid. Thou-
sands of kilometers of streams in the United States have been
acidified by scid mine drainage. some so severely that they are
essentinlly lifeless.

Acid precipitation (see chaper 9) also acidifies surface-
water systems. In addition 1o damaging living organisms directly,
these acids leach aluminum and other clements from soil and rock,
further destabilizing ecosystems,

Organic Chemicals

Thousands of different natural and synthetic organic chemicals are
used in the chemical industry to make pesticides, plastics, pharma-
ceuticals, pigments, and other products that we use in everyday life.
Many of these chemicals are highly toxic {see chapter 8). Exposure
to very low concentrations (perbaps even pafis per quadrillion. in
the case of dioxins) can cause birth defects, genetic disorders, and
cancer. Some can persist in the environment becanse they are ressist-
ant o degradation and toxic 1o organisms that ingest them,

The two principal sources of toxic organic chemicals in
witter are (1) improper disposal of industrial and household
wastes and (2) pesticide runoff from farm fields, forests. road-
sides, golf courses, and private lawns. The EPA estimates that
about 500,000 metric tons of pesticides are used in the United
States each year. Much of this material washes into the nearest
waterway, where it passes through ecosyslems and may accumu-
late in high levels in nontarget orgunisms. The biopccumulation
of DDT in aquatic ecosystems was one of the first of these path-
ways to be understood (see chupter 8). Dioxins and other chiori-
mated  hydrocarbons  (hydrocarbon molecules  thal  contain
chlorine atoms) have been shown to accumulate 1o dangerous
levels in the fat of salmon, fish-cating birds, and humans and 1o
cause health problems similar (o those resulting from toxic metul
compounds.

Hundreds of millions of tons of hazardous OTganic wistes are
thought to be stored in dumps. landfills. lagoons, und underground
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ARSENIC

IN DRINKING WATER

ii Then we think of water pollution,

we usually visvalize sewage or
industrial effluents pouring out of a dis-
tharge pipe, but there are natural toxins
that threaten us a5 well. One of these is
drsenic. a common contaminate in drink-
ing waiter that may be poisoning millions
of people around the world. Arsenic has
been known since the fourth century 8.0,
1ov be a potent poison. It has been used for
centuries s a rodenticide, insecticide,
and weed killer, as well as & way of assas-
sinating enenies. Becavse it isn't metab-
olized or excreted from the body, arsenic
in hair amd fingernails,
where it can be detected long after death
Mapoleon H-.'mnp:mc was rg\c.:nrjj, fiound
to have high enough levéls of arsenic in
his body to suggest he was poisoned

Perhaps the largest populition to
be threawned by natrally occurring
groundwater contamination by arsenic is
in West Bengal, Indin, nnd adjacent areas
of Bangladesh, Arsenic occurs naturally
in the sediments that make up the Ganges
River delta (see mup). Rapid population
growth, industrialization, and intensifica-
tion of agricultural irrigation, however,
have put increasing stresses on the lim-
ned surface-water supplies, Most surface
waler Is o contaminged o drink, so
groundwaier has all but replaced other
water sources for most people in this
regic

In the 1960s, thousands of deep
tube wells were sunk throughout the
region to improve water supplics, Much
of this humanitarian effort was fnanced
by loans from the World Bank, At first,

nocumlates

evil. Bul as surface-water supplies dimin-
ished and populations grew, Bengal and
Bangladesh became more and  more
dependent on this new source of suppos-
edly fresh, clesn water, By the late 1980s,

health workers had become aware of

widespread signs of chronie arsenic poi-
soning among  villagers.  Symptoms
include watery and inflamed eyves, gas-
trointestinal
strength, sealy skin and skin tumors, ane-
mia, confusion, and eventually death,
Why s arsenic poisoning appesring
now? Part of the reason is increased
dependence on well water, but some vil-
lages have had wells for centuries with no
problem, One theory is thal excessive
withdrawals now lower the water table
during the dry season, exposing arsenic-
bearing minerals (o air, which converts
nomially insoluble salis 1o soluble oxides,
When squifers are refilled duning the next
miny season, dissolved arsenmic can be
pumped out. Health workers estimate that
the total number of potential victims in

cramps, gradoal loss of

Indin and Bangladesh may exceed 200
million people. But with no other source of
easily necessible or affordable water, few
of the poorest people have much choice.
There are worries that millions of
Americans also are exposed to danger-
ously high levels of arsenic. In 1942 the
UL.5. government set the acceptable level
of arsenic in drinking water at 50 pph. A
1999 study by the National Academy of
Sciences found a 1 in 100 risk for cancer
From drinking water with that level of
arsenic for a lifetime. This is 10,000
times the normally accepted risk level
Following vears of heated debate, the
LS. limit wos revised in 2002 to meet
the World Health Organization standard
of 10 pph. Local officials and privae
water sepply owners argued that it would
cost o much to upgrade their systems.
In the end. public outrage over
tainted water, combined with the enor-
mows  public health costs of chronic
arsenic poisoning. convinced the federal
government to enforce stricler standards.

villagers were suspicions of well water,

: Wit Bengal amd adjoining aress of Banglodesh have hundreds of miliioms of people wha may be
regarding it as unnawral and possibly

expoved o diengerous arsenic fevels in well water

tanks in the United States (see chapter 13). Many, perhaps most, of
these sites have leaked roxic chemicals into surface waters,
groundwater, or both, The EPA estimates that about 26,000 haz-
ardous waste sites will require cleanup because they pose an
imminent threat to public health, mostly through water pollution.

Sediment and Thermal Pollution

Sediment is a natural and necessary part of river systems. Sedi-
ment fertilizes floodplains and creates fertile deltas. But human
activities, chicfly farming and urbanization, greaily accelerate ero-
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sjon and increase sediment loads in rivers. Silt and sediment are
considered the largest source of water pollution in the United
States. being responsible for 40 percent of the impaired river miles
in EPA water gquality surveys Cropland erosion contributes aboul
1% hillion metric tons of soil, sediment, and suspended solids to
world surface waters each year. Forest disturbance. road building.
urhan construction sites, and other sources add at least 50 billion
additional tons.

