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2.

Introduction

“Dioxin” is the term commonly given to a class of compounds known chemically as
polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/F’s). As discussed
below, there are other compounds beside PCDD/F’s that exhibit dioxin-like toxicity. Evidence
suggests that human exposure to PCDD/F’s and dioxin-like compounds can lead to various forms
of cancer and various developmental and endocrine-disruption effects.
There are 210 different chlorinated dioxin and furan molecules or “congeners.” Each
different congener has its chlorines in different positions in the structure. The general structure
of PCDD/F molecules is shown in the diagrams below; also, as examples, the specific congeners
2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) and 2,3,7,8-tetrachlorodibenzofuran
(2,3,7,8-TCDF) are shown.
It has been found that only the 17 PCDD/F congeners with chlorines in at least the 2,3,7,8
positions show evidence of dioxin-like toxicity. The toxicity of each congener can be expressed
in terms of its estimated, approximate potency relative to that of the most toxic congener
(2,3,7,8-tetrachlorodibenzo-p-dioxin) by multiplying by its estimated “Toxic Equivalency
Factor” or TEF. Values of the TEF’s commonly used are given in Table 1 below. The overall
PCDD/F toxic potency of a mixture of dioxin and furan congeners is often summarized by
multiplying the amount of each congener by its TEF and then summing over all the congeners to
get the total Toxic Equivalents (TEQ) in the mixture. The meaning of a result expressed as
“TEQ” is that the total overall toxicity of the mixture is presumed to be equivalent to the stated
amount of “pure” 2,3,7,8-TCDD.
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Table 1. Toxic Equivalency Factors (TEF’s) for PCDD/F Congeners
(U.S.EPA 1994a,b)

Dibenzo-p-dioxins
Congener(s)

Dibenzofurans
TEF

Congener(s)

dibenzo-p-dioxin molecules with
three or less chorine atoms
(27 total)

0

dibenzofuran molecules with
three or less chlorine atoms
(59 total)

2,3,7,8-TCDD

1

2,3,7,8-TCDF

all other TCDD’s (21 total)

0

all other TCDF’s (37 total)

1,2,3,7,8-PeCDD

0.5

all other PeCDD’s (13 total)

0

1,2,3,4,7,8-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD

1,2,3,4,7,8-HxCDF
1,2,3,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF

0

all other HxCDF’s (12 total)

0.01

all other HpCDD’s (1 total)
OCDD

all other PeCDF’s (26 total)

0.1
0.1
0.1

all other HxCDD’s (7 total)
1,2,3,4,6,7,8-HpCDD

2,3,4,7,8-PeCDF
1,2,3,7,8-PeCDF

1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF

0

all other HpCDF’s (2 total)

0.001

OCDF

Abbreviations:

Abbreviations:

TCDD
PeCDD
HxCDD
HpCDD
OCDD

TCDF
= Tetrachlorodibenzofuran
PeCDF = Pentachlorodibenzofuran
HxCDF = Hexachlorodibenzofuran
HpCDF = Heptachlorodibenzofuran
OCDF = Octachlorodibenzofuran

=
=
=
=
=

Tetrachlorodibenzo-p-dioxin
Pentachlorodibenzo-p-dioxin
Hexachlorodibenzo-p-dioxin
Heptachlorodibenzo-p-dioxin
Octachlorodibenzo-p-dioxin
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TEF
0

0.1
0
0.5
0.05
0
0.01
0.01
0.01
0.01
0
0.01
0.01
0
0.001

As mentioned above, there are other persistent organic pollutants with a similar chemical
structure to 2,3,7,8-substituted PCDD/F congeners which exhibit dioxin-like toxic effects. For
example, there are at least 13 PCB congeners that are considered to exhibit dioxin-like toxicity (3
non-ortho PCB’s, 8 mono-ortho PCB’s, and 2 di-ortho PCB’s1 ). Other compounds, such as
chlorinated naphthalenes, chlorinated diphenyl ethers, and a range of brominated analogs, may
also exhibit dioxin-like toxicity.
TEF values for the dioxin-like PCB congeners have been estimated (e.g., Ahlborg et al.,
1994), although, as with the PCDD/F TEF’s, there is some uncertainty in these estimates (e.g.,
Wenning and Iannuzzi, 1995). With estimated TEF values, the contribution of dioxin-like
compounds to the overall dioxin-like potency of a mixture can be assessed relative to the CDD/F
congeners present in the mixture.
There have been relatively few side-by-side measurements of PCB’s and PCDD/F’s in
environmental media or tissue samples. The relative importance of PCDD/F’s and PCB’s to
overall dioxin-like potency varies from study to study.
In studies reporting measurements of cow milk, PCDD/F’s and PCB’s appear to
contribute roughly comparable dioxin-like potencies, e.g.:
!
!

the Netherlands: Slob et al. (1995) and van der Velde et al. (1994);
England: Krokos et al. (1996); Sewart and Jones (1996);

1

. Polychlorinated biphenyls are molecules which have two benzene rings bonded
together by a single chemical bond. On each of the benzene rings, there can be chlorine atoms
attached in any position. Thus, there are 209 possible PCB “congeners”, ranging from biphenyl
(with no chlorines) to decachlorobiphenyl (with 10 chlorines). The positions on the benzene
rings adjacent to the chemical bond joining the two rings are called the “ortho” positions; there
are two such ortho positions on each benzene ring, each ring has one ortho position on each side
of the joining bond. If there are no chlorines occupying an ortho position, the two benzene rings
exist in essentially the same plane, i.e., they are coplanar. This coplanar, polychlorinated
configuration (with at least two chlorines on each ring) is similar to the structure of 2,3,7,8TCDD. Due to steric considerations, if there are chlorines in one or more ortho positions, the
benzene rings are unable to exist in the same plane (the chlorine atom(s) get in the way); thus,
these are somewhat less like 2,3,7,8-TCDD, although mono-ortho PCB’s and a few di-ortho
PCB’s have been found to exhibit dioxin-like toxicity. Based on the commonly used set of
estimates by Ahlborg et al. (1994), 3,3',4,4',5-PCB (PCB-126) and 3,3',4,4',5,5'-PCB (PCB-169)
are considered to have approximate TEF’s (their dioxin-like potency relative to 2,3,7,8-TCDD)
of 0.1 and 0.01, respectively; all other dioxin-like PCB’s are believed to have TEF’s of 0.0005 or
less. In some cases, even these less toxic congeners are present in sufficiently high
concentrations that they contribute significantly to the overall dioxin-like toxicity in a given
situation.
6

The same rough equivalence has been found in many studies of human milk, e.g.:
!
!
!

Japan: Hirakawa et al. (1995);
the Netherlands: Liem et al. (1993); Tuinistra et al (1994,1995);
England: Duarte-Davidson et al. (1992).

In a comprehensive study of food in the Netherlands, PCDD/F’s and PCB’s were
estimated to contribute approximately the same total dioxin-like potency in the average diet
(Theelen et al., 1993).
In measurements in aquatic ecosystems, it has been frequently found that the dioxin-like
PCB’s are responsible for the majority of the dioxin-like potency measured, e.g.:
!
!
!

Great Lakes region (fish and fish eating birds): Smith et al. (1990);
St. Lawrence River (fish): Brochu et al. (1995);
the Netherlands (porpoise): Van Scheppingen et al. (1996)

A similar enhanced significance of PCB’s (relative to PCDD/F’s) appears to hold for
many of the measurements made in arctic ecosystems, e.g.:
!
!
!
!

Dewaily et al., 1994 (milk samples from Inuit women in arctic Quebec);
Ayotte et al., 1995 (blood plasma from Inuit in arctic Quebec);
Hebert et al., 1996 (Canadian arctic caribou fat and other tissues);
Muir et al., 1996 (a range of Canadian arctic species)],

Pollutant levels in the arctic are discussed in much greater detail in the case study on
Persistent Organic Contaminants in the Canadian Arctic (presented elsewhere in this Volume).
In addition, the case study on Persistent Organic Pollutants (POP’s) (presented elsewhere
in this Volume) provides detailed information about a range dioxin-like POP’s and other POP’s.
Much remains to be learned about PCDD/F’s and other dioxin-like compounds. This
case study will focus primarily on PCDD/F’s, as an example.2

2

. The narrowed focus of this particular case study on PCDD/F’s is not meant to imply
that these compounds are necessarily the most important of the dioxin-like POP’s.
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3.

Sources

PCDD/F’s have never been produced intentionally (except in extremely small quantities
for use in research). Unfortunately, however, it is formed as an unwanted byproduct in many
different types of processes.
The two broad classes of formation situations which are the generally regarded as being
the most important are:
(1)

combustion processes (e.g., waste incineration, fuel combustion, metallurgical
processes);

(2)

solution-phase processes (e.g., pulp bleaching with chlorine or chlorine containing
compounds, chlorinated organic chemical manufacturing, chlorine production)

Formation of PCDD/F’s in any given source results from a complex set of chemical
reactions which are influenced by many factors, including, but not limited to, the individual
concentrations of many potentially relevant reactants, temperature, and inter- and intra-phase
mass transfer processes. PCDD/F formation can be enhanced when certain precursors are present
(e.g., chlorophenols; unchlorinated dibenzo-p-dioxin), but, significant quantities can also be
formed in the absence of the introduction of any known precursors. The relative proportions of
different PCDD/F congeners created in different formation situations can be highly variable.
While the formation of PCDD/F’s in combustion and solution phase processes is exceedingly
complex and only poorly understood at the present time, it is obvious that chlorine and/or another
chlorine-containing compound is essential to their formation.

