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Over the past decade, public and
governmental awareness of envi-
ronmental problems has grown
steadily, with an accompanying in-
crease in the regulation of point
sources of pollution. As a result,
great strides have been made in
cleaning polluted rivers and de-
creasing air pollution near factories.
However, traditional regulatory ap-
proaches to environmental pollu-
tion have focused primarily on pro-
tecting the maximally exposed
individual located in the immediate
vicinity of the pollution source. Lit-
tle attention has been given to the
global implications of human pro-
duction and use of synthetic chemi-
cals. If chemicals are produced, ei-
ther intentionally or as by-products
of industrial activities, and not de-
stroyed naturally or by humans,
they eventually reach the environ-
ment. Once in the environment they
are transported globally, partition
into biological media, and result in
essentially the entire world popula-
tion being exposed to trace levels of
chemical contamination.

Until recently, trace levels of en-
vironmental contamination were
thought to be relatively benign.
However, a consensus is emerging
that even trace levels of environ-
mental contamination can have po-
tentially devastating environmental
consequences. Tall stacks were
once hailed as the solution to local
sulfate problems from coal-fired
power plants; now acid rain is rec-
ognized as an environmental prob-
lem. Carbon dioxide emissions are
leading to global climate warming;
chlorofluorocarbon releases are re-
sulting in depletion of the Earth’s
protective ozone layer. With alarm-
ing regularity, we find reports of
chemical contamination in parts of
the world previously thought to be
pristine. Mercury is found in fish in
remote lakes; lead is found in
Greenland snow; and polychlori-
nated biphenyls (PCBs), dioxin, and
pesticides are found in the Arctic.
Even though PCBs and DDT have
been banned in the United States,
these chemicals are exported to
other parts of the world where, fol-
lowing use, they volatilize and are

globally translocated in the atmo-
sphere. Aerial fluxes of these pol-
lutants contribute a major portion of
pollutant loadings to the Great
Lakes (1), the Chesapeake Bay (2),
and other lakes. Although the envi-
ronmental impacts of global pollut-
ants (e.g., climate warming, ozone
depletion) have received wide-
spread attention, little heed has
been given to their possible impacts
on health. We maintain that ambi-
ent levels of pollution have risen to
the point where human health is be-
ing affected on a global scale.

Mercurv is found
in fish in remote
lakes; lead is
found in Greenland
snow; and PCBs,
dioxin, and
pesticides are
found in the
Arctic.

Environmental partitioning

Chemicals, once they are released
into the environment, seek out the
environmental media (air, water,
soil, or biota) in which they are
most soluble. Trichloroethylene
(TCE) and benzene (two volatile or-
ganics) are most soluble in air; thus
they tend to be found in air, and in-
halation is the principal means of
human exposure. DDT and PCBs are
most soluble in organic matter; thus
they tend to bioconcentrate in biota
and are transferred to humans
through the food chain. The dynam-
ics of environmental partitioning of

chemicals are fairly well under-
stood, and multimedia environmen-
tal transport models can provide a
coherent account of concentrations
of environmental chemicals in all
media (3, 4). These models have
been successful at accounting for
the equilibrium partitioning and en-
vironmental behavior of such or-
ganic chemicals as trichloroethyl-
ene, benzene, pentachlorophenol,
dioxin, and benzo(a)pyrene.

Atmospheric transport is recog-
nized as the primary mode of global
distribution and entry into the food
chain for organic chemicals. Al-
though most lipophilic compounds
reside mainly in the soil, small
amounts volatilize to the atmo-
sphere and are transported globally.
During transport, organics attach to
particles in the atmosphere and are
eventually transferred back to the
Earth through processes of wet and
dry deposition (5). After deposition
from the atmosphere, lipophilic
compounds bioaccumulate in vege-
tation, beef, milk, and fish; thus the
food chain becomes the primary
pathway of human exposure for
most global pollutants.

Atmospheric pollutants enter the
food chain through three routes: di-
rect atmospheric deposition onto leaf
surfaces, vapor phase air-to-leaf
transfer, and root uptake. For many
years vegetative contamination was
thought to result primarily from root
uptake. Now, however, direct air-to-
leaf transfer of vapor phase organics
is recognized as the primary pathway
of vegetative contamination for most
organics (6-8). Herbivores take up at-
mospheric pollutants by feeding on
the contaminated vegetation. The
pollutants are then taken up in the
predators that feed on herbivores.
Larsson et al. (9) show a direct corre-
lation between atmospheric deposi-
tion rates and body burdens in pred-
ators.