This sediment fills lakes and reservoirs, obstructs shipping
channels, elogs hydroelectric mrbines, and makes purification of
drinking water more costly. Sediments smother gravel beds in
which insects take refuge and fish lay their egps. Sunlight i
blocked, so that plants cannol carry oul photosynthesis, and oxygen
levels decline. Murky, cloudy water also is less atiractive for swim-
ming. boating, fishing, and other recreational uses (fig. 10.22). Sed-
iment washed into the ocean clogs estuaries und coral reefs

Thermal pollution, usually effluent from cooling systems of
power plants or other industres, alters water ternpernture. Raising
or lowering water temperatures from normal levels can adversely
affect water quality and squatic Tife. Water lemperanires are usually
much more stable thun air temperatures, so aquatic organisms fend
tor be poorly adapted o rapid lemperature changes. Lowering the
emperature of tropical oceans by even 17 can be lethal 10 some
corals and other reef species. Raising water temperatures can have
similar devastating effects on sensitive organisms. Oxygen solubil-
ity in water decreases ds lemperatures iNCICAse, SO SPECcies Tequir-
ing high oxygen levels are adversely atfecied by warming wiler

Humans #lso cause thermal pollution by altering vegelntion
cover and runoff patterns. Reducing water flow, clearing siream-

FIGURE 10,22 Sedimen cind indistrial wiste flow from i
drainaye canal inti Lake Erig.
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side trees, and adding sediment all make waler warmer and alter
the ecosystems in & lake or stream

Warm-water plumes from power plants often attract fish and
hirds. which find food and refuge there, especially in cold weather.
This artificial environment can be a fatal trap. however. Flonda's
manuatees, an endangered mommal, are uttracted to the abundant
food supply and warm water in power plant thermal plumes. Often
they are enticed into spending the winter much farther north than
they normally would. On several occasions. & midwinter power
plant breakdown has exposed a dozen or more of these rare ani-
mals to o sudden, deadly thermal shock.

WATER QUALITY TODAY

Surface-waler pollution is often both highly visible and one of the
most common threats to environmental quality, In more developed
countries, reducing water pollution has been a high pricrity over
the past few decades. Billions of dollars have been spent on con-
trol programs, and considerable progress has been made. Sull,
much remains 1o be done,

Surface Waters in the United States
and Canada

Like most developed countries, the United States and Canada have
made encouraging progress in protecting and restoring water gual-
ity in rivers and lakes over the past 40 years In 1948 only about
one-third of Americans were served by municipal sewape systems,
and most of those systems discharged sewage without any thent-
ment or with only primary treatment (the bigger lumps of wasle
are removed), Most people depended on cesspools and septic sys-
tems to dispose of domestic wasles,

Areas of Progress

The 1972 Clean Water Act established a National Pollution Dis-
charge Elimination System (NPDES), which requires an easily
revoked permit for any indusiry, municipality, or other entity
dumping wastes in surface waters. The permit requires disclosune
of what is being dumped and gives regulators valuable data and
evidence for litigation. As o consequence, only about 10 percent of
our water pollution now comes from industrial and municipal
point sources. One of the biggest improvements has been in
sewnage treatment,

Since the Clean Water Act was passed in 1972, the United
States has spent more than $180 billion in public funds and perhips
ten times as much in private investments on Witer pollation control.
Most of that effort has been simed at point sources, especially to
build or upgrade thousands of municipal sewage treatment plants.
As a result, nearly everyone in urban ireas s now served by munic-
ipal sewage systems, and no major city dischurges raw sewage into
a river or lake except as overflow during heavy rainsionms.

This campaign has Jed o significant improvements in surface-
water quality in many places. Fish and sgquatic insects have
returned to waters that formerly were depleted of life-giving oxy-
gen. Swimming and other water-contact sporis are again permitled
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people live in its eatchment basin, and nearly 20 million get their
drinking water from the river or its tnbutaries. By the 1970s, the
Rhine had become so polluted that dozens of fish species disap-
peared and swimming was discournged along maost of jts length,

Efforts to clean up this historic and economically ImpOrTEnt
wilerway began in the 19505, but & disastrous fire st a chemical
warehouse near Basel, Switeerland, in 1986 provided the impetus
for major changes, Through a long and sometimes painful series of
inlernational conventions and compromises, land-use practices,
waste disposal, urban runoll, and industrial dumping have been
changed and wuter quality hus significantly improved. Oxygen con-
centrations have gone up five-fold since 1970 {from less than 2 mg/]
to nearly 10 mg/l. or about 90 perceni of smuration) in long
streiches of the nver. Chemical oxypen demand has fullen ve-
lold during the same period, and organochlonne levels have
decreused as much as ten-fold. Many species of fish and aguatic
mvertebrates have retumed to the river, In 1992, for the first time
in decades, matute salmon were caught in the Rhine,

Ihe less-developed countries of South America. Africe. and
Asin have even worse waker guality than do the poorer countries of
Europe. Sewage treatment is usually either toally lacking or woe-
fully insdequate. In urban areas. 95 percent of all sewage s dis-
charged untreated inlo rivers; lakes. or the ocean. Low
technological capabilities and little money for pollution control
are maide even worse by burgeoning populations, rupid urbaniza-
tion, and the shifi of much heavy industry (especially the dinier
ones) from developed countries where pollution laws are strict to
less-developed countries where regulations are mone lenient,

Appalling environmental conditions often resull from these
cimbined factors (fig. 10.25). Two-thirds of India’s surface waters

FIGURE 10.25  Ditcher in this Haltian stam serve us Tl SEWEER,
ireter volnich old e of reftive aid weite e dumped. The kealth Fisks
af Wving wnder these conmaditions are severs
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dare contaminated sulliciently to be comsidered dangerous 1o human
health. The Yamuna River in New Delhi has 7500 coliform bacteria
per 100 ml (37 times the level considered safe for swimming in the
United States) before entering the eity. The coliform count increases
tor gy incredihle 24 million cells per 100 ml as the river leaves the
city! AL the same time, the river picks up some 20 million liters of
industrinl efMluents every duy from New Delhi. It's no wonder that
disease rates are high and life expectancy is low in this area, Ohily
| percent of India’s iowns and cities have any sewage treatment. ani
only eight cities hove anything beyond primary trestment

In Malaysia, 42 of 50 major rivers mre reporied o be “een
logical disasters.” Residues from palm oil and rubber manufactur-
ing, along with heavy erosion from logging of tropical rainforests,
have destroyed all bigher forms of life in most of these rivers, In
the Philippines, domestic sewage makes up 60 to 70 percent of the
total volume of Manila's Pasig River, Thousands of people use the
river not only for bathing and washing clothes but aleo os their
source of drinking and cooking water. China treats only 2 percent
of s sewage. OF T8 monitored rivers in Ching, 54 are reponed to
be seriously polluted, OF 44 major cities in China, 41 use *
taminated” wuter supplies, and few do more than rudimentary
treatiment belone it is delivered 1o the public

CON=

Gronndwater and Drinking-Water Supplies

About half the people in the United States, including 95 percent of
those in rural aress, depend on underground agquifers for their
drinking water. This vital resource is threatened in many mreas by
overuse ind pollution and by a wide variety of industrial, agricul:
tural, and domestic contaminams. For decades it was widely
ussumed that proundwater was impervious to pollution because
sofl would bind chemicals and cleanse water as it percolated
through. Springwater or antesian well water was considered to be
the definitive standard of water purity, but that is no longer true in
many areas.