3.1

Emissions to Air

As mentioned above, PCDD/F’s can be formed in many types of combustion systems
(e.g., Commoner et al., 1987; Addink and Olie, 1995; Karasek, 1995). In these systems,
PCDD/F formation appears to be most favored in the temperature range from about 300 - 450 oC.
This is, of course, cooler than most combustion chambers; PCDD/F’s are believed to form as the
combustion exhaust gases cool after they leave the combustion chamber. PCDD/F’s can form in
the gas phase or on the surface of aerosol particles in the cooling stack gases. Certain
compounds (e.g., copper) appear to act as a catalyst in surface-formation reactions.
There have been many attempts to determine the influence that chlorine -- in its various
forms -- has on the formation of PCDD/F’s in combustion systems. In a broad overview of a
range of combustion-process emissions of PCDD/F’s, Thomas and Spiro (1995) found a general
increase in emissions as the level of chlorine in the material being combusted increased.
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In certain situations, a positive correlation appears to be conclusively established. One
such situation is the combustion of gasoline in the internal combustion engines of automobiles.
When leaded gasoline is used, chlorinated and brominated substances (e.g., ethylene dichloride
and ethylene dibromide) are added to the fuel. This is done so that the lead in the gasoline does
not build up in the engine and thereby cause damage; during combustion, the chlorinated
additives convert most of the lead in the fuel to relatively volatile lead chlorides which are able to
escape from the engine. (The fact that the lead escapes from the engine may be good for the
engine, but obviously, is not so good for the environment.) Experimental measurements have
shown that PCDD/F emissions from automobiles burning leaded gasoline are significantly higher
than those from unleaded gasoline (e.g.: Hagenmaier et al. 1990; Bingham et al. 1989; U.S. EPA
1994a; Marklund et al. 1987,1990). These measurements provide strong evidence that
chlorinated substances are linked to PCDD/F formation.
In incineration processes, the situation is considerably less straightforward. A recent
summary of experimental investigations involving particular combustion situations was provided
by Wikstrom and coworkers (1996). These researchers also reported a new set of experimental
data concerning this issue. They burned a simulated municipal waste in a laboratory-scale
combustor and found that increasing levels of chlorine in the waste led, generally, to increasing
PCDD/F emissions in the exhaust gases. In this experiment, inorganic chlorine (calcium
chloride) and organic chlorine (polyvinyl chloride) was equally effective in leading to the
formation of PCDD/F’s.
In general, some studies have found a positive correlation between PCDD/F emissions
from incineration and chlorine input, and some studies have not. In one recent review of
available data, it was concluded that the available experimental evidence does not support the
idea that PCDD/F formation generally increases with the amount of chlorine or chlorinecontaining substances involved in the process (Rigo et al., 1995). These conclusions have been
challenged in a recent review which concludes that there is a significant relationship between
chlorine input and PCDD/F emissions (Costner, 1997).
In any given combustion setting, there may be a threshold effect in which PCDD/F
formation begins to increase with increasing chlorine input above a certain level of chlorine
input. This has been observed in several experiments (as summarized by Wikstrom et al. 1996).
Given the complexity of the physical and chemical processes occurring, it is not surprising that
the apparent threshold level appears to vary among different types of incinerators, combustion
conditions, and fuels. Due to the complexity of the situation and a lack of data, the relative
contribution of various chlorinated substances in the formation of PCDD/F’s in many types of
combustion systems remains controversial and poorly understood.
Pollution control equipment can capture some of the PCDD/F that has been formed and
prevent its immediate escape from the system. The PCDD/F captured in pollution control
systems for combustion devices is associated with the captured flyash. A portion of the captured
PCDD/F may be re-released to the environment during handling, transport or from its ultimate
9

disposal site (e.g., an ashfill) to the extent that any of the following processes occur: (a) ash
particles can become airborne through the action of wind or mechanical action; (b) PCDD/F’s
can volatilize from the ash; or (c) PCDD/F’s or PCDD/F-containing ash particles can be washed
into surface or ground water by precipitation.
Certain pollution control systems can actually increase the amount of PCDD/F’s formed.
For example, some electrostatic precipitators (ESP’s) operate at a relatively high temperature —
in the range in which PCDD/F formation is favored — and it has been found that more PCDD/F
leaves these devices than enters them. Emissions of PCDD/F from municipal waste incinerators
equipped with these so-called “hot-sided” ESP’s are believed to be extremely large (e.g.: U.S.
EPA 1994a; Webster and Connett, 1997).
Quantitative estimates of the amounts of PCDD/F’s emitted by various sources are
fraught with difficulty for several reasons.
First, for any given type of source (e.g., medical waste incinerators), very few individual
facilities have actually been tested for emissions of PCDD/F’s.
Second, the tests that have been done show that PCDD/F emissions can vary greatly from
test to test on the same facility and from facility to facility of the same type (i.e., similar process
and pollution control characteristics).
Third, overall emissions inventories and emissions estimates for given facilities are often
made by using the few available tests to estimate emissions factors for a given type of source,
with a given type of pollution control equipment. The use of emissions factors to estimate
emissions is obviously an approximation. In order to even use such factors, however, one must
be able to assemble a complete list of the sources of a given type, with details of each facility’s
emissions-relevant process characteristics, pollution control devices, and throughput (e.g.,
tons/day burned in an incinerator). Unfortunately, this does not appear to be possible for many
types of sources, even those that are relatively significant.
For example, there are many uncertainties in currently available inventories of medical
waste incinerators in the United States. Most State agencies are currently unable or unwilling to
assemble an accurate list with relevant details (e.g., location, throughput, pollution control
equipment). Because of this basic lack of knowledge, confusion and controversy surrounds the
estimate of emissions from medical waste incinerators in the United States. A similar lack of
information appears to exist in Canada for medical waste incinerators. The state of knowledge
about medical waste incinerators appears to be more advanced in Mexico, with estimates
available for the throughput and locations for each of the 10 incinerators known to exist.
Several general PCDD/F emissions summaries and/or emissions inventories have been
presented; examples, in alphabetical order, include the following: (i) Cohen M., B. Commoner, et
al. (1995); (ii) Fiedler, H., et al. (1990,1992); (iii) Harrad, S., et al. (1992); (v) Thomas and
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Spiro (1995, 1996); (vi) Thornton (1994) and Thornton and Weinberg (1995); (iv) USEPA
(1994a, 1995, 1996a); (vii) Zook and Rappe (1994)].
Currently, there is not enough information in Canada, Mexico or the United States to
develop an accurate emissions inventory for PCDD/F’s. For most source classes in each country,
the situation is as follows: (a) very few (if any) emissions tests have been made, and so even the
development of rough emissions factors is difficult; (b) even if emissions factors were available,
adequate facility-level details about location, throughput, process, and pollution control
equipment either have not been assembled or are being kept confidential by government or
industry groups. Efforts are underway in each country by government agencies and/or nongovernmental organizations to improve the accuracy of PCDD/F emissions inventories, although
it would appear that more resources need to be allocated to these efforts.
In light of the above, one must be cautious in presenting estimates for PCDD/F emissions.
As a rough guide, a qualitative summary of approximate, estimated PCDD/F air emissions from
various sources in the United States is given in Figure 1. For many of the sources in this Figure,
the uncertainties in emissions are very large.
In Figure 1, no estimate was made — due to an extremely high level of uncertainty — for
emissions from in-use pentachlorophenol (PCP)-treated wood (e.g., PCP-treated telephone
poles). PCP is contaminated with PCDD/F, as an unintentional byproduct of its chemical
synthesis, and a portion of this PCDD/F may be emitted during the lifetime of the treated wood.
PCP use is currently restricted in the U.S. and Canada, but, it is still used extensively used as a
wood preservative in certain applications (Feldman and Shistar, 1997). Emissions may be
significant even if only a small fraction of PCP’s dioxin contamination was emitted.
In the U.S., there are several ongoing PCDD/F inventory efforts, including (but not
necessarily limited to) those by the U.S. EPA Office of Air Quality Planning and Standards (U.S.
EPA 1995, 1996a), the U.S. EPA’s National Center for Environmental Assessment (Cleverly,
1996), and an inventory currently being developed at the Center for the Biology of Natural
Systems at Queens College.
Many of the sources shown qualitatively in Figure 1 for the U.S. also exist in Canada and
Mexico. However, there may be significant differences in the relative importance of different
sources in Canada and Mexico, compared to the situation in the U.S.
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Figure 1. Emissions of PCDD/F to the Air in the United States:
Qualitative Summary
municipal waste incineration
medical waste incineration
cement and aggregate kilns
coal combustion
iron sintering plants
secondary copper smelter/refiners
wood combustion
mobile sources: diesel fueled
forest fires
sewage sludge incineration
pentachlorophenol wood treatment
hazardous waste incineration
asphalt mixing plants
accidental fires
iron and steel foundries
oil combustion
secondary aluminum smelters
landfill gas burning
coke production
mobile sources: gasoline fueled
secondary lead smelters
kraft black liquour boilers
drum reclamation & incineration
carbon reactivation furnaces

0
0.01

0.1

1
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Approximate, Estimated Emissions to the Air (grams TEQ/year)
"TEQ" = 2,3,7,8-TCDD Toxic Equivalents
The Indicated "Ranges" for Each Source Show the Approximate Uncertainty in the Emissions Estimate

12

In Mexico, initial data for a PCDD/F emissions inventory is being assembled. Initial
consideration is being given to the following potential sources currently operating in Mexico: (a)
medical waste incinerators; (b) hazardous waste incinerators3; (c) the petrochemical industry; (d)
cement kilns; (e) combustion of leaded gasoline in automobiles4; (f) metallurgical processes
(Mexico is a major copper producer); and (g) brick production facilities (where uncontrolled
waste combustion is typically used as a heat source). Future work will attempt to estimate the
relative significance of the above sources, and the role of other PCDD/F sources in Mexico.
Many of the sources in the U.S. also exist in Canada, although their relative importance is
expected to be somewhat different. A preliminary emissions inventory for Canada was
developed by the Center for the Biology of Natural Systems (Cohen et al., 1995). There is a
current effort led by the government-sponsored Federal/Provincial Task Force on PCDDs/PCDFs
to create a nationwide emissions inventory (Morcos, 1997). A stakeholder workshop about the
inventory development is to be held on March 26, 1997 in Ottawa.
Based on their chemical similarity, essentially all of the sources that emit PCDD/F’s to
the air will also emit other dioxin-like compounds (e.g., dioxin-like PCB’s). Although
combustion is not thought to be an important source of PCB’s, there is evidence that some
congeners (e.g., 3,4,3',4'-tetrachlorobiphenyl) can be emitted from combustion sources (Brown
and Silkworth, 1995). Emissions data for these other dioxin-like compounds is even more scarce
than that for PCDD/F’s, however. Congener-specific emissions measurements from sources are
practically non-existent. PCB’s were extensively used in a range of applications until the 1970's,
and residues from these earlier uses are ubiquitous (e.g., PCB-contaminated soil). PCB
emissions from these residues of past uses are still occurring. While PCB use is being phased
out, there are still ongoing “closed-system” applications (e.g., old electrical transformers). Large
quantities of PCB oils from past uses are currently be stored, awaiting destruction. There have
also been unintentional, accidental releases from storage/waste treatment sites as well as from
transformer fires.

3

. A new initiative in Mexico has begun in which a system of Integral Centers for the
Management and Utilization of Industrial Residues (“Centros Integrales para el Manejo y
Aprovechamiento de Residuos Industriales - CIMARI’S”) is to be developed. These Centers are
expected to be involved in the following aspects of industrial waste management: (a) recycling of
oils and solvents; (b) energy recovery from certain combustibles; (c) sludge treatment; (d)
treatment of residues with heavy metals; (e) treatment of residues with organic substances; (f)
thermal oxidation; and (g) solidified and stabilized waste confinement.
4

. Although the use of leaded gasoline is being phased out, it is still used somewhat.
Thus, emissions from automobiles may play a relatively greater current role as a PCDD/F source
in Mexico than it does, for example, in the U.S. and Canada. It should be noted, however, that
leaded gasoline is still used as an aviation fuel in the U.S.
13

Thus, the construction of an accurate emissions inventory for PCB’s (including dioxinlike PCB’s) is perhaps even more complicated than that for PCDD/F’s. As a consequence, we
are perhaps further away from an accurate emissions inventory for PCB’s than we are for
PCDD/F’s. As an example, in a recent draft PCB emissions inventory for the United States (U.S.
EPA 1996a), no congener-specific emissions estimates could be made, emissions from only a
few of the source categories considered in Figure 1 could be included, and, no estimates could be
made for emissions from PCB-contaminated sites, accidental releases from transformer leaks and
fires, or environmental residues from past contamination.