We offer the following examples
of global chemical pollutants that
result in human exposure of signifi-
cant proportions.

Examples of global pollutants

PCBs. Polychlorinated biphenyls
are widely versatile, synthetic chlo-
rinated compounds whose manu-
facture was banned in 1977. In the
late 1960s, PCBs were used as dye
solvents, plasticizers, dielectric flu-
ids, and hydraulic fluids (10). PCBs
are highly lipophilic, with the con-
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sequence that more than 99% of
PCB mass is found in soil. Thus one
might not expect PCBs to be a mul-
timedia problem. However, volatil-
ization of PCBs from spills, land-
fills, road oils, and other sources
results in measurable atmospheric
emissions (11, 12). It is estimated
that 9 x 10° g per year of PCBs cycle
through the U.S. atmosphere (13).
This is less than 1% of the total
PCBs in the environment. Neverthe-
less, atmospheric transport is now
recognized as the primary mode of
global distribution of PCBs. Eisen-
reich et al. (1) estimated that the at-
mospheric pathway contributes 60—
90% of PCB input into the Great
Lakes, and Lake Superior receives
more than 78% of its PCB burden
from the atmosphere (14).

Human exposure to PCBs occurs
primarily via low-level food contam-
ination. Market basket studies show
a background daily intake of 1.4 x
10 mg/kg perday (15). Twenty-three
percent of humans tested have a
measurable body burden of PCBs
{16), and the average level of PCBs in
breast milk in the United States is 89
ug/kg (17). If we use a cancer potency
estimate of 7.7 (mg/kg per day)™, the
lifetime cancer risk of background
PCB intake is 1.1 x 107,

Primarily as a result of consump-
tion of contaminated fish and aquat-
ic mammals, Arctic inhabitants are
experiencing near-toxic levels of
PCB exposure. The cold climate in-
creases the bioaccumulation of li-
pophilic substances in the food
chain, causing the PCB levels in the
breast milk of the Inuit women of
Arctic Quebec to be among the
highest ever recorded (18). Breast-
fed Inuit infants have PCB blood
levels that are believed to be caus-
ing immune response impairment
and increased infection rates (18).

Dioxins
2,3,7,8-tetrachlorodibenzo-p-diox-
oxin (TCDD) is the most potent
chemical carcinogen evaluated by
EPA. There are many different
forms of polychlorinated dibenzo-
p-dioxins (PCDDs) and polychlori-
nated dibenzofurans (PCDFs), but
TCDD is commonly referred to as
dioxin. There is a general percep-
tion that TCDD contamination is a
localized problem and that control
of a few specific sources (such as
municipal solid waste incinerators)
will reduce human exposure to tol-
erable levels. The reality is that
PCDDs and PCDFs are everywhere
and virtually every man, woman,
and child in the world is exposed to
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these compounds daily (19). PCDDs
and PCDFs, including the toxic
TCDD, have been measured in prac-
tically all media—air, soil, meat,
milk, fish, vegetation, and human
biological samples.

Because dioxin is highly li-
pophilic, one would expect to find
it almost exclusively in the soil.
However, a small fraction volatiliz-
es and partitions into the atmo-
sphere and is transported globally.
About 20% of atmospheric TCDD
exists in the vapor phase (5, 20).
This vapor phase, after uptake by
vegetation, is primarily responsible
for human exposure to TCDD. Air-
to-vegetation transfer of atmospher-
ic TCDD accounts for about 66% of
TCDD in forage that beef and dairy
cattle consume (21). Consequently,
the food chain, especially meat and
dairy products, accounts for 99% of
human exposure to TCDD (21).