One of the serious solirces of groundwaler pollution through-
out the United States is MTBE (methy] entiary buty] ether), a sos-
pected curcinogen added 10 gusoline 1o reduce carbon monoxide
and ozone in urban air, Aquifers across the United States have been
contaminated—mainly from leaking underground storage tanks al
gas stations, In one U5, Geological Survey (USGS) study, 27 per-
cent Of shallow urban wells rested contained MTBE. The additive
is being phased out, but plumes of winted water will continue to
move through aquifers for decades o come. Liability for this con-
lamination is a highly contentions issue.

The EPA estimates that every doy some 4.5 trillion (1.2 wril-
lion gal) of contamimated warer seep into the ground in the United
States from septic tanks, cesspools, municipal and industrial land-
fills and waste disposal sites, surface impoundments, agricultural
Gields, forests, and wells (fig. 10.26). The most toxic of these are
probably waste disposal sites. Agricultural chemicals and wastes
are responsible for the largest total volume of pollutants and area
affected. Becouse deep underground aquifers olten have residence
times of thousands of years, many contaminanis are extremely sin
ble once underground. It is possible, bul expensive, 1o pump water
out of aguifers, clean it, and then pump it back.

wwwithbe.convcunninghumie
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In furm country, especially in the Midwest’s com belt, fertil-
feers and pesticides commonly contaminate aguifers and wells,
Herbicides such as arazine and alachlor are widely wsed on com
and soybeans and show up in about half of all wells in lowa, for
example, Nitrates from fertilizers often exceed safery standards in
rural drinking water. These high nitrate levels are dangerous 1o
infants (nitrates combine with hemoglobin in the blood and result
i “hlue-baby™ syndrome ).

Every vear, epidemiologists estimate that around 1.5 million
smericans fall ill from infections cansed by fecal contamination.
In 1993, for instance, a pathogen ¢alled eryptosporidium got into
the Milwaukee public witer system, making 400,000 people sick
and killing at least 100 people. The total costs of these diseases
amolint 1o hillions of dollars per vear, Preventative measures. such
as protecting water sources and aquifer recharge zones and updat-
ing treatment and distribution systems, would cost far less

Ocean Pollution

Although we don’t use ocean waters directly, ocean pollution is
serious and one of the fastest-growing water pollution problems.
Coastal buys, estuaries, shoals, and reefs are often overwhelmed
by pollution. Dead zones and poisonous algal blooms are increis-
mgly widespread. Toxie chemicals, heavy metals. oil. sediment.
and plastic refuse affect some of the most witractive and produc-
tive ocean regions, The potential losses caused by this pollution
amount 1o billions of dollars ench year, In terms of quality of Tife,
the costs are incalculable.

Discarded plastic flotsam and jetsam are becoming 4 ubigui-
tous mark of human impact on the oceans, Since plastic is highi-
weight and nonbiodegradable, it is carried thousands of miles on

CHAFTER 10 Whaiter: Resourees and Pollution

ocean currents and lasts for years, Even the most remote beaches
of distant islands are likely to have bits of polystyrene foam con-
tainers or polyethylene packing material that were discarded half a
world away. It has been estimuted that & million metric ons of
plastic bottles, packaging materiul. and other litter are tossed from
ships every year into the ocean. where they ensnare and choke
seibirds, mammals, and even fish (fig. 10,27}

Oil pollution affects beaches and open seas around the world,
Oceanopraphers estimate thut between 3 million and 6 million

FIGURE HL2T A dendlv mecklace Marine blelogises extinute that
cost-off nets, plecstic bevernge volids, arrel othier packing rexiidae kil
hundreds of thouwsands of birds, mommols, and fisk eaclt veas
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metric tons of oil are discharged into the world's oceans éach yedr
from oil tankers, fuel leaks, intentional discharges of fuel oil, and
coastal industries. About half of this amount is due 0 maritime
transport. OF this portion, most is not from dramatic, headline-
muking accidents such as the 1989 Exon Valdez spill in Alaska
but, rather, from routine, open-sea bilge pumping and tank clean-
ing. These activities are illegal but very common,

The transport of huge quantities of oil creates opporunitics
for major oil splls through a combination of human and natural
hazards. Military conflict in the Middle East destabilizes shipping
routes. More important, drilling and transport in stormy seas cause
spills. Plans 1o drill for oil along the seismically active California
and Alaska copsts have been controversial because of the dumage
that spills could cause to these biologically rich coustal ecosystems,

Fortunately. awareness of ocean pollution is growing. Ol
spill cleanup technologies and response eams are improving,
although most oil is eventually decomposed by natural bucterin.
Efforts are growing to control waste plastic. Sixteen states now
require that six-pack yokes be made of biodegrdable or pho-
tndegradable plastic, limiting their longevity as potential killers,
International concern about ocean ship waste is increasing, and
some shipping companies have been prosecuted and fined for
dumping fuel oil. Beach pollution—mainly plastic debris, but also
sewnge waste, oil, and chemical contaminants—is becoming more
common, but it is also more frequently reported in the mainstream
media. Volunteer efforts are helping to reduce beach pollution
locally: in one day, volunteers in Texas gathered more than 300
toms of plastic refuse from Gull Coast beaches.