3.2

Emissions to Water

PCDD/F emissions to water have been a major environmental concern over the past 15
years in Canada and the U.S. In some cases, the sources of PCDD/Fs are the same as those for
the atmosphere, such as runoff from or disposal of combustion-related wastes, leakage of PCB
oils, PCP use (e.g. treated wood pilings). Wet and dry deposition of airborne PCDD/Fs can be
important sources to water bodies (Hites, 1990; Cohen et al., 1995), either directly or through
runoff. Sources unique to water involve unintentional chlorination of natural dibenzo-p-dioxin
or dibenzofurans, and condensation of chlorophenols and chlorinated hydroxydiphenyl ethers,
under aqueous conditions.
Chlorine bleach kraft pulp and paper mills (BKM) are perhaps the most thoroughly
studied source. PCDDs/Fs were first detected in the late 1980’s in the pulp, effluent, and sludge
of BKM’s which used elemental chlorine (Keuhl et al., 1987; Merriman et al., 1991; Swanson et
al., 1988; Amendola et al., 1989; Clement et al., 1989; Safe, 1991) and in many pulp products
such as paper, coffee filters, and diapers (Safe, 1991). The predominant PCDD/Fs identified in
the effluent of BKM’s were 2,3,7,8-TCDD, 2,3,7,8-TCDF, and 1,2,7,8-TCDF. The congener
profile of BKM emissions is unique and can be distinguished from other PCDD/F sources such
as combustion and PCP’s (Yunker and Cretney 1996). Beginning in 1989, the pulp and paper
industry in the U.S. and Canada has reduced emissions of PCDD/Fs through process changes,
including the use of other bleaching agents such as chlorine dioxide, ozone and hydrogen
peroxide (Swanson et al., 1988; Craig et al., 1990).
Sewage treatment plants, especially those using elemental chlorine for disinfection are
also sources of PCDD/Fs, due to aqueous chlorination reactions that may be similar to those in
kraft pulp mills using chlorine bleaching. Atmospheric deposition may play a role as well, as
urban runoff — which may be contaminated with PCDD/F from wet and dry deposition onto
urban surfaces — is often routed to sewage treatment plants. In addition, industrial sources and
leaching from dioxin-contaminated PCP applications may contribute PCDD/F’s to sewage
treatment plants, a portion of which may ultimately be discharged from the plant into receiving
surface waters.
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3.3

Emissions to Land

In some instances, PCDD/F-containing material is disposed of on land. Current examples
of this include disposal of incinerator ash, sewage sludge, and sludge from pulp and paper
manufacturing involving chlorine bleaching. In the past, the practice of land disposal of
hazardous waste from the chemical manufacturing industry was significant, but, is now
restricted. A dramatic example is the Hyde Park landfill in Niagara, New York, about 2000 feet
east of the Niagara River, in which an estimated 0.7 - 1.6 tons of 2,3,7,8-TCDD was dumped
between 1954 and 1975 (U.S. EPA, 1990). It has been speculated that this site has the most
PCDD/F in any single location anywhere on earth5. PCDD/F’s from this and other sites can be
emitted to the air through volatilization and dust erosion processes (wind and mechanical), and to
surface water or groundwater. Field and laboratory measurements suggest that PCDD/F’s are
relatively stable in the soil environment; half-lives appear to be at least on the order of 10 years
or longer (Brzuzy and Hites, 1995; Freeman and Schroy, 1989; Hagenmaier et al., 1992; Kapila
et al., 1989; Orazio et al., 1992; Puri et al., 1989). The reasons for this stability are the following:
PCDD/F’s (a) bind relatively tightly to soil particles, (b) are not very water soluble, and (c) are
relatively resistant to degradation by microorganisms or by abiotic processes (e.g., photolysis) in
the soil environment. Thus, the only way that PCDD/F’s can efficiently “leave” the soil
environment is when soil particles become airborne (i.e., windblown dust) or waterborne (e.g.,
soil erosion).
As mentioned above, leachate and erosion from contaminated waste sites may be an
important source of PCDD/F to surface and ground water. While there is unfortunately very little
data to make quantitative estimates, waste sites along the Niagara River may be very significant
current contributors to the PCDD/F loading of Lake Ontario.

4.

Exposure Pathways

PCDD/F’s are a ubiquitous contaminant of food, water, air, soil, vegetation and
commercial products. Thus, we are exposed to PCDD/F’s through the food we eat, the air we
breathe, the water we drink, and through dermal (skin) exposure to any contaminated material.
Human exposure is defined as the contact of an environmental agent with the human body.
Exposure is not equal to dose, but is a realistic approximation to it (Johnson, 1992). Currently in
health research, exposure assessment has become a key element of analysis, and for
environmental exposures with a long term effect, retrospective exposure assessment is now being
developed (Correa et al., 1994). Research has demonstrated the need to consider all the routes
of human exposure (e.g., Ott, 1985; Smith, 1988). The most important route of human exposure
5

. To put this amount in perspective, the total amount of PCDD/F emitted to the air in the
U.S. is on the order of 5,000 - 10,000 grams TEQ/year — about 10 - 20 pounds TEQ per year.
Thus, the amount of dioxin estimated to be in the Hyde Park landfill is the equivalent to
approximately 70 - 320 years of current U.S air emissions of PCDD/F.
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to PCDD/F is believed to be through food consumption (USEPA 1994a; Zook and Rappe, 1994;
Startin, 1994; Schecter, 1994bc).

4.1

Food - Aquatic and Terrestrial

As mentioned above, the most important PCDD/F exposure pathway of most people is
believed to be through food, although there have been very few measurements of the PCDD/F
levels in various foods. Based on the limited available data, the most important foods
contributing to exposure appear to be milk, dairy products, beef6 and fish (USEPA 1994a; Zook
and Rappe, 1994; Startin, 1994; Schecter, 1994bc). Startin (1994) has recently reviewed
PCDD/F levels in different foods.
A very approximate summary of the relative PCDD/F contributions of different foods to
the diet in the U.S. (from Schecter et al., 1994c) and Canada (from Birmingham et al., 1989) —
both based on extremely limited data — is given in Figure 2. Similar results have been found in
food surveys done in Germany (Beck et al., 1989; Furst et al., 1990), Britain (Startin 1994), and
the Netherlands (Theelan et al., 1993).
For adults in the U.S., two recent estimates of the total estimated background exposure
due to food consumption are 116 pg/day (U.S. EPA 1994a) and 18 - 192 pg/day (Schecter et al.,
1994c). Assuming an average adult weight of 65 kilograms, these estimates are equivalent to an
exposure of about 2 and 0.3 - 3 pg/kg of body weight, respectively.
For infants, exposure through breast feeding may result in a higher intake of PCDD/F
than adults. On a per-kilogram of body weight basis, a breast feeding infant’s exposure appears
to be significantly higher than adults. For infants exposed through breast milk, the exposure has
been estimated to be on the order of 35 - 53 pg/kg of body weight (Schecter et al., 1994c).

6

. Other animal products, e.g., eggs, chicken, pork, are also somewhat significant
contributors as well, although in the U.S., these are considered to be of lesser importance. A
Canadian study estimated that eggs contributed about as much PCDD/F to the diet as beef
(Birmingham et al., 1989).
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Figure 2. Relative Importance of Dioxin Exposure from Different Foods
% of Adult Daily Food Intake of Dioxin

(Estimates are based on extremely limited data and should be regarded as preliminary approximations only)
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Note: Exposure from Egg Consumption Not Included in U.S. Data, Because of Lack of Data
U.S. Data: Schecter et al. (1994), Envr Health Persp 102(11): 962-966 (geometric mean of low & high estm's used)
Ontario Data: Birmingham et al. (1989), Chemosphere 19(1-6):507-512.
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4.1.1

PCDD/F in Terrestrial Food Chains

Based on their analysis of available data, the EPA estimated that nearly all of the general
population's exposure to PCDD/F is through food, of which milk and dairy products account for
about 36% and beef for about 32% (USEPA 1994a). These estimates are consistent with those of
Schecter et al. (1994c), who estimated that dairy products and beef contributed approximately
43% and 48%, respectively, of PCDD/F intake from food for adults7.
Measurements of PCDD/F’s in terrestrial food chains include measurements in beef cattle
in the U.S. (Lorber et al., 1996), Caribou in the Canadian arctic (Hebert et al., 1996), and a range
of milk and milk products as discussed below.
Given their importance to human exposure, the levels and origin of PCDD/F in dairy
products will be discussed here in some detail.
The following measurements have been reported for PCDD/F’s in cow’s milk in the
United States:
(a)

a study in the vicinity of the municipal solid waste incinerator in Rutland, Vermont
(USEPA 1991), before and after the incinerator began operating, in which a total of 11
milk samples from 4 different sites were analyzed for PCDD/F content;

(b)

a study conducted by ENSR at a farm near the Elk River Generating Station in Elk River,
Minnesota (ENSR, 1989), in which duplicate samples of cow’s milk were collected from
a single farm, once in the summer and once in the winter.

(c)

a study conducted for the California Air Resources Board (Stanley and Bauer, 1989) in
which 8 packaged milk samples were analyzed;

(d)

a study by LaFleur et al. (1990) in which one sample of milk was analyzed for 2,3,7,8TCDD, 2,3,7,8-TCDF and 1,2,7,8-TCDF before exposure to bleached paperboard milk
cartons and after varying periods of exposure;

(e)

a study conducted by the Food and Drug Administration (Glidden et al., 1990) in which a
total of approximately 20 milk samples were taken from 15 dairies in 6 states; samples of
milk were taken both before and after the milk was placed in cartons;

7

. Schecter et al. (1994c) report “low” and “high” estimated exposure rates from food
consumption, based on a range of contamination levels in foods. Because the low and high
estimates are more than an order of magnitude apart, a geometric (rather than arithmetic) average
was used in summarizing this analysis.
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(f)

a study conducted in New York State (Schecter, et al., 1989) in which 3 samples (whole
milk, 2% fat milk, and heavy cream) were obtained from a grocery store in Binghamton,
New York;

(g)

a study conducted at five farms in Connecticut (Eitzer, 1995) in the vicinity of a new
municipal solid waste incinerator, before and after the incinerator began operating, in
which a total of 29 samples were analyzed.