Market basket studies of random-
ly collected food samples of the hu-
man diet (22-25) show that the
mean background dietary intake of
PCDDs and PCDFs in industrialized
countries is about 93 pg toxic equiv-
alents per day. If we use a cancer
potency estimate of 1.56 x 10° (mg/
kg per day)™, the lifetime cancer
risk from ingestion of food contami-
nated with background levels of di-
oxins and furans is 2.1 x 107%,

Benzene. Benzene is a widely
produced chemical that has been
shown to cause leukemia in hu-
mans (26). Benzene is used com-
merclally as an intermediate in the
production of many chemicals and
is a by-product of various combus-
tion processes, such as forest fires
and the burning of wood, garbage,
organic wastes, and cigarettes (27-
29). The fact that benzene has been
measured in air, water, and human
biological samples (30-33) suggests
that environmental contamination
from benzene is widespread.

Benzene partitions mainly into
the air (99%), with less than 1%
partitioning into water, soil, sedi-
ment, suspended sediment, and
biota, Only a negligible fraction of
benzene is expected to sorb to par-
ticulates in the air (5). Because ben-
zene is not very lipophilic, it does
not accumulate greatly in the food
chain. Inhalation is the primary hu-
man exposure pathway for benzene.
Biomonitoring studies show that
human exposure to benzene is
widespread, with a mean concen-
tration of benzene in personal air of
13.7 ug/ma, even in rural areas re-
moved from industrial sources of
benzene (32). Assuming an adult in-

halation rate of 20 m® per day and a
cancer potency estimate for ben-
zene of 2.6 x 107* (mg/kg per day)™",
the corresponding lifetime cancer
risk from background exposure to
benzene is 1 x 107

Mercury. Mercury is a highly vol-
atile toxic metal that can exist in va-
por form in the atmosphere. The
primary anthropogenic sources of
mercury are the burning of fossil fu-
els; mining and extraction of mercu-
ry from cinnabar; the chloralkali in-
dustries; and, to a lesser degree,
volatilization from paper pulp,
paints, fungicides, electrical equip-
ment, and municipal waste inciner-
ation (34). With increasing regulari-
ty, reports are surfacing of large-
scale mercury contamination of fish
from remote lakes with no nearby
sources of anthropogenic mercury.
In remote Michigan lakes, 15% of
fish contain mercury in excess of
the state health advisory level of 0.5
ppm (35). Approximately 30% of
Wisconsin lakes and 50% of Florida
lakes analyzed (about 100 major
systems) contain fish with mercury
levels exceeding state health stan-
dards (36; Ware, F., Florida Game
and Fresh Water Fish Commission,
personal communication, July
1990). This phenomenon supports
the hypothesis that mercury pollu-
tion is becoming a global problem
and is not limited to the area sur-
rounding point sources.

Anthropogenic emissions of mer-
cury partition mainly between air
(about 66%) and water and soil
(about 34%) (34) with only a negli-
gible fraction found on atmospheric
particulates. A high volatility and
long atmospheric residence time
(about a year) result in its global at-
mospheric transport (34), atmo-
spheric deposition being the major
source of mercury input into remote
seepage lakes. After deposition into
lakes, mercury is methylated and
bioaccumulates in fish as methyl-
mercury, the form most toxic to hu-
mans. Fish consumption is the pri-
mary pathway of human exposure
to methylmercury.

Anthropogenic mercury releases
do not originate solely from indus-
trialized countries in the Northern
Hemisphere. Mercury emissions
from the Amazon region of South
America, where mercury is used in
the recovery of gold and silver, ac-
count for about 2% (70 tons per
year) of total global atmospheric
mercury emissions. Measured mer-
cury concentrations in fish near
mining operations in the Amazon
reach 2.7 ppm, five times higher



than the Brazilian standard (38).

Lead. Lead is a persistent and
ubiquitous metal found in paint,
gasoline, and many other consumer
items. In the United States, about
39,000 tons of lead are emitted to
the atmosphere each year, includ-
ing 35,000 tons as gasoline addi-
tives (39). Although emissions from
leaded gasoline combustion have
declined with the decrease in gaso-
line lead content (40, 41), leaded
gasoline combustion in vehicles ac-
counted for 90% of the total anthro-
pogenic input into the atmosphere
in the United States in 1984. The re-
maining 10% was from stationary
sources: 5% from the metallurgical
industry, 4% from waste combus-
tion and energy production, and 1%
from miscellaneous sources (39).
Lead deposited on soil enters the
surface layer, where it is subse-
quently taken up by grazing animals
and thus enters the food chain or is
consumed directly by children en-
gaging in normal hand-to-mouth be-
havior (42). The major routes of hu-
man exposure to lead, therefore, are
ingestion and inhalation (43). The
average baseline lead exposure (ug/
day) for a 2-year-old child is 0.05 in
inhaled air, 25.1 in food and bever-
ages, and 21.0 in dust, for a total of
46.6 (39).