POLLUTION CONTROL

The cheapest and most effective way 10 reduce pollution s 1o
avoid producing it or releasing it in the first place. Eliminating
lead from gasoline has resulted in a widespread and significant
decrease in the amount of lead in U.S. surface waters. Studies
have shawn that as much as 90 percent less road deicing salt can
be used in many arcas without significantly affecting the safety of
winter roads. Careful handling of oil and petroleum products can
greatly reduce the amount of water pollution caused by these
materials. Although we still have problems with persistent chlori-
mated hydrocarbons spread widely in the environment, the barining
ol DDT and PCBs in the 1970s has resulted in significant reduc-
tions in levels in wildlife:

Industry can reduce poflution by recyeling or recluiming mute-
ridls that otherwise might be discarded in the waste stream. These
approaches usually have economic as well as environmental bene-
fits. Companies can extract valuable metals and chemicals and sell
them, instead of releasing them as toxic contaminants into the water
system. Both markets and reclamation technologies are improving as
awareness of these opportunities grows. In addition, modifying land
use is an important component of reducing pollution.

Nonpoint Sources and Land Management

Farmers have long contributed a huge share of water pollution,
cspeciolly in the developed world. Increasingly, though, farmers
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are finding ways to save money and water quality at the same
time. Soil conservation practices on farmlands (see chapter 7)
maintain soil fertility, as well as protect water quality. Precise
application of fertilizer, irrigation water, and pesticides saves
maoney and reduces water contamination. Preserving wetlands that
act as natural processing facilities for removing sediment and con-
taminants helps protect surface and groundwaers,

In urban areas, reducing waste that enters storm sewers is
essential. It is getting easier for city residents to recyele waste oil
and 1o properly dispose of paint and other household chemicals that
they once dumped into storm sewers or the garbage. Urbanites can
also minimize use of fertilizers and pesticides, Regular street
sweeping greatly reduces nutrient Joads (from decomposing leaves
and debris) in rivers and lakes. Runoff can also be diveried away
from sireams and lukes. Many cities are separating storm sewers
and municipal sewage lines to avoid overflow during storms.

A good example of the problems of watershed management
is seen in Chesapeake Bay, America’s largest estuary. Once fabled
for its abundunt oysters, crabs, shad, striped bass, and other valu-
able fisheries, the bay had deteriorated seriously by the early 1970s,
Citizens" groups. local communities. state legislatures, and the
federal government together established an innovative pollution-
control program that made the bay the first estuary in Amerlea tar-
geted for protection and restoration.

Among the principal objectives of this plan is reducing
nutrient loading through land-use regulations in the bay's six
watershed states 1o control agricultural and urban runoff. Pollution-
prevention measures, such as banning phosphate detergents, also
are important, as are upgrading wastewaler treatment plants and
improving complisnce with discharge and filling permits. Efforts
are underway to replant thousands of hectares of sea grasses and
o restore wetlands that filter ot pallutants. Since the 1980s,
annual phosphorous discharges into Chesapeake Bay  have
dropped 40 percent. Nitrogen levels, however, have remained
constant or have even risen in some tributaries. Although
progress has been made. the goals of reducing both nitrogen and
phosphate levels by 40 percent and restoring viable fish and shell-
fish populations are still decades away. Still, as EPA Administrator
Carol Browner suys, it demonstrates the “power of cooperation”™ in
environmental protection, (See related story “Watershed Protec-
tion in the Catskills™ at www.mhhe comicases. )

Sewage Treatment

As we have already seen, human and animal wastes usually create
the most serious health-related water pollution problems. More than
500 types of disease-causing (pathogenic) bacteria, viruses, and s
asites can truvel from human or animal excrement through water,

Natural Processes

In the poorer countries of the world, most rural people simply go
out into the fields and forests o relieve themselves, as they have
always done. Where population densities are low. natural
processes eliminate wasies quickly, moking this an effective
method of sunitation. The high population densities of cities, how-
ever, make this practice unworkable, Even major cities of many
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Where Does Our Water Come From?

The water we use cycles endlessly through the environment. The
toial amount of water on our planet is immense—more than 1404
million km® (370 billion billion gal) (table 10.1). This water evapo-
rites from moist surfaces, falls os rain or snow, passes through liv-
ing organisms, and retumns to the ocean in a process known as the
hydrologic cycle (see fig. 2.18). Every year, about 500,000 km”, or
a layer 1.4 m thick, evaporates from the oceans. More than 90 per-
cent of that moisture falls back on the ocean. The 47,000 km' car-
ried onshore joins some 72,000 km’ that evaporate from lakes,
rivers, soil, and plants to become our annual, renewable freshwa-
ter supply. Plants play a major role in the hydrologic cycle,
shsorbing groundwater and pumping it into the stmosphere by
transpiration (transport plus evaporation). In tropical forests, as
much as 75 percent of annual precipitation is returned to the
atmosphere by plants.

Solar energy drives the hydrologic cycle by evaporating
surface water, which becomes rain and snow, Because water anc
sunlight are unevenly distributed around the globe, water
resources are very uneven. At lquigue in the Chilean desert, for
instance, no rain has fallen in recorded history. At the other end of
the scale, 22 m (72 fi} of rain was recorded in o single year at
Cherrapunji in India. Figure 10.2 shows broad patterns of precip-
itation around the world. Most of the world's rainiest regions are
tropical, where heavy ramy seasons occur, of in coastal mountain
regions. Most of the driest areas are in the high-pressure bands of
deserts (see chapter 9). Deserts occur on every continent just out-

Average annual precipitation |
[ Less than 25 cm (10 In.)
[ 25-50cm (10-201n.)
] 50-100 cm (20— 40 in.)
B 100-150 cm (40 - 60 in.)
Bl 150200 om (60 - 80 in.)
Il Move than 200 em (B0 in.)

TABLE 10.1  Units of Water
easurement

One cubic kilometer (km') equals | billion cubic meters (m),

I trillion liters, or 264 billion gal,

One scre-fool is the amount of water required 1o cover an acre of
geround 1 1t déep, This is equivalent 1o 325 851 pal, or 1.2 million
liters, or 1,234 m', approximately the amount consumed annually
by a family of {our in the United States,

One cubic foot per second of niver low equals 28.3 liters per second,
or 449 pal per minute:

side the tropics (the Sahara, the Namib, the Gobi, the Sonoran,
and many others). Rainfall is also slight at very high latitudes,
another high-pressure region,

Mountains also influence moisture distribution. The wind-
wird sides of mountain ranges, including the Pacific Northwest
and the flanks of the Himalayas, are typically wet and huve lurge
rivers; on the leeward sides of mountains, in arcas known as the
rain shadow, dry conditions dominate, and water can be very
scarce. The windward side of Mount Wainleale on the islund of
Kauai, for example, is one of the wettest places on earth, with
an annual rainfall around 1,200 cm (460 in.). The leeward side.
only a few kilometers away. has an average yearly rainfall of only
46 cm (18 in.).