In Canada, retail milk products purchased between 1985 and 1988 in six different
Canadian cities were analyzed for PCDD/F (Ryan et al., 1991). It was found that PCDD/F’s
from the chlorine-bleached plastic-coated paperboard containers appeared to be leaching into the
milk products, adding significantly to the levels of PCDD/F’s in the milk. The substitution of
chlorine dioxide for elemental chlorine as a bleaching agent at many paper mills has led to
significant reductions in the levels of PCDD/F’s in paperboard containers.
No data could be found on the PCDD/F content of milk in Mexico.
There have been several studies conducted in Europe of PCDD/F in cow’s milk,
including: Fanelli et al. (1980), Rappe et al. (1987), Riss et al. (1990), Rappe et al. (1990a),
Beck et al. (1990a,b), Ryan et al. (1990 & 1991), Schmid and Schlatter (1992), Furst et al. (1992
& 1993), DeJong et al. (1993), Lassek et al. (1993), Slob et al. (1995), and Harrison et al.
(1996).
The U.S. EPA (1994a) estimated the U.S. background PCDD/F concentration in milk
using data from LaFleur et al. (1990) and the Rutland study (USEPA 1991). These estimates,
coupled with estimates of PCDD/F content of other foodstuffs, air, and water, were used to
estimate the total exposure of the general population.
The U.S. EPA is currently conducting a nationwide survey of PCDD/F levels in cow’s
milk, using a nationwide sampling network originally designed to monitor milk contamination by
radioactive fallout. Samples are being collected from dairy facilities serving at least one large
metropolitan area in each state. The analysis for PCDD/F may be done on regionally-pooled
composite samples. In addition, the U.S. Food and Drug Administration is conducting a marketbasket survey of PCDD/F in milk, dairy products and fish. These studies will provide muchneeded additional data on PCDD/F levels in food in the U.S.
How do PCDD/F’s get into dairy and animal products? The major route of exposure of
dairy cows, beef cattle and other animals to PCDD/F is thought to be their consumption of
PCDD/F-contaminated feed crops (McLachlan et al., 1990; Furst et al., 1993; Stevens and
Gerbec, 1988). PCDD/F’s enter crops largely from the air; they are not generally taken up by
plants from soil or groundwater (McCrady et al., 1990). Dry deposition of vapor-phase material
may be the dominant mechanism by which they enter vegetation (Welsch-Pausch et al., 1995).
As discussed below, the more toxic tetra- and penta-chloro PCDD/F congeners (i.e., TCDD/F
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and PeCDD/F) are relatively volatile and exist to a greater extent in the vapor phase in the
atmosphere than do the less toxic higher-chlorinated congeners. Thus, it is “unfortunate” that
vapor-phase PCDD/F’s appear to be more efficiently transferred to vegetation.
Ingestion of contaminated soil is normally of minor importance but can be significant in
some situations (Fries 1995ab). Soil contamination by PCDD/F can arise from atmospheric
deposition and from the application of PCDD/F-contaminated fertilizers and soil amendment
products (e.g., sewage sludge, animal manure, etc.). The use of PCDD/F-contaminated
pesticides may be another contributor to the levels of PCDD/F’s in animal feed crops, although it
is probably of lesser importance.
The 2,3,7,8-substituted PCDD/F’s are not broken down efficiently by metabolic pathways
in most animals; for example, approximately 20% of the PCDD/F ingested by dairy cows is
excreted in their milk (McLachlan et al., 1990). Recent reviews of PCDD/F’s in agricultural
systems include those by Fries (1995ab), Hattemer-Frey and Travis (1991), Lorber et al. (1994),
and McLachlan (1996).
A collaborative project — involving the Center for the Biology of Natural Systems at
Queens College, the New England Environmental Policy Center (director: Jean Richardson), the
University of Wisconsin’s Department of Dairy Science, and others — is currently being
conducted in which PCDD/F is being measured and modeled in the air, crops, and cow’s milk of
eight dairy farms in Wisconsin and Vermont. It is hoped that this study will lead to an increased
understanding of the modes of entry, relative levels, and fate of PCDD/F in dairy ecosystems.

4.1.2

PCDD/F in Aquatic Food Chains

The primary pathway of human exposure as a result of PCDD/F contamination of aquatic
ecosystems is through the consumption of contaminated fish. PCDD/F’s can enter aquatic
ecosystems as a result of:
!

sources which discharge PCDD/F’s directly to the water (e.g, a pulp and paper mill using
chlorine or a chlorine-containing compound for pulp bleaching);

!

sources which discharge PCDD/F’s to the air, a portion of which may enter a given water
body as a result of atmospheric deposition.

In the aquatic environment, PCDD/Fs with four or more chlorines are found mainly
associated with particulate organic carbon (POC) and dissolved organic carbon (DOC) (Broman
et al., 1991; Merriman et al., 1991; Pastershank and Muir, 1995). The smallest particle sizes (<
1.0 um) generally contain the highest organic carbon and are potentially good carriers of bound
PCDD/F’s (Broman et al. 1991; Muir et al. 1992a). Particle-bound PCDD/F’s are removed from
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the water column by sedimentation but are also recycled within the water column, especially in
large, dynamic, water bodies (Broman et al. 1991).
The fate and distribution of PCDD/F’s in aquatic ecosystems has been examined in a
series of studies in an experimental mesocosm using radiolabelled compounds (Corbet et al.,
1983; Servos et al., 1992ab; Friesen et al., 1995; Segstro et al., 1995). These studies have shown
that, upon entry into aquatic systems, PCDD/Fs partition rapidly to POC. Degradation of
PCDD/F’s in sediments could not be detected over a five-year monitoring period. PCDD/F’s
were slowly lost via diffusion from sediment pore waters into the water column, as well as via
burial of sedimenting particles, and were also accumulated by mussels and crayfish and exported
from mesocosms by emerging insects (Segstro et al. 1995; Fairchild et al. 1992).
There have been several studies of PCDD/Fs in aquatic sediments in Canadian waters
(Macdonald et al. 1992; Evans et al., 1996; Bourbinierre et al., 1996) and in the Great Lakes
(Czcuzwa and Hites 1984; 1986). The sediment studies are very useful for identifying trends in
sources and historical inputs. Results from Great Slave Lake (Evans et al., 1996) and Lake
Athabasca (Bourbonniere et al., 1996) suggest a small pre-industrial historical input of OCDD,
presumably due to forest fires.
PCDD/F’s bioaccumulate in the aquatic food chain and can reach significant levels, even
though they are rarely (if ever) found above detection levels in the water column. Recent reviews
of PCDD/F’s in aquatic ecosystems include those by Cook et al. (1991), Fletcher and McKay
(1993), and Walker and Peterson (1994). Clarke et al. (1996) have recently reviewed the levels
of PCDD/F’s found in fish in the United States and international waterways. Their review
indicated that PCDD/F contamination in fish is ubiquitous, with quantifiable levels found
worldwide.
A long-term monitoring program of the eggs of herring gulls (a fish eating bird species)
has provided useful information on the spatial and temporal variation of PCDD/F’s in the Great
Lakes regional aquatic ecosystem (e.g., Hebert et al., 1994). Measurements showed a general
decline in PCDD/F levels between 1981 and 1984, but no discernable trend between 1984 and
1991. Birds eating fish in Saginaw Bay (Lake Huron) and Lake Ontario showed significantly
higher levels of PCDD/F in their eggs than those in other colonies in the Great Lakes region.
4.2

Other Exposure Pathways

Under typical “background” conditions, i.e., removed from any strong local source of
PCDD/F contamination, exposure pathways other than food consumption are believed to be of
minor significance.
Using an estimated background drinking water PCDD/F contamination level of 0.0056 pg
TEQ/liter (based on 214 measurements) and a typical adult water consumption rate of 1.4
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liters/day, the U.S. EPA (1994a) estimated that exposure from water consumption was on the
order of 0.008 pg TEQ/day, about 0.01% of the typical exposure due to food consumption.
Using an estimated background air concentration of 0.095 pg TEQ/m3 (based on 84
measurements) and a typical adult inhalation rate of 23 m3/day, the U.S. EPA (1994a) estimated
that exposure from air inhalation was on the order of 2 pg TEQ/day, perhaps accounting for a few
percent of the typical background exposure due to food consumption. A similarly small amount
(~ 1 pg/day) was estimated for soil ingestion (U.S. EPA 1994a), under background conditions.8
Dermal exposure is believed to be important in some circumstances for certain pollutants
(e.g., pesticide exposure of agricultural workers involved in applying pesticides (Granjean,
1990). Investigations into dermal exposure to PCDD/F’s have shown that the skin is not an
effective barrier against PCDD/F (e.g., see discussion in Montague, 1989). Under background
conditions, however, dermal exposure to PCDD/F is not expected to constitute a significant
exposure pathway.
Under certain “non-background” situations, however, these other PCDD/F exposure
pathways may be important.
In some occupational settings, for example, exposure to PCDD/F (presumably through air
and dust inhalation) may be significant. Any occupational environment associated with a
significant PCDD/F source (see Figure 1) could involve significant occupational exposure. An
example is municipal waste incinerator operation, where it has been found, for some plants, that
workers show evidence of a higher level of exposure than the general population (presumably as
a result of exposure to PCDD/F- contaminated air and dust) (Schecter 1994b).
Even for some non-occupational situations, non-food exposure routes may be important.
Ground level concentrations downwind of facilities which emit very large quantities of
PCDD/F’s can reach significant levels, and people who live or work near such a facility might be
significantly exposed through inhalation or dust ingestion.
As an illustration of this, consider the data presented in Figure 3, below. Here, the
inhalation exposures predicted for an adult living and working downwind of PCDD/F sources of
varying magnitudes are compared against the range of background food exposures as presented
by Schecter (1994c). The inhalation exposure estimates in this figure are based on air dispersion
calculations presented by the U.S. EPA (1994a) for the annual average ground-level air
concentrations (in the direction of maximum impact) resulting from emissions from a

8

. Soil ingestion (called “pica”) is a more significant exposure route for children than it is
for adults (Hayes and Rodenbeck, 1992).
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Figure 3. Exposure to PCDD/F's from Food vs. Inhalation (U.S. Adults)
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hypothetical facility9. It can be seen from this example that persons in close proximity to
sources or source complexes emitting on the order of 100 g TEQ per year or larger may be
exposed to significant amounts of PCDD/F (i.e., rivaling or surpassing the exposure from food
consumption).
Are there any facilities with such large PCDD/F emissions? Certain municipal waste
incinerators with “hot-sided” electrostatic precipitators (as discussed above in the section on
sources) may have emissions of this magnitude. For example, during a 1992 stack test of a
municipal waste incinerator in Columbus, Ohio, the emissions rate was estimated to have been
on the order of 1000 g TEQ per year. When the facility was tested more recently, the level fell to
approximately 200 grams TEQ per year, possibly the result of "special" waste preparation: the
waste was allegedly pre-selected, dried, and plastics were removed (Connett, 1994)10. Other
similar incinerators have been found to emit PCDD/F at rates of 100 g TEQ/yr or more (Webster
and Connett, 1997). Certain large iron sintering plants may emit PCDD/F at a similarly high rate
(based on emissions factors extrapolated from European facilities), but, data on their emissions in
North America are almost non-existent.