Lead exposure is particularly tox-
ic for children and the young of oth-
er species (44). The major cause of
child lead poisoning in the United
States is lead in paint (ingestion],
with lead in dust and soil (inhala-
tion and ingestion) dispersed over
the nation a close second (44).
Three to four million children in the
United States are estimated to be at
risk of adverse health effects and
impaired cognitive development
from lead, using a blood criterion of
15 ug of lead per deciliter of blood.
Maternal exposure to lead is esti-
mated to place 400,000 fetuses per
year at risk of excess absorption of
lead (44).

Global lead pollution is a result of
our mismanagement and heavy use
of this toxic material. Global anthro-
pogenic lead emissions are about
200 times higher today than in the
past (45); anthropogenic sources
contribute more to lead pollution
than do natural sources by one to
two orders of magnitude (41). There
is a current trend to reduce the con-
sumption of lead by removing it
from products such as gasoline,
paint, food containers, and other
items. This reduction will signifi-
cantly decrease human intake of
lead from present sources (41).

However, more effort is needed in
this direction.

Health risk

Humans are exposed to hundreds
of synthetic organic chemicals daily.
Some of these exposures have been
documented through market basket
studies to determine dietary intake
(15) and through adipose tissue sur-
veys. However, the true extent of hu-
man exposure to environmental pol-
lution has never been quantified. For
example, the human adipose tissue
survey has identified only a very
small fraction of the chemical mass
found in human adipose tissue. The
total exposure assessment methodol-
ogy study demonstrated that human
exposure to volatile organics is wide-
spread and that exposures in the in-
door environment are generally high-
er than outside exposures (32).
Because of widespread use of chemi-
cals in our everyday environment
(e.g., paints, gasoline, dry-cleaning
agents, cleansers, pesticides), expo-
sures in rural areas are as large as
those in urban areas.

We have examined background
cancer risks of 11 global pollutants
(46). We focused our study on pol-
lutants for which data were readily
at hand, rather than attempt a com-
prehensive survey. Using actual
measured exposure concentrations
and intake levels (except for ethyl-
enebisdithiocarbomatics) and EPA
risk methodologies, we calculated
the total background risk for these
11 carcinogens to be 1.4 x 107 (Ta-
ble 1). Background cancer risk
based on measured exposure can
account for 1-2% of actual annual
cancer deaths, a number consistent
with other estimates of the contri-

bution of chemical pollution to
background cancer rates. This risk
is far in excess of the generally ac-
cepted target range of 1077 to 107¢
lifetime cancer risk.

Regulatory approaches

Current regulatory approaches for
environmental pollution do not in-
corporate ways of dealing with glo-
bal pollution. Instead the major fo-
cus has been on protecting the
maximally exposed individual. To
accomplish this, locally high con-
centrations of pollutants are de-
creased, not by destroying the
chemicals or decreasing produc-
tion, but rather by moving them to
another environmental medium.
For example, stack emissions are
controlled by installing stack scrub-
bers, which use water to clean stack
emissions of gases and particulates.
However, scrubber water is often
flushed into existing municipal
sewer systems and carried to the
city municipal waste treatment
plants. During water aeration at
these plants, up to 99% of volatiles
are released into the air. In a study
of human exposure to toxic sub-
stances through air and drinking
water for the Philadelphia metro-
politan area, EPA found that volatil-
ization of organic compounds from
the sewage treatment plant account-
ed for almost half the air cancer
risks to the population (47).

The nation is currently engaged
in a massive $100 billion effort to
clean up hazardous waste sites.
However, the usual practice is an
exercise in transferring pollution
from one environmental medium to
another. At 68% of hazardous waste
sites with contaminated groundwa-
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ter, pumping and treating for aqui-
fer restoration is the selected reme-
dy (48). However, treatment most
often consists of air-stripping the vol-
atile organics from groundwater,
thereby releasing the organics into
the air. A recent evaluation of the Su-
perfund program concluded that
only 19% of source remedies effec-
tively and permanently cleaned up
hazardous waste sites (49). Most rem-
edies provide for containment only
or partial treatment, or they utilize a
technology of questionable effective-
ness and permanence. These reme-
dies are designed to minimize short-
term exposure, rather than to treat
the waste and thereby permanently
eliminate the hazards. Thus current
remedial practices at hazardous
waste sites do not focus on effective
reduction of pollutant mass in the
global environment.