FIGURE W.2  Average annual precipitation, Note wet areas that support ropical rainforests occur aloag the equaror, while the major world
dexerty occur in sones of dey, descending air between 207 and 407 north and seuth.

CHAPTER 10 Winer: Resources and Pollution
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TABLE 10.2 Earth’s Water Compartments

VOLUME I_J 000 k™) PERCENT OF TOTAL WATER AVERAGE RESIDENCE TIME
1. 386,00 L (M) 2 RiM) vears
133K (NN W5 300N pen 3 O0K) years®
lee and smow 24,364 1.76 1 10000 yegrs™
Saline groundwaler 12870 {93 Dy 1o thousands of yeirs™
Fresh groundwater 10,530 076 Duays o thousands of veu's*
Fresh lakes a1 (007 | tor SO0 years*®
Saline lakes 85 (LO0G I ten 1O00C) wimrs®
Soil moisture [ ] 0,001 I weeks to | year®
Atmosphere 129 ELT] | woek
Marshes, wetlands 1.5 (1400} Muonths (o years
Rivers, streams 212 02 I week o | month
Living organisms 112 L] I week

Kot Dt o LUNER N2
“Dirpends on deph and pahey {cior

lce and

BNowW

B7%
I'.If. “. Ll't I'.I. " ..:h ”Ir l'f.'HIll [ [ .r".'uur:l.r-' saner
i lakes, rivers, amd sereams represens onfy 3
percent of all Wgeld fresh water, which ds 13
percent of all fresh water, which iy 2.4 perees of

Fresh waler Liquid fresh water all weter on the earth

MAJOR WATER COMPARTMENTS

The distribution of water often is described in terms of interacting
compartments in which water resides, sometimes briefly and
sometimes for eons (Lable 10:2) The length of time water typically
slays in & compartment is its residence time, On average, a water
molecule stays in the ocean for about 3,000 yveurs. for example,
before it evaporates and starts through the hydrologic cyele again,
Nearly all the world's water is in the oceans (fig. 10.3). Oceans
play a crucial role in moderating the earth’s temperoture, and over
9 percemt of the world's living biomass i€ contained in the
oceans. What we mainly need. though, is fresh water. OF the 2.4
percent that 15 Iresh, most is locked up in glaciers or in groundwa-
ter, Amazingly, only about 0.1 percent of the world's water is in a
form secessible 1o us and to other organisms that rely on fresh
waler (fig. 10.4).

Groundwater

Groundwater is one of pur most imporiant freshwater resources,
Originating as precipitation that percolates into layers of soil and FIGURE 1004

Werter (s exvertial lIf|ll.|‘ .I'J:,I"r*, vl HFI'|I:I. indsiapes (8 F percend
rock, groundwiter makes wp the largest compartment of liguid, af the world s suppiy iy ecessible, fresh, Hgud water
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fresh witer. The groundwater within | km of the surface is more
than 100 times the volume of all the freshwater lakes, rivers, and
reservoirs combined,

Plants get moisture from a relatively shallow layer of soil
containing both air and water, known as the zene of avration
(fg. 10.5). Depending on rainfall amount, soil type, and surface
wpography, the zone of aeration may be a few centimeters or
many meters deep. Lower soil layers, whene all soil pores are filled
with water, make up the zone af satunation, the source of water in
most wells; the 1op ol this 2ong is the waler table.

Giealogic layers that contain water are known as squifers,
Aguifers may consist of porous layers of sand or gravel or of
crucked or porous rock. Below an aquifer, relatively impermenble
layers of rock or cloy keep water from seeping out af the bottom.
Instead, water seeps more or less horizonially through the porous
layer. Depending on geology, it can take from o few hours o sev-
eral years for water (o move o few hundred meters through an
gaquifer. 1t impermeable lavers lie above an aquifer, pressure can
develop within the water-bearing kiyer, A well or conduil punctur-
ing the aquifer lows frecly at the surface and is called an artesian
well or sprng.

Areas where surface water fillers into an aquilier are recharge
zomes (fig. 10060 Most aquifers recharge extremely stowly, and rood
and house construction oF water use at the surface can farther slow
recharpe rotes. Contwminants can also enter aquifers through
recharge zones. Urban or agneuloral ronoff in recharge zones is
often o serious problem. About 2 billion people—approximately
one-third of the world’s population—depend on groundwater for

Transpiration Precipltation Evaporaton o
trom plant sustaces oy land and watar surtaces
" 4

Runatt

Zona ol
marabon

Zorm of
saturation

FIGURE 1Lh  Precipitation that doex nor evaporate or s off
aver the sirface percolates timugh the soil in a process called
infileration., The upper lavera of woil hold droplety of moisture between
airfilled spoces. Lower layers, where all spoaces are filled with water,
muike wp the sone of saruration, or groundwaler
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Imparmeable layers
keep waler within aquiler

FIGURE 10O An aquifer iv a porm, water-bearing layer of sond,
grived, or reck, This aoquifer is confined between lavers of ook or elay
arid pent Iy gecdogic forces. creating lvdrosratic pressure. A breai in the
overlving laver creates on arfesian well or spring,

drinking and other uses, Every year 700 km' are withdrawn by
humans, mostly from shallow, easily polluted aquifers.

Rivers, Lakes, and Wetlands

Fresh, flowing surface water is one of our MOk precions resaunces.
Rivers contain a minute amount of water at any one tme. Most
rivers would begin to dry up in weeks or days if they were not ¢con-
stantly replenished by precipitation, snowmelt, or groundwater
secpage.

The volome of water carried by a river is its discharge, oc
the amount of water that passes o fixed point in a given amount of
time. This is usually expressed as liers or cubic feet of water per
wecond. The 16 largest rivers in the world carmry nearly half of all
surface runofl on the earth, and a large fraction of that oocurs in 4
single river, the Amazon, which carres 10 times as much waler as
the Mississippi (table 10,3}

Lakes contuin nearly 100 times as much water as all rivers
and streams combined, but much of this water is in o few of the
world's largest lukes, Lake Baikal in Siberia, the Great Lakes of
Morth America, the Great Rift Lakes of Africa, and a few other
lukes contnin vast amounts of water, not all of it fresh. Worldwide,
lakes are almost as imponant s rivers in terms of water supplies,
food, ransportation, and scttlement.