4.3

Summary of Exposure Pathways

While atmospheric and aquatic transport widely disseminate PCDD/F’s from their
numerous sources, the environmental concentrations can vary significantly from place to place,
depending in detail on the proximity to sources. Also, depending on the specific physicalchemical properties of the different PCDD/F congeners and the materials they interact with,
different materials exposed to even the same concentrations will exhibit different levels of
contamination. Thus, for example, all things being equal (i.e., if no other sources were significant
contributors), the concentrations of PCDD/F in the air a kilometer or two immediately downwind
of an incinerator will be higher than those tens of kilometers away. In a similar way, the
concentration of PCDD/F in cow’s milk will be higher at a farm on which dairy feed was grown
under higher atmospheric concentrations of PCDD/F (due to relative proximity to sources) than
at a farm with feed grown under lower concentrations. Moreover, different crops at any given
farm may have different average concentrations of PCDD/F in them, even though they are

9

. The hypothetical facility was modeled after an actual waste incinerator burning 200
metric tons per day. In this example, the facility is surrounded by flat terrain and has a 30.5
meter tall stack. Other important parameters for the simulation include the following: (a) the
stack diameter is assumed to be 1.52 meters; (b) the exhaust gas temperature is assumed to be
127 oC; and (c) the exhaust gas exit velocity is assumed to be 8.9 meters/sec. The distance from
the source at which the maximum annual-average ground-level concentration was predicted to be
approximately 900 meters. A distance of 1 kilometer (with virtually the same annual average
concentration as at 900 meters) was chosen for the calculations shown in Figure 3.
10

. This facility was recently closed down.
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exposed to the same air concentrations. Thus, human exposure to PCDD/F will vary from person
to person, depending on where they live and work, on what they eat and drink, and in general, on
many aspects of their lives.
The following general picture of human exposure to PCDD/F emerges. First,
consumption of milk, dairy products and beef are probably the most significant sources of
exposure for the general population. The presence of PCDD/F in these foods arises as a result its
incorporation into feed-crop vegetation, primarily from the air. Thus, air emissions sources are of
crucial importance to the exposure of humans to PCDD/F.
A significant fraction of the PCDD/F emitted to the air from a given source will
eventually be deposited back to the earth’s surface — even though it may be dispersed over 100's
or 1000's — and deposition to vegetation is a relatively significant pathway. A portion of the
PCDD/F is so-deposited onto and incorporated into animal feed crops. Dairy cows, beef cattle,
and other animals eat these contaminated feed crops, and PCDD/F bioaccumulates in their milk
and/or fatty tissues. In this way, the properties of PCDD/F, its atmospheric fate and transport,
and the characteristics of agricultural ecosystems combine to efficiently capture PCDD/F emitted
to the air and transmit it to the human population.
Other exposure pathways can be important in certain situations, including: (a)
consumption of fish contaminated by direct PCDD/F discharges and/or atmospheric deposition to
surface waters; (b) inhalation in close proximity to very large air emissions sources; and (c)
certain occupational exposures.
As discussed in detail in the Case Study on Persistent Organic Contaminants in the
Canadian Arctic presented elsewhere in this Volume, the primary exposure pathway of dioxinlike compounds in Arctic communities is also through food consumption. In these ecosystems,
aboriginal peoples are very dependent on wild foods of terrestrial (e.g., plants, caribou) or marine
(fish, marine mammal) origin. The principal food contributing to dioxin-like toxic exposure
appears to be marine mammals, and the principal compounds in marine mammals contributing to
the dioxin-like toxic exposure of humans in Arctic ecosystems appear to be the dioxin-like
PCB’s, rather than PCDD/F’s. The contamination of the arctic food chain by PCB’s arises as a
result of long range transport via the atmosphere and ocean currents.
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5.

Exposure and Health Effects

PCDD/F’s are regarded as extremely toxic substances because their effects on living
things may be evident at unusually low concentrations — ranging from parts per billion to parts
per trillion. Human exposure to higher concentrations occurs only in accidents and industrial
situations.11 These are important sources of direct information about the effects of PCDD/F’s on
humans, but, as noted above, exposure of the general population is largely the result of the
passage through the atmosphere of low, environmental concentrations through the agricultural
food chain to humans.
Since the early 1970s, when PCDD/F’s were first discovered as an environmental
contaminant, and especially in the last decade, they have been the subject of an extraordinary
number of scientific investigations. The most comprehensive evaluation of exposure to low
environmental concentrations and the resultant health effects is a health assessment document for
PCDD/F’s and dioxin-like compounds, published in draft form by the U.S. EPA in September
1994 — and still in the process of editorial revision (U.S. EPA, 1994b). Other recent overviews
of the toxicological effects of exposure to PCDD/F’s include DeVito and Birnbaum (1994),
Silbergeld and DeFur (1994), Tritscher et al. (1994), and Webster and Commoner (1994).12
While PCDD/F’s are now some of the most intensely studied chemical pollutants, many
uncertainties remain, and some results are subject to divergent interpretations. Nevertheless,
especially as a result of the U.S. EPA comprehensive health assessment (U.S. EPA, 1994b), a
useful set of generally accepted information has emerged. This may be summarized as follows:

5.1

The Level of Exposure of the General Population

This can be estimated in two ways:
!

Since the main route of human exposure is food, largely milk, dairy products and beef,
the daily intake can be estimated by measuring the PCDD/F content of a typical daily
“market basket” of food. In the United States this amounts to 1-3 pg TEQ per kg of body

11

. Couture et al (1990) have shown consistent effects of PCDD/F’s on body weight, fetal
mortality, cleft palate, and hydronephrosis in all animal models. In humans, well documented
studies have shown high perinatal mortality (Hsu, 1985) and developmental toxicity in babies
born to exposed mothers (Rogan 1989). Fetal death, growth retardation, structural
malformations and organ system dysfunction has been shown in exposure incidents (Yamashita
1985, Rogan 1989).
12

. Additional details on biological effects of PCDD/F’s, particularly of 2,3,7,8-TCDD,
are given in the Case Study on Persistent Organic Pollutants elsewhere in this Volume.
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weight per day, or 3-6 pg TEQ/kg/day if dioxin-like PCBs are included. In Canada, an
intake of 0.5 - 2 pg TEQ/kg/day from food consumption has been estimated (CEPA
1993). No comparable estimate has been assembled for dietary exposure to PCDD/F in
Mexico.
!

The daily exposure to PCDD/F results in its accumulation in lipid of tissues, blood and
mothers’ milk. A U.S. EPA study of the PCDD/F content of body fat in a representative
sample of the general U.S. population in 1982 showed that this had reached a level of
7,000-9,000 pg/kg of body weight. Investigations of the relationship between PCDD/F
exposure and the resulting content of tissue indicate that this body burden can be
accounted for by a daily intake of approximately 2 pg TEQ/kg/day -- in good agreement
with the “market basket” estimate of 1-3 pg TEQ/day (Commoner, Webster & Shapiro,
1986).

European data are generally comparable to the U.S. data, which appear to be typical of
industrialized countries. Exposure levels of populations that eat relatively highly contaminated
marine organisms (for example, Inuit living in the Canadian arctic) may be considerably greater
than the U.S. average.

5.2

The Health Effects of Environmental Exposure
5.2.1

Cancer

Based on clear-cut evidence that exposure of laboratory animals to PCDD/F results in a
dose-dependent increase in the incidence of cancer, the U.S. EPA (1994b) dioxin reassessment
has classified PCDD/F as a “Class B probable human carcinogen” While accidental and
industrial exposure to relatively high levels PCDD/F have resulted in a somewhat increased
incidence of cancer in humans, the data were regarded as insufficient to justify a more certain
level of classification. Nevertheless, a study of industrially exposed workers showed that a body
burden as low as 109,000 pg/kg -- only an order of magnitude above the level in the general U.S.
population -- led to a small but statistically significant increase in cancer incidence (DeVito et
al., 1995).
In U.S. EPA practice, regulation of PCDD/F emissions have been based on estimates of
the cancer risk to exposed populations -- generally expressed as the risk per million of an
increased incidence of cancer in a person exposed over a 70-year lifetime. A risk of one per
million is generally regarded as “acceptable.” The general U.S. population’s daily intake of 2 pg
TEQ/kg/day creates a cancer risk of 330 per million, well above the “acceptable” level
(Commoner, Webster & Shapiro, 1986). If exposure to dioxin-like PCBs is included as well, the
risk is 500-1000 per million, according to the U.S. EPA 1994 dioxin assessment (U.S. EPA,
1994b).
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5.2.2

Effects on Reproduction and Development

Numerous experiments show that laboratory animals exposed to low (i.e., environmental)
levels of PCDD/F’s exhibit a number of reproductive and developmental abnormalities, generally
due to disruptive effects on the relevant hormone systems. These abnormalities include reduced
sperm count, reduced fertility, decreased birth weight, reduced levels of sex hormones, and birth
defects13 (e.g., cleft palate in mice). Similar effects have been observed in wildlife exposed to
environmental levels of PCDD/F, for example defective egg development in fish-eating birds in
the Great Lakes (U.S. EPA, 1994b).
Some of the effects observed in laboratory animals occur in humans as well. Thus,
testosterone levels are reduced in rats exposed experimentally to PCDD/F, and in workers
exposed in industrial situations as well (U.S. EPA, 1994b; DeVito et al., 1995). Similarly,
maternal exposure to PCDD/F is associated with the decreased birth weight of offspring in both
mice and humans (DeVito et al., 1995). Such effects generally occur at considerably lower
levels of exposure than the levels that induce increased cancer incidence. Thus, while increased
incidence of cancer among laboratory animals has been observed at exposure levels of 944137,000 pg/kg body weight, non-cancer developmental effects occur at body burdens of 1012,500 pg/kg -- more than an order of magnitude lower (U.S. EPA, 1994b; DeVito et al., 1995).

5.2.3

Other Non-Cancer Effects

The immune system appears to be particularly sensitive to the disruptive effects of
PCDD/F’s, leading, for example, to increased susceptibility to viral infections in mice. Nervous
system defects may also occur; for example, low level exposure of pregnant monkeys to
PCDD/F’s results in defective learning behavior. Endometriosis, the proliferation of cells that
line the uterus outside that organ occurs at an enhanced rate in monkeys exposed to low doses of
PCDD/F’s (DeVito et al., 1995).
In spite of all that has been learned about the range of non-cancer health consequences of
exposure to PCDD/F and other dioxin-like substances, there are still many uncertainties.

13

. Environmental, nutritional and genetic factors are related to birth defects (Cordero,
1994), and birth defects are being monitored through active and passive regional surveillance
systems (Santos-Burgoa et al., 1996) in areas with high levels of pollution. Causal relationships
have not yet been developed, but, this research may lead result in an increased understanding of
the toxic effects of PCDD/F and other pollutants.
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6.

Continental Pollutant Pathways

There are many pathways through which human exposure to PCDD/F’s can result from
transport of material over continental distances.

6.1

Long Range Atmospheric Transport of PCDD/F’s

The ability of different PCDD/F congeners to be transported long distances in the
atmosphere depends on their atmospheric “lifetimes.” Many different phenomena influence the
fate of PCDD/F congeners in the atmosphere. The primary mechanisms which limit the
atmospheric lifetime (and hence transport) of PCDD/F’s are believed to be:
!

chemical transformation, including photolytic destruction by ultraviolet light and
chemical reaction (e.g., with hydroxyl radical); and

!

fallout (also called “deposition”) as a result of precipitation (“wet deposition”) and as a
result of the impaction of particles and the adsorption/absorption of gases at the earth’s
surface (“dry deposition”).

6.1.1

Vapor/Particle Partitioning

The fate of “semivolatile” pollutants (such as PCDD/F’s) at any given location in the
atmosphere depends intimately on whether the pollutant is in the vapor or particle phase (Junge,
1978; Bidleman, 1988). The extent of vapor/particle partitioning depends intimately on the
physical-chemical properties of the pollutant, the ambient temperature, and the detailed nature of
the local atmospheric aerosol.
Because of particularly low volatility, PCDD/F congeners with six, seven, and eight
chlorines tend to exist primarily in the particle phase in the atmosphere. Those with four and five
chlorines — including some of the most toxic congeners — are believed to exist in significant
proportions in both the vapor and particle phase in the atmosphere, based on both theoretical
considerations and experimental evidence.
These tetra-chloro (TCDD/F) and penta-chloro (PeCDD/F) congeners may move
relatively freely between the two phases, depending on the local atmospheric conditions (i.e.,
they may be “exchangeable.”) There is some experimental evidence which suggests that
atmospheric PCDD/F is exchangeable. Eitzer and Hites (1989a and 1989c) measured the
amounts of vapor-phase and particulate-phase PCDD/F in the atmosphere of Bloomington,
Indiana and found that while there was no temperature-related effect on the total concentration of
PCDD/F in the atmosphere, the proportions in the two phases were dependent on the ambient
temperature at the time of the measurement. Furthermore, in agreement with theory, it was found
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that the vapor/particle partitioning of each of the congeners was, in general, critically dependent
on each congener’s subcooled liquid vapor pressure (Eitzer and Hites, 1989a).