The only way to diminish global
cycling of contaminants is to de-
crease production of pollutants or
to destroy pollutants before they are
released into the environment. The
production of some especially haz-
ardous pollutants such as DDT and
PCBs has been banned. At present,
the most commonly used method to
destroy pollutants is incineration.
However, emissions from incinera-
tor stacks tend to release pollutants
directly into the atmosphere. Choic-
es designed to protect the environ-
ment are not easily made, and a
multimedia perspective is impera-
tive. As knowledge about the path-
ways, extent, and consequences of
pollution increases, the implemen-
tation of more innovative ways of
controlling the problem will be-
come more urgent.

Reducing risk

The high background cancer risk
documented in Table 1 raises the
question of how effective EPA can
be in reducing the overall cancer
risk from environmental chemicals.
EPA’s regulatory focus is on con-
trolling local exposure to large
point sources of pollutants. These
sources typically have maximum
individual risks in the 107 to 107*
range, but because risk drops off
rapidly with distance from the
source, risk to the average individu-
al is typically in the 10™° to 1077
range. Thus EPA regulations, al-
though protective of the maximum
exposed individual, do little to re-
duce the overall U.S. rate of cancer
resulting from exposure to chemical
pollutants. This observation is con-
sistent with that of Gough (50), who
performed a detailed analysis of
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EPA regulations and found that the
entire $100 billion spent each year
on environmental protection results
in at most a 1.3% reduction in can-
cer death rates.

The difficulty with regulating
background risk is that it results from
widespread global pollution from a
multitude of widely dispersed sourc-
es. This pollution cannot be reduced
significantly by controlling emis-
sions associated with production and
use. When these chemicals are pro-
duced and not destroyed naturally or
by humans, they will eventually
reach the environment. Once that
happens, even relatively nonvolatile
compounds like PCBs and dioxin are
atmospherically transported on a glo-
bal scale, resulting in global chemi-
cal pollution. If we do not want to
change our standard of living, the
only way to reduce global chemical
pollution is to make our production
and consumption processes more ef-
ficient and to lower the levels of pro-
duction of these toxic chemicals.
Thus the only reasonable solution to
global pollution is not increased reg-
ulation of isolated point sources, but
rather an increased emphasis on
waste reduction and materials recy-
cling. Until we focus on these issues,
we will continue to experience back-
ground cancer risk in the 107 range.
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® major teaching fields
® highest degree earned
® academic rank

Two alphabetical indexes—one by institution and one by faculty member
name-make look-up quick and easy.

Academic departments, libraries and personnel offices, recruiters,
students, sales and marketing personnel-you'll find yourself turning
again and again to this directory.

Call toll free (800} 227-5558 and charge to your credit
card-or mail the coupon below today.
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Please send copy(ies) of College Chemistry Faculties, 8th Edition, at $74.95
each (US & Canada), $89.95 each (export).

Z Payment enclosed (make checks payable to American Chemical Society).
Z Purchase order enclosed. P.Q.#
Charge my — MasterCard/VISA — American Express

— Diners Club/Carte Blanche

Account #
Expires Phone #
Name of cardholder
Signature
Ship books to: Name
Address

City, State, ZIP

ORDERS FROM INDIVIDUALS MUST BE PREPAID. Prepaid and credit card orders receive free pestage and
handling. Prices are quoted in US dollars and are subject to change without notice. Please allow 4-6 weeks for
delivery. Foreign payment must be made in US currency by international money order, UNESCO coupons, or US
bank draft. Order through your local bookseller or directly from ACS.

To charge your books by phone, CALL TOLL FREE (800) 227-5558. Mail this order form with your payment or
purchase order fo:
American Chemical Society, Distribution Office Dept. 209, P.0, Box 57136, West End Station,
Washington, DC 20037

209

Environ. Sci. Technol., Vol. 25, No. 5, 1891 819