Wetlands—bogs. swamps, wet meadows, and marshes—
play a vital and often unapprecinted role in the hydrologic eycle.
Their lush plant growth stabilizes soil and holds back surface
runoff, allowing time for infiltration into squifers and producing
even, year-long stréam flow, When wetlinds are disturbed, their
nutural water-absorbing copacity is reduced, and surfoce woters
run off quickly, resulting in floods and erosion during the rainy
season and low stream fow the rest of the year.,



TABLE 10.3 World's Ten Largest
'.1 Rivers

ANNUAL

DISCHARGE
RIVER LOCATION (m /SECOND)*
Amaon Brazil, Peru 175, (M)
Orrinic Venerneln, Colomibiia 45 300
Congo Congrs 39,200
Yangire Tibet, Chimn 28,000
Brhmapuira Soth Asia 19,0000
Missixsippi Unitad Stotes 18,400
Mekong Southeast Asa | 8,300
Parundi Puraguny. Argentinin [ E.000
Yenisey Rusxia 17,200
Lens Riussia | 6000

Sorre: Data from: Wirkd Resomerre Instiune
1w =0l pal

The Atmosphere

[he atmosphere comains only 0,001 percent of the total water sup-
ply, but 3t 15 the most imporiant mechanism for redisoibuting
watter around the world, An individual water molecule resides in
the atmosphere for about ten days, on gverige, Some water evipo-
rates and falls within hours, Water can also travel halfway around
the world before it fulls, replenishing streams and aguifers on lund

WATER AVAILABILITY AND USE

Clean, fresh water 15 essential for nearly every human endeavor
ifig. 1.7} Collectively, we now appropriste more than hall of all
the freshwater in the world. Perhaps more than any other environ-
mental factor, the availability of water deterimines the location and
activities of humans on the earth. Renewable water supplies are
resources that are replenished regularly—mainly surface witer
and shallow groundwater. Renewable water is most plentiful in the
tropacs, where rainfall is heavy, followed by midlatitudes. where
ranfall is regular

Water-Rich and Water-Poor Countries

Waiter availabality is useally measured in terms of renewable waier
per capitn, s0 populanon density. as well as tatal water volumes.
dictate renewable supplies for human use, The highest per capita
Wwalet ‘~IJF'IEJlt':~L ‘;-'.I-!l!l!rn-'l[l:'r oocur in countries with meoist climates
and low population densities. Iceland, for example, has about 1640
million gal per person pér vear. In controst, Kuwait, where tem-
peratures are extremely high and min almost never fulls, hos less
thin 3,000 gal per person per vear from renewable natural sources,
Almost all of Kuwait's water comes from imports and desalinized
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I I( 'l I\I E‘ Lll' Wi JIIJTN'J'JH o fresh woater in many wavs, bat fiw
Billdeny of Peagle, waler shortpes ave o beutdl fact of e

APPLICATION, Mapping the Water-Rich

MMMEM

The top ten water-rich countries, n lerms of water availability
per copite, and the ton most water-poor countries are listed
below. Locate these countries on the political map ( page O00),
Describe the pattems, Where ore the water-rich countries
concentrated? (Hint: does fatimude matter”) Where are the
waler-poct countries most concentrated?

Warter-rich countries: leeland, Surinam. Guyana, Papua
New Guinea, Gabon, Solomon Tslands, Canacda,
Norway, Panama, Braeil

Water-poor counirles: Kuwait, Egypt, United Arab
Emirates, Malta, Jordun, Saudi Arabia, Singapore,
Muoldavia, Isrsel, Omin

{nsdeiapg “mpmpy — 22 s g paprdoad S i e T o
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seawater, In countries such as Libyaand [srael, where water is one
of the most crucial environmentsl resources. renewable \I.II'P]'I:F]:,H
do not meet hasic neads. These countries manage by “miming’
groundwiter, depleting sources that are probably unrenewable on
o human time scale.

Much of the western United Stafes has insofficient water 1o
meel @l the demands placed on this vital resource, The LS.
Department of the Interior wams that by 2025 many wesiern states
will face water crises (fig. 10.8). After five years of severe
drought, flow in the Colomda River has decreased 5o much that
Lake Powell has lost 60 pereent of jts volume and the ke surface
has dropped more than 33 m (100 fi). Blectric generation could
cehse in four vears, if current conditions continue, und the reser-
voir may never refill. Serious suggestions have besn made 1o
remove e dam and et the river run free.

wiww mihe. com/cunninghamie
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«  Major cibes
——— Mugor rivars
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Waler supply 185U areas
D Urmael rural water neads
Conlliet potantial — Moderate
I Contict potential — Substantiad
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FIGURLE 108 Rapidly growing populitions i arid vegions are
strrining avallable warer supplies, By 2025, e Depariment of the
fiterior warns, shortages cotld cause conflicts in many areas,

Sy [hiti Froen LS. Depanmmem of faleror,

As you can see, interannual variability in rainfall is an
important issue in water availability. In the African Sahel region,
like the American southwest, abundant rainfall occurs some years
but not others. Usually natural ecosystems can survive these
changes, bul human societies, and ecosystems greatly altered by
prazing, farming, or urban development, can be badly destabilized
by rinfall fluctuations, Some of the world's earliest civilizations.
such as the Sumerinns and Babylonians of Mesopotamia, were
hased on communal efforns o diven floods during wet seasons or
wel years and (o store water in dry years. Many climatologists
now worry that the greenhouse effect (see chapter 9) will bring
about more serious or frequent droughts in dry parts of the world,

Water Use

In contrast 1o energy nesources, which usually are consumed when
used, water can be used over and over if it is not too badly con-
minated. Waser withdrawal is the total amount of water taken
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from a water body. Much of this water could be returned to circu-
lation in a reusable forin. Water consumption, on the other hand.
is loss of water due to evaporation, absorption, or contamination.

The nutural ¢leansing and renewing functions of the hydro-
logic cyele replace the water we need it natural systems are nol
overloaded or damaged. Water is a repewable rtesource, but
renewal tokes time, The rate at which many of us now use water
may make it necessary 1o conscientiously profect, conserve, s
replenish our wuter supply.