6.1.2

Chemical Transformation in the Atmosphere

When a PCDD/F molecule is in the particle phase, it is believed to be much less
vulnerable to photolytic destruction by ultraviolet light (Koester and Hites, 1992a) and chemical
reactions in the atmosphere than when it is in the vapor phase. In the vapor phase, the rates of
destruction by ultraviolet light and chemical reaction depend, or course, on the detailed
characteristics of the atmospheric micro-environment at any given location, and, will be different
for different congeners at the same location. It is not possible to predict the rate of photolytic
destruction or chemical reaction of a vapor-phase (or particle-phase) PCDD/F congener at any
given location in the atmosphere with great accuracy at the present time, even if details about the
concentrations of reactants and electromagnetic spectrum were known at that location. Rough
approximations can be made, however. Atkinson and coworkers (Atkinson, 1991; Kwok et al.,
1994; Kwok et al., 1995) have considered available theoretical and experimental evidence and
have concluded the following:
!

Reactions of gas-phase PCDD/F’s with ozone (O3), nitrate radical (NO3), or the
HO2 radical are not expected to be important atmospheric loss mechanisms;

!

Reaction of gas-phase PCDD/F’s with hydroxyl radical (OH) is an important
atmospheric loss mechanism, with reaction rates varying among different
congeners;

!

Photolysis:
!

may be somewhat important for vapor-phase tetrachloro-dibenzo-pdioxins (TCDD’s), although less important than reaction with hydroxyl
radical;

!

is probably not important for pentachloro-dibenzo-p-dioxins (PeCDD’s);

!

because OH radical reactions are predicted to be slower with PCDF’s than
with PCDD’s, photolysis may be relatively more important for PCDF’s.

Building upon the work of Atkinson and coworkers (e.g., Kwok and Atkinson, 1995 and
references cited therein), Meylan and Howard (1993; 1996ab) have developed an improved
estimation methodology for the prediction of hydroxyl radical reaction rates with gas-phase
PCDD/F’s and other compounds. Using reaction rates estimated with their methodology,
together with an estimated average hydroxyl radical concentration of 1.5x106 molecules per cm3,
atmospheric vapor-phase half-lives (relative only to hydroxyl radical attack) for 2,3,7,8-TCDD,
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2,3,7,8-TCDF, 1,2,3,7,8-PeCDD, 1,2,3,7,8-PeCDF, and 2,3,4,7,8-PeCDF are estimated to be 5.3,
65.0, 6.2, 143.5, and 143.5 days, respectively.
Given a lack of data, it is difficult to make quantitative estimates of the half-lives of
vapor-phase PCDD/F molecules with respect to photolysis (i.e., destruction by ultraviolet light).
Based on experimental measurements, Dulin et al. (1986) estimated the half-life of 2,3,7,8TCDD in water to be on the order of 4-5 days in the summer at a 40o latitude. Extrapolation of
solution-phase photolysis rates to the vapor phase is not straightforward, as the processes
occurring in solution can be more complex than the “simple” photolytic phenomena in the vapor
phase. Nevertheless, as assumed by Atkinson (1991) the vapor-phase half-life of 2,3,7,8-TCDD
relative to photolysis may be similar to that in the aqueous phase; if so, the rate of photolytic
destruction of vapor-phase 2,3,7,8-TCDD would be of the same order as the destruction due to
reaction with hydroxyl radical.
Photolysis rates for different PCDD/F congeners appear to decrease, generally, with
increasing numbers of chlorines (e.g., Choudry and Webster, 1989; Sivils et al., 1994), and so,
photolysis of PeCDD/F congeners (those with five chlorines) would be expected to be slower
than TCDD/F congeners (with four chlorines). In solutions, it has been found that OCDF is more
vulnerable to photolytic destruction than OCDD (Wagenaar et al, 1995). If this relative
vulnerability is true for other dibenzofurans, the vapor-phase photolysis of 2,3,7,8-TCDF may be
more rapid than that of 2,3,7,8-TCDD, and the rate for PeCDF’s may be more rapid than that for
PeCDD’s.
A large area of uncertainty concerns the products of the atmospheric degradation of
PCDD/F’s. If the atmospheric degradation of a polychlorinated PCDD/F molecule results in the
same compound with one less chlorine, then the toxicity can be increased (as can be seen in
Table 1 at the beginning of this case study, toxicities of PCDD/F compounds generally increase
as the number of chlorines decrease). Degradative dechlorination has been observed in the
environment (e.g., Miller et al., 1989).
It has been observed that while the emissions of PCDD/F’s are relatively equally
distributed among the different homologue groups, the atmospheric concentrations and
deposition tend to be heavily skewed towards the higher chlorinated congeners. This suggests
that the dechlorination of higher-chlorinated congeners leading to the more toxic tetra- and pentachlorinated congeners is not, ultimately, of major importance.
Perhaps the reason for this is that the rate of destruction increases as the number of
chlorines falls, so, once the degradation starts, there is a cascade of dechlorination events that
proceeds relatively quickly. In other words, once the conditions in the local atmosphere are
“severe” enough to degrade a higher-chlorinated congener to a lower-chlorinated congener, they
are more than sufficient to degrade the resulting lower-chlorinated congener. Thus, in these
circumstances, the potentially more toxic intermediates may have very short lifetimes.
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6.1.3

Atmospheric Deposition of PCDD/F’s

The discussion regarding atmospheric deposition of PCDD/F’s will be divided into
vapor-phase processes and particle phase processes.
For vapor-phase PCDD/F’s, dry deposition at the earth’s surface is a relatively important
loss process, but, this process does not deplete the total atmospheric burden of PCDD/F very
rapidly. The atmospheric lifetime relative to vapor-phase dry deposition may be on the order of
approximately 1 week. Due to very limited water solubility, wet deposition of vapor phase
PCDD/F’s is not expected to be an important fate pathway.
Thus, based on the chemical transformation mechanisms discussed above, even if they
existed completely in the vapor phase (which they don’t) the tetra- and penta-chloro dibenzo-pdioxin and dibenzofuran congeners are expected to have atmospheric lifetimes of 1-2 days or
longer.
Portions of the tetra- and penta- congeners and essentially all of the hexa-, hepta- and
octa-chloro congeners are associated with particles in the atmosphere, and fate processes
affecting particulate pollutants will govern their atmospheric lifetime.
Particles in the atmosphere are generally classified into three separate size ranges: the
“nucleation range”, comprising particles with diameters less than approximately 0.05 µm (1 µm
= 1x10-6 meters); the “accumulation range”, comprising particles with diameters roughly between
0.05 µm and about 2 µm; and the “coarse particle range”, consisting of particles with diameters
greater than about 2 µm in diameter (e.g., Lodge, 1981; Prospero et al., 1983; Seinfeld, 1986;
Pacyna, 1995). Particles in the two smallest ranges are sometimes grouped together in a “fine
particle” category.
Particles in the nucleation range are subject to coagulation and incorporation into larger
particles; thus, the material contained in them is generally transferred to larger particles,
generally in the accumulation range. The time scale for such processes is on the order of hours
(Pacyna, 1995). Particles greater than about 10 µm -- generated primarily by mechanical actions
and wind erosion -- have relatively fast sedimentation rates, and can be removed relatively
quickly by dry deposition from the atmosphere. Typical residence times for such large particles
are on the order of a few hours. Particles in the accumulation range, on the order of 1 µm in size,
do not efficiently coagulate into larger particles, and do not have large sedimentation velocities.
They can be removed by wet and dry deposition processes, but, have atmospheric lifetimes on the
order of 7 - 10 days (Pacyna, 1995; Prospero, 1983). Since the fate of nucleation range particles
is often to end up quickly incorporated into the accumulation range, the atmospheric lifetime of
the pollutants associated with these small particles is also on the order of 7-10 days. ManchesterNeesvig and Andren (1989) used an average residence time for atmospheric particles in the
Northern Hemisphere of 6 days in their estimation of the particle-mediated atmospheric lifetime
of particle-bound PCB’s.
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Windblown soil particles are often relatively large, and fall into the coarse particle range.
However, a fraction of such aerosols are fine particles (e.g., Pacyna, 1995).
Particles emitted from combustion and incineration processes will generally fall into the
fine-particle category. Vapor/particle partitioning is often considered a surface phenomenon, and
partitioning to particles is often assumed to scale with particle surface area. That is, when vaporphase material condenses onto particles, it is considered to do so relatively equally onto each
available surface, on a per-area basis. The most significant portion of the surface area available
for adsorption is with the fine particles. Thus, for exchangeable, semivolatile compounds that
partition between the particle and vapor phases, a significant fraction of their particle-associated
mass will lie in the fine-particle range.
Measurements of the size of particles to which semivolatile compounds in the atmosphere
are absorbed are difficult, and many factors can bias the results (e.g., Poster et al., 1995). For
PCDD/F’s, such a measurement was attempted by Kaupp et al. (1994). In this study, three
samples were collected in a rural area (at the University of Bayreuth, Germany), during periods
with mean ambient temperatures from 17.4 - 21.9 oC. PCDD/F’s were found in both the vaporand particle phase. Approximately 90% of particle-phase PCDD/F’s were associated with
particles less than 1.35 µm in diameter; approximately 50 - 60% of the particle-phase PCDD/F’s
were associated with particles less than 0.45 µm in diameter. It was found that smaller particles
tended to have higher concentrations of PCDD/F’s than bigger particles, consistent with a
surface-area-related partitioning phenomena.
Thus, to the extent that they are associated with particles, PCDD/F’s are expected — on
the basis of theoretical and experimental considerations — to exist predominantly in the fine
particle range, with sizes less than approximately 2 µm.
The atmospheric lifetime of pollution associated with such particles will be highly
variable depending on meteorological conditions, source characteristics, and particle
characteristics, but, average atmospheric lifetimes of such particle-associated pollution will be on
the order of 1 week (or more). Depending on the meteorological conditions, such particles could
travel hundreds to thousands of kilometers in the atmosphere before they are removed by wet or
dry deposition processes.

6.1.4

Summary: Atmospheric Lifetime of PCDD/F’s

Based on the foregoing considerations, higher chlorinated PCDD/F congeners (i.e., those
with 6, 7 and 8 chlorines) are expected to exist largely associated with small particles in the
atmosphere, and will have atmospheric lifetimes of roughly one week. Significant fractions of
the more toxic tetra- and penta-chloro dioxin congeners are expected to exist in both the vapor
and particle phases in the atmosphere. Their atmospheric lifetimes are expected to be on the
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order of a few days to a week. Over such periods, PCDD/F’s can be transported in the
atmosphere over regional and continental scales.

6.1.5

Modeling the Long-Range Atmospheric Transport of PCDD/F’s

In an air pollution model, an attempt is made to mathematically express and combine all
the relevant factors to quantitatively estimate the fate and transport of atmospheric pollutants.
One useful type of information that can be obtained from modeling is information about sourcereceptor relationships; i.e., estimates of the relative contribution of specific sources or source
regions to the concentrations or deposition at a given receptor. If an eventual policy goal is to
lower the impact at the receptor, then the sources contributing to that impact must first be
characterized.
There have been few attempts to model the regional and long-range transport of
PCDD/F’s in the atmosphere. These include the following:
!

Rappe et al. (1989) and Tysklind et al. (1993) compared measured atmospheric
concentrations of PCDD/F at locations in Sweden to modeled back-trajectories of the air
masses sampled, and found evidence that long-range atmospheric transport of these
compounds was occurring.

!

Van Jaarsveld and Schutter (1993) modeled regional and long-range transport and
deposition of PCDD/F’s in portions of Europe by adapting a Lagrangian model developed
originally for analysis of acidic deposition. Specific source-receptor relationships were
not reported.

!

In a current study, the short-, medium-, and long-range transport of PCDD/F’s from
specific sources and source regions to dairy farms in Wisconsin and Vermont is being
modeled. Measurements of PCDD/F’s in the air above the farms, in the crops, and in the
milk are also being made and will be used to test the validity of the model.14

!

Currently, the U.S. EPA is attempting to simulate the long-range transport of PCDD/F’s
using the RELMAP air pollution model (Cleverly, 1996).

14

. This ongoing work is a collaborative project with the principal involvement of the
following people: Mark Cohen, Barry Commoner, and others at the Center for the Biology of
Natural Systems at Queens College; Jean Richardson of the New England Environmental Policy
Center and the University of Vermont; Sarah Flack of Farm Management Consulting in
Vermont; Randy Shaver, Janet Reisterer and others at the University of Wisconsin-Madison
Department of Dairy Science; Bruce Maisel of ENSR Consulting; Mark Horrigan, John Stanley
and others at the Midwest Research Institute.
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!

In a study of the sources of PCDD/F’s to the Great Lakes (Cohen et al. 1995), the
regional and long-range atmospheric transport of PCDD/F’s from air emissions sources in
the United States and Canada was analyzed using a model developed by the U.S. National
Oceanic and Atmospheric Administration (Draxler 1991, 1992, 1994). A few details of
the results of this study will be described below.

In the Great Lakes study, algorithms were added to the NOAA model (HYSPLIT) to
simulate the atmospheric vapor/particle partitioning behavior of PCDD/F’s. Relatively good
agreement was found between predicted and measured concentrations of atmospheric PCDD/F at
Dorset, Ontario.
An attempt to characterize source-receptor relationships was made in this analysis.
Approximately half of the predicted atmospheric deposition of PCDD/F’s (on a TEQ basis) was
linked to sources in states and provinces immediately adjoining the Great Lakes; the other half
was associated with sources in the rest of the U.S. and Canada. Sources in Mexico and the rest
of the world were not considered; if they had been included, it is expected that they would have
made a lesser but perhaps not insignificant contribution to the total predicted loadings.
In Figure 4, an example of the cumulative relationship between the sources’ distance
from a particular Lake (in this case Lake Michigan) and the relative PCDD/F contribution (on a
total TEQ basis) is shown. For this lake (similar to other Lakes), it was found that about half of
the cumulative PCDD/F deposition comes from sources about 300 miles (480 kilometers) or less
from the center of the Lake — that is, located in the U.S. states and the province of Ontario that
border the Lake. The remaining half of the total deposition comes from sources as far as 1,500
miles (2,400 kilometers) away.
The extent to which the different sources contribute to the PCDD/F deposited in the Great
Lakes was found to depend not only on the amounts they emit and their distances from the lakes,
but also on their geographic location. A higher percentage of the PCDD/F emitted from sources
to the south and west of the lakes is deposited in them than from the sources to the north and
east. Figure 5 illustrates this effect in the case of Lake Michigan, again, on a total TEQ basis.
Another illustration of the effect of the weather pattern in influencing the efficiency with
which a given source contributes PCDD/F to a given receptor is given in Figure 6, again with
Lake Michigan as the example. For this purpose the entire U.S. and Southern Canada area was
divided into 20,000 squares (each 270 square miles in area). Using the air pollution model, the
percent of individual PCDD/F congeners emitted from each square’s center point that would be
transported through the atmosphere and deposited in Lake Michigan was estimated (i.e., the “air
transfer coefficient” was estimated for a series of potential source locations to a given receptor,
Lake Michigan). In Figure 6, the results for a typically emitted PCDD/F mixture are shown,
summarized on a TEQ basis. The figure maps the geographic distribution of eight successive
ranges of air transfer coefficient. It shows that PCDD/F transport and eventual deposition to
Lake Michigan is most efficient for sources to the west and southwest of the Lake, and least
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Cumulative % of Deposition

Figure 4. The Effect of Distance of Sources on
Cumulative Deposition of Dioxin in Lake Michigan
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Figure 5. The Relation Between the Directional Orientation of Dioxin
Sources and their Emissions and Deposition in Lake Michigan
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Figure 6: Fraction of 1996 Dioxin Emissions Deposited in Lake Michigan
(grams TEQ deposited per year/grams TEQ emitted per year)
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efficient for sources to the northeast and southeast of the lake. This finding is reflective of the
general southwest-to-northeast and west-to-east prevailing weather patterns in the region.

6.2

Ocean Transport Pathways for PCDD/F’s

There have been relatively few measurements of PCDD/F levels in ocean water,
sediments, or biota, and most of the measurements are for near-coastal waters and estuaries (e.g.,
Hagen et al., 1995; Rappe et al., 1990b; Hashimoto et al., 1995; Jarman et al., 1996). Most
measurements of persistent toxic compounds in marine ecosystems have involved PCB’s and
pesticides (e.g., Iwata et al., 1993; Tatsukawa, 1992).
Broman et al. (1991) reported detailed measurements of PCDD/F’s in Baltic Sea waters.
They detected 2,3,7,8-TCDD at 4 or 8 sites at an average concentration of 0.22 pg/m3. Other
2,3,7,8-substituted congeners were also detected at one or more sites. TCDD (as a homologue
group of all tetrachlorodibenzo-p-dioxin congeners) was detected at all sites, with an average
concentration of 7 pg/m3; other PCDD/F homologue groups were also detected at most or all of
the sites. The recent measurements of Matsumura and coworkers (1995) in the western North
Pacific may be the first reported measurements of PCDD/F’s in open ocean seawater. At the one
site for which sample data was given, the homologue groups TCDD, PeCDD, HxCDD, HpCDD
and OCDD were detected at levels of 40, 60, 210, 350, and 390 pg/m3, respectively.
PCDD/F’s have been found in ocean-fish-eating animals, including polar bears and
ringed seals in the arctic (Muir et al., 1992b; Norstrom and Muir, 1994) and albatross at Midway
Atoll, stated to have an extensive feeding range covering much of the subtropical and northern
Pacific ocean (Jones et al., 1996).
The ocean may play a role in transporting PCDD/F’s over continental distances. First,
there are direct discharges of PCDD/F’s from industrial sources to rivers leading to an ocean
(tributary rivers) or directly to an ocean. PCDD/F contamination in the ocean can be dispersed
and transported by currents over large distances. In a similar manner, PCDD/F’s discharged by
sewage treatment plants to tributary rivers or oceans — as a result of discharges to the facility or
possibly even as a result of the formation of PCDD/F’s in the wastewater chlorination process
— may be transported over long distances in the oceans. Finally, there are many pathways by
which air emissions may find their way into tributary rivers or oceans. A portion of the PCDD/F
emitted to the air is deposited directly onto tributary rivers or oceans; a portion of the PCDD/F
emitted to the air is deposited by precipitation which finds its way to tributary rivers or oceans;
and finally, a portion of the PCDD/F emitted to the air is deposited to the earth’s surface even
without precipitation (“dry deposition”) but can be delivered to tributary rivers or oceans by
runoff or wind.
Unfortunately, little is known about the relative importance of different PCDD/F sources
to ocean contamination, although it is likely that both atmospheric deposition and coastal water
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effluent discharges are important. Moreover, little is known about the fate and transport of
PCDD/F’s in ocean ecosystems. Thus, it is difficult to assess the overall significance of ocean
transport of PCDD/F’s over continental distances.
PCDD/F’s in marine water are expected to partition significantly to suspended sediment,
similar to its expected behavior in fresh water, although there are few data on this phenomenon
available. Based on measurements and theoretical considerations, Broman and coworkers (1991)
estimated that approximately 25% of the PCDD/F in the surface layers of the Baltic Sea was truly
dissolved, and 75% was associated with suspended particles. Thus, sedimentation may be a
dominant fate process for PCDD/F’s emitted from coastal liquid effluent discharges. Thus, for
PCDD/F in coastal liquid effluent discharges (i.e., from sewage treatment plants), sedimentation
may be a dominant fate process and may limit the long-range transport in the ocean.
Fish feeding in a coastal area contaminated with PCDD/F can become contaminated with
PCDD/F. If some of these fish then migrate to areas 100's or 1000's of kilometers away, then this
would constitute a potential pathway for PCDD/F transport over continental distances. Salmon,
shad, sturgeon, orange roughy, mackerel, and tuna are examples of fish widely consumed by
humans that migrate long distances in the ocean.
The principal human health consequence of contamination of the oceans by PCDD/F and
the possible widespread dispersal of such contamination would probably be increased dietary
exposure to PCDD/F’s through consumption of fish (and possibly sea vegetables).

6.3

The Potential Impact of Trade and Commerce

Discussion of the continental transport of PCDD/F reflects concerns that an action taken
in one place -- for example, operation of a trash-burning incinerator -- may result in the increased
exposure of the population of another region or country. This issue can arise through processes
other than the actual transport of airborne or waterborne PCDD/F from one place to another. It
may arise as well through trade in industrial facilities that emit PCDD/F’s; through commerce in
PCDD/F-contaminated food products; and even as a result of commerce in commodities, such as
organochlorine hazardous waste, chlorinated plastics, or leaded gasoline, which, when burned
generate PCDD/F emissions.
The following example illustrates the potential effect of international trade in industrial
facilities on PCDD/F exposure. As a result of citizen pressure, the concerns of the medical
community and the initiatives of regulatory agencies, PCDD/F emissions from medical waste
incinerators have been under increasing scrutiny in the United States. In the last few years
increasing numbers of existing incinerators have been shut down and investment in new ones has
decreased. One result may be increased export of incinerators from the United States to Mexico.
If 100 such newly imported incinerators were to operate there, they would emit roughly 10-100 g
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TEQ of PCDD/F per year15, contributing significantly to the exposure of the Mexican
population16. On the other hand, if the transfer of medical waste disposal technology between the
United States and Mexico were based on autoclaves rather than incinerators, the trade could have
a beneficial effect on the Mexican environment.
As indicated above, ingestion of dairy products (such as cheese) and beef represent
important paths of exposure to PCDD/F. Such products (in contrast with milk) are readily
transported as items of national17 and international trade, efficiently exposing the population of
one region to PCDD/F generated in another region. Thus, in North America, the exposure of the
respective populations of Mexico, the United States and Canada to some degree will reflect the
balance of trade in such foods among the three countries18, as well as their relative levels of
PCDD/F emissions. The typical person’s exposure to PCDD/F’s may depend more on the level
of contamination at a dairy farm 100's or 1000's of kilometers away (producing milk for cheese)
than on any local source of PCDD/F’s near where they live or work.

15

. A typical medical waste incinerator’s PCDD/F emission rate is on the order of 0.1 to 1
gram TEQ/year.
16

. How large is this transferred emission amount relative to the long-range transport of
PCDD/F through the environment (e.g., the atmosphere)? In order to answer this question, a
detailed modeling study, for example, of the air transport of PCDD/F between sources in the U.S.
and receptors in Mexico would need to be carried out. Such a study has not yet been done. A
very rough, qualitative comparison can be made, however, in the following way. It has been
estimated that the total air emissions of PCDD/F in the United States is on the order of 5,000 10,000 g TEQ/year (with very large uncertainties). Of these emissions, it was estimated that on
the order of 40 g TEQ/year (~ 1% of the emissions) were transported to and deposited in the
Great Lakes (Cohen et al. 1995). Given the general nature of prevailing weather patterns and the
geographical distribution of PCDD/F sources, it is not likely that the total transport and
deposition of PCDD/F through the air from the U.S. to Mexico would be much higher than this,
and, may in fact be much lower than this. This amount is on the same order of magnitude as the
amount emitted by the exported sources in this illustration.
17

. It has been estimated that in the United States, the average food product travels on the
order of 1000 - 1500 km between the site of original production and eventual human
consumption.
18

. U.S. Exports to Mexico during fiscal year 1996 were reported to include:
(a) 4,675 metric tons of cheese ($13.4 million); $120 million, total, of dairy products;
(b) 81,000 live cattle & calves ($42 million); 47,000 tonnes of beef & veal ($130 million)
Exports from Mexico to the U.S. for fiscal year 1996 were reported to include:
(a) $18 million, total, of dairy products; (b) 600,000 live cattle and calves ($180 million).
[Source of data: Foreign Agric. Trade of the U.S., Economic Research Service, USDA]
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Finally, trade in materials that can serve as precursors to the generation of PCDD/F’s may
also carry with it an effect on the exposure of the population of the importing country. For
example, in the United States the disposal of hazardous waste, which if burned emits significant
amount of PCDD/F to the air, has become an important item of commerce. One result is that
hazardous waste produced in the U.S. has become a major fuel in the cement industry, and, if
exported to the Mexican or Canadian cement industry, would to some degree become a
component in these countries’ environmental PCDD/F levels. A similar issue arises when
disposable polyvinyl chloride products -- major items of commerce -- produced in one country
and exported another country are eventually discarded and burned in local incinerators,
contributing to environmental levels of PCDD/F.
However complex and subject to debate, such processes should be considered in efforts to
remedy the impact of PCDD/F’s on health and environmental quality.

7.

Policy Implications
7.1

The Need for Remedial Action

In U.S. EPA regulatory procedures, action to remedy the effects of an environmental
pollutant is generally based on the establishment of standards that govern the emissions of the
relevant classes of sources. (In the case of PCDD/F’s, incinerators for example.) At present,
PCDD/F standards are based on an assessment of the risk of cancer. A lifetime (70 year) risk of
one in a million has been generally regarded as “acceptable” in siting individual facilities,
although risk levels 10 times greater have sometimes been allowed.
As noted above, data on the PCDD/F content of food intake and measurements of the
PCDD/F body burden lead to the conclusion that the general U.S. population is exposed to a
cancer risk of several hundred per million, or -- if the effect of dioxin-like PCBs is included -500-1000 per million (U.S. EPA 1994b). It seems reasonable to conclude, therefore, that action
to sharply reduce the exposure to PCDD/F’s and other dioxin-like substances is mandated by the
observed levels. As noted earlier, non-cancer effects due to exposure to PCDD/F’s are likely to
occur at levels at least an order of magnitude below those that give rise to the increased risk of
cancer, intensifying the need for remedial action.
The Canadian government’s guideline for human exposure is 10 pg TEQ per kg of body
weight per day. This guideline is several times greater than the general level of exposure, ~1-2
pg TEQ/kg/day, which, as noted above, applies as well to the U.S. population. Accordingly,
current Canadian regulations do not call for remedial action at this general level of exposure to
protect human health. However, since air transport of PCDD/F from U.S. sources may be
responsible for a large part of the exposure of the Canadian population (based on the analysis of
Cohen et al., 1995), remedial action in the U.S., taken in response to U.S. standards, would
probably reduce exposure in Canada as well as the United States.
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The foregoing considerations have important implications for environmental policy.
When, for example — as it is now — the decision to operate a waste-burning incinerator is based
on the direct health-hazard impact experienced only in the nearby area, the public policy issues
come down to a straightforward question: Should the community build the incinerator that would
expose the people of the community, themselves, to this hazard? Since, in this case, the risk
would be self-imposed, the community at risk, through its elected officials or a referendum,
could decide whether or not to accept it.
The situation regarding the general population’s exposure to PCDD/F is not consistent
with the above decision-making methodology. Because of the dominance of air transport in
exposure to PCDD/F’s and their ability to be transported long distances in the atmosphere,
exposure as a result of pollutant transport over regional and continental distances is strongly
suspected to be a significant problem. That is, the PCDD/F emitted by any one incinerator (or
other source) is combined with that from many other sources, and their collective impact is
visited upon people everywhere — whether or not they chose to build an incinerator — through
food produced on distant farms. Given the prevailing weather patterns, for example, it is likely
that PCDD/F emitted to the air by U.S. sources makes a significant contribution to the PCDD/F
content of milk produced on Canadian dairy farms. The same may be true of the impact of
Mexican sources on dairy farms in the southwest region of the United States.19
Thus, the policy debate must be greatly broadened. While the people in any given
community would of course benefit by persuading officials to shut down the local incinerator in
favor of alternatives such as recycling, the same remedial action would have to be taken on a
much wider scale to significantly reduce the given communities exposure to PCDD/F. Since the
impact of any one incinerator is part of the collective impact of many of them, action to reduce
the hazard must be collective as well. In sum, policy decisions about PCDD/F sources should
not be considered to be strictly local; regional, national, and international inputs into the
decisions are necessary.

19

. As an aid to national and international policy formulation, these and other potential
source-receptor-exposure relationships need to be accurately characterized. A model-based
analysis of the atmospheric transport and deposition of PCDD/F’s emitted by sources in North
America, with particular attention to the contamination of agricultural food chains, would be of
great use in elucidating the relative importance of PCDD/F transport over local, regional and
continental scales in leading to human exposure. Such an analysis would be greatly assisted if a
sufficient number of environmental measurements of PCDD/F’s were made to allow the model’s
validity to be tested. As noted above, information on emissions sources is relatively limited; the
analysis could be greatly improved if accurate, geographically and temporally resolved,
congener-specific PCDD/F emissions inventories in North America could be assembled.
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7.2

Opportunities for Remedial Action

At present, the regulatory measures that are applicable to sources that generate PCDD/F
emissions — and which therefore contribute to long-range continental air transport — are based
on the strategy of pollution control; to meet regulatory standards, a device capable of sufficiently
recapturing or destroying the PCDD/F before it is emitted is attached to the source. Thus, in its
latest documentation of PCDD/F emission regulations (for hazardous waste incinerators: U.S.
EPA, 1996b), U.S. EPA requires the installation of a control device that represents the
“Maximum Achievable Control Technology.” This strategy has been practiced, at least in the
major source of airborne PCDD/F — municipal waste incinerators — and the industry has
sharply improved the efficiency of their control systems in recent years. The most stringent
PCDD/F emission standard for municipal waste incinerators, 0.1 ng/m3, is that recently enacted
in Germany. Very extensive and costly controls are required to meet such a limit.
An alternative approach to remedial action is based on the principle of pollution
prevention rather than control. It has been promulgated most notably by the International Joint
Commission, which has called for “zero emission” or “virtual elimination” of PCDD/F’s and
many other persistent toxic compounds in the Great Lakes. Unlike the control strategy, the goal
of the prevention approach is to change the technology of the production process in which the
pollutant originates, so that the source no longer produces it. This strategy is designed to break
the link, inherent in the technology of the facility, between the production of a “good” and the
production of PCDD/F. Thus, a municipal waste incinerator produces a good in the form of trash
disposal (and in some cases, electric power) and, at the same time, generates PCDD/F’s. The
aim of pollution prevention is to find a way to produce the good that does not produce
PCDD/F’s.
For fundamental, thermodynamic reasons, it is extremely difficult to achieve zero
emission — or even to approach it — by means of a control device. The effort needed to
accomplish each incremental level of efficiency (i.e., the percent of the pollutant recaptured or
destroyed) rises dramatically as the device’s required efficiency is increased. In practice, this
effect is expressed economically; the cost of a control system rises disproportionately relative to
increases in its efficiency. For example, it has been found that the cost of a power plant’s sulfur
dioxide control system rises from $50 per kW of capacity at 70% efficiency to $2,000 per kW at
90% efficiency. To reach 99.9% efficiency, the system would cost on the order of $4,000 per
kW— about 10 times the cost of the power plant itself. Similarly, it has been reported that to
achieve the 0.1 ng/m3 PCDD/F emission rate now required of German municipal waste
incinerators, the cost of the control system amounts to about two-thirds of the total cost of the
facility. Thus, to approach the goal of zero emission by means of improved PCDD/F control
systems, the cost of building and operating the sources would need to rise dramatically.
The task of achieving zero emission through the strategy of pollution prevention is not
encumbered by the serious economic constraint that is built into the control strategy. Here, too,
there is an economic issue: How will the cost of achieving the economic good produced by a
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PCDD/F-generating facility change if a PCDD/F-free technology is used instead to produce the
same good? This approach has been used to evaluate the technological and economic feasibility
of substituting technologies with dramatically reduced PCDD/F emissions (in some cases,
essentially zero emissions) for the production technologies responsible for the major loadings of
PCDD/F to the Great Lakes (Commoner et al. 1996a). The analysis of replacing municipal waste
incinerators in the Great Lakes states and the province of Ontario with an essentially PCDD/Ffree technology that produces the same good — i.e., the disposal of an equal amount of waste —
may be used as an example.
In 1993 the communities in the Great Lakes region burned 11.8 million tons of residential
waste in 54 incinerators, at an average cost to the communities of $57.58 per ton (the tipping
fee). A technologically feasible alternative is to use intensive recycling programs to dispose of
this same amount of waste instead of continuing to operate the incinerators. The cost of this
substitution is the cost of operating the recycling system (additional costs for collection,
recyclables processing, and public education are necessary), plus the cost of retiring the bonded
debt carried by the incinerators. But this substitution involves two economic gains: the
incinerator tip fees are eliminated, and (based on their current market value) the materials
recovered by the recycling system would yield an income. When these factors are taken into
account, the Great Lakes communities would save about $500 million per year in trash disposal
costs if the switch were made to the recycling alternative. There would be a net gain of nearly
3600 waste processing jobs in the region, and 21,000 additional jobs could be created if
enterprises were set up to make use of the recovered materials. Finally, since the power
produced by the incinerator is now sold to utilities well above the utilities’ own cost of power
production, closing the incinerators would reduce these costs and hence consumers’ electricity
rates.
The cost of replacing the Great Lakes region’s 609 hospital waste