Quantities of Water Used

Water use has been increasing about twice us fast as population
growth over the past century. Water withdrawals are expected 10
continue fo grow as more land is imigated to feed an expanding
population (fig. 10.9), Conflicts increase as chfferent countries,
economic sectors, and other stakeholders compete for the same,
fimited water supply. Water wars may well be the major source of
hostilities in the twenty-first century.

Worldwide, agriculture claims about 70 percemt of wal
witer withdrawal, ranging from 93 percent of all water used in
Indis to only 4 percent in Kuwait, which cannot afford 1o spend its
limited water on crops. In many developing countries and in parts
of the United States, the most common type of irigation is to sim-
ply flood the whole field or run water in rows between crops. As
much as half the water can be lost through evaporation or seepage
from unlined irmigation canals bringing water to fields. Sprinklers
are more efficient in distributing water, but they are more costly
and energy intensive (fig. 10.10). Water-cfficient drip irrigation
can save significant amounts of water but currently is used on only
about 1 percent of the world™s croplands (fig. 10.11).

Industry uses about one-fourth of water withdrawals waorld-
wide. Some European coutries use 70 percent of water for mdustry:
less-industrialized countries use as little as 5 percent, Cooling water
for power plants is by fur the largest single industrial usc af water,
typically accounting for 50w 75 percent of industrial withdrawal,
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FIGURE HLY  Grobal water withadrawaly huve increaved mire
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FIGURE 1O Ralting sprinkders allow farmers fo IFFigate ¢ropy

o R ferrain, Inosome aneas, Greigation consmmes 90 percent of aill

FIGURE 10,11
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Domestc. or household, water use accounts for only about &
percent of world water use. This incluodes water for drinking,
cooking, and washing. The amount of water used per household
vanes enormously, however, depending on a country’s wealth
The United Nations reports that people in developed countries
consume on average, about ten times more water daily than those
in developing nations, Poorer counries can’t afford the infrastrue-
ture (o obtan and deliver water 1o citizens. Inadequate water sup-
plies, on the other hand, prevent agriculture, industry, sanitation,
and other devieopments that reduce poverty
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FRESHWATER SHORTAGES

Clean dnnking water and basie samitation are necessary 1o prevenl
communicable diseases and 1o maintuin a healthy hife. For many
of the world’s poorest people, ong of the greatesl environmental
threats to health remaing the continved use of polluted water. In
2004 the United Nations estimated that ar least 1.5 billion people
lncked access 1o safe drinking water and 3 billion didn™t have ade

quitte sanitation. These deficiencies resull in hundreds of millions
ol cabes of water-related illness and more than 5 million deaths
EVEry Yoir Ak F"'I.Il"'l.:lli.”'ll'll'l‘\ LIow, more ]_l::;r}'iju;: move inlo cliies
and agricultre and industry compete for increasingly scarce water
supplies, water shortages are expected 10 become even worse, By
2025 wwo-thinds of the world's people will be living in water-
stressed countrics—defined |‘l!. the United Nations as consumplion
of more than 10 percent of renewable freshwater resources. One ol
the highest prionties announced at the UN World Summit in Johan

neshurg in 2002 was o reduce by one-half the proportion of people
without reliable access 1o clean water and improved sanitation

A Precious Resource

The World Health Organization considers an avernge of 1,000 m’
(264,000 gal) per person per year 1o be 8 necessary amount of
waler for modern domestic, industrinl, and agriculturl uses. Some
45 countries, most of them in Afries or the Middle East, cannol
mizel the minimum essential water needs of all their citizens. In
soumne countries, the problem is access o olean water. In Mali. for
example. 88 percent of the populstion locks clean water; in
Ethiopia, it is 94 percent. Rural people often have less access o
clean water than do city dwellers. Causes of water shortages
i ludle natural deficits, overconsumption by agnculivre or indus-
try, and inadequate funds for purifying and delivering good water

More than two-thirds of the world's households have to
feich water from outside the home (fig. 10.12). This is heavy
waork, done mainly by women and children and sometimes taking
several hours o day. Improved public systems bring many benefits
o these poor families

Availability does not alwuys mean affordability. A typical
poor family m Lima, Peru, for instance, uses one-sixth a3 moch
water as o middle-class American family but pays three times ns
much for i I they Tollowed government recommendations to boil
all water to prevent cholera, up 10 one-third of the ppor family’s
mcome could be wsed just in acquinng and purifying water

Investments in rural development have brought significant
improvements in recent years. Since 990, nearly 800 million
people—about |3 percent of the world's population—have
goined secess o clean water. The percentage of rural families
with safe drinking water has risen from less than 10 percent 1o

nearly 75 percent.

Depleting Groundwater

Groundwater provides nearly 40 percent of the fresh water for
agricultural and domestic use in the Linited States. Nearly half of
all Amenicans and about 95 percent of the rural population depend

winw.mhhe comdcunning hain e



on groundwuater for drinking and other domestic purposes.
Overuse of these supplies dries up wells, natural springs. and even
groundwater-fed wetlands, rivers, and lakes, Pollution of aquifers
through dumping of contaminants on recharge zones, leaks
through sbandoned wells. or deliberate injection of toxic wastes
can make this valuable resource unfit for use.

In many arcas of the United Siates, groundwater is being
withdrawn from aquifers faster than natural recharge can replace it.
On a local level, this causes a cone of depression in the water tble
{fig. 10.13). On a broader scale, heavy pumping can deplete 4
whole aquifer. The Ogallala Aquifer underlies eight Great Plans
states from Texns to North Dakota, This porous bed of sand, gravel,
and sandstone once held more water than all the freshwater lakes,

FIGURE 1015 A cone of depression forms in the water table
wnaler a heavily pumped well. This may dry up nearty shaflow wells o
mike pamping so expensive that it becomes impractical.
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streams, and rivers on the earth. Excessive pumping for imigation
has removed so much water that wells huve dried up in many
places, and farms, ranches, even whiole towns are being abandoned.
Recharging many such aquifers will take thousands of years. Using
“fossil” water like this is essentially water mining. For all practical
purposes, these aguifers ure nonrenewable resources.

Water withdrawal also allows aguifers to collapse. Subsi-
dence, or sinking of the ground surface, follows, The San Joaquin
Valley in Californin has sunk more than 10 m in the past 50 years
because of excessive groundwater pumping. Where aquifers
become compressed, recharge becomes impossible.

Another consequence of aguifer depletion 1= saltwater intru-
sion. Along coastlines and in areas where saltwater deposits are
left from ancient oceans, overuse of freshwater reservoirs often
allows saltwater to introde into aguifers used for domestic and
agricultural purposes,

Can We Increase Water Supplies?

On o human time scale, the amount of water on the carth is fixed.
Many efforts have been made 1o redistnbute waler resources, hicvw-
ever, Towing jeebergs from Antarctica has been proposed, and cre-
ating rain in dry regions has been accomplished, with mixed
success, by cloud seeding—distributing condensation nuclei in
humid air to help form raindrops. Desalination is locally impornant:
in the arid Middle East, where energy and money are available but
water is scarce, desalination is sometimes the principal source of
witer. Most efforts, bowever, have involved dams, canals, water
diversions, and desalination. We will discuss some of the benefits
and negative consequences of these projects next.

Dams, Reservoirs, and Canals

Dams and canals are a fundamental basis of civilizaton; they can
alsn be a source of environmental disaster and injustice. Some of the
great civilizations (Sumeria, Egypt, China, and the Incan culure of
South Americn) were organized around the large-scale redistnbu-
tion of water from rivers to irmgated farm fields. More than half the
world’s 227 larzesi rivers have been blocked by dams or diversion
structures with adverse effects on freshwater ecosystems. OFf the
50,000 lasge dams in the world, 90 percent were buill in the twenti-
eth century, and half of those are in China. Economically speaking,
at least ome-third of those dams should never have been built (see
related story “South Water North™ at www.mhhe. com/cases).

Dams and Justice

While many people benefit from the water and hydroelectnicity
provided by dams and diversion projects, other stakeholders,
including wildlife and ecosystems, suffer. Towns and furms have
been starved by the huge dams and diversions. Fishing enthusi-
asts, whitewater boaters, and others mourn the loss of nvers
drowned in reservoirs or dried up by diversion projects. These
projects also have been criticized for using public funds to
increase the value of privately held farmliand and for encouraging
agricultural development and urban growth in arid lands, where
other uses might be more appropriste (see Case Study, p. 238),
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Worldwide, large dams often flood wowns and farmlands,
raising international outery. In Tndiy, the Sardar Sarovar Dam on
the spcred Marmada River has been the focus of decades of
profest. Many of the 1 million villagers and tnbal people being
displaced by this project have engaged in muss resistance and civil
disobedience. while police have tnied 1o remove them forcibly, In
MNepal, construction of the 240-m (830-hi :I-hiph Tehri Dam on the
Bhagirathi River has stirred fears that a strong earthquake in this
active seismic region might cause the dam 1o collapse and cause &
catastrophic flood downstream. This dam is only one of 17 high
dlnms that Nepal and India plan for the Himalays Mountains, Sim-
ilar fears of carthguakes and Aoods of biblical proportions have
plagued China's: Three Gorges Dam on the Yangize River (see
redated story “Three Gorges™ at www, mithe comicasesy,

Canada’s James Bay project built by Hydro-Quebec has
diverted three major rivers flowing west into Hudson Bay and his
flooded more than 10,000 km® (4,000 mi’) of forest and tundra to
generaie 26,000 megawilts ol electrical power, In 1984 10,0043
caribou drowned while trying to follow ancient migration routes
across the newly flooded lund. The loss of traditional hunting and
fishing sites has been culturally devastating for pative Cree peo
ple, In addition, mercury leeched out of rocks in newly submerged
lands has entered the food chain, and many residents show signs
of mercury poisoning

Environmental Costs of Dams

Dums ensure a year-round water supply. but they also waste
rremendous smounts of water from evaporation and through seep-
tige into porous rock beds, Some dams built in the western United
States lose more water than they maoke ovailable. Evaporative
losses from Lake Mead and Lake Powell on the Colomado River
are about | km® (264 billion gal) per vear (fig. 10.14). The sals
left behind by evaporation and agricultural runoff nearly double
the salinity of the river. Mexico had to sue the United States to
foree construction of a 5350 million desalinotion plant ol Yuma,
Arizona, 10 make the water partially usable again.

Dams also collect silt, decreasing the effectiveness of reser-
voirs and stiarving streambeds and sandbars downstream, As the tur-
bulent Colorudo River slows in the reservoirs crealed by Glen
Canyon and Boulder Dams, it drops its load of suspended matenal,
More than 10 million metric tons of silt per year collect behind these
dams. Tmagine a line of 20,000 dump trucks backed up 1w Lake Mead
and Lake Powell every day, dumping dirt into the water. Within as
little s 1000 vezrs, these reservoirs could be full of silt and uscless for
gither water storage or hydroelectric gencrution (fig. 10.15).

In Egypt. the Aswin High Dam was buil to imgate thou-
sands of hectares of farmland, but the dam loses much af the
Nile's river 1o evaporation. Without the annual floods that carried
rich silt to farmlands for thousands of years, many farming areas
are becoming infertile, and the famous Nile Delte—and its rich
fisheries—are disappearing.

Diams and river channelization also drows or destroy free-
flowing rivers. One of the first and most divisive battles over this
logs was in the Hetch Hetchy Valley in Yosemite National Park. In
the early 1900, San Francisco wanted o dam the Toolumne River
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FIGURIE 10,14 Hoover Damn provides valuable electrie pawer fo
Nevada and California but Lake Mead, behing the darm, loses oot 1.3
Billion nr' of water per vear to evagvrration.

FIGURE 1015  This dam iv mow wieless beouse its neserveir fuis
,l.l.r,".r\..f wiih xily and vedinent

to produce hydroelectric power and provide waler for the city
water system. This project was supported by many prominent San
Franciseo citizéns becuuse it represented an opporunity for both
clean water and municipal power. John Muoir, founder of the Sierra
Club and protector of Yosemite Park, suicl, “These temple destroy-
ers, devotees of ruvaging commercinlism, seem lo have perfect
contempt for Natare, and. instead of lifting their ¢yes to the God of
the mountaing, lift them to the Almighty Dallar, Dam Hetch
Hetchy! As well dam for water-tanks the people’s cathedrals and
churches. for no holier temple has ever been consecrated by the
heart of man.” After a prolonged and bitter fight. the developers
won, and the dam was built,

Price Mechanisms and Water Policy

Throughout most of U.S. history, water policies generally worked
against conservation. In the well-watered castern United Sttes,
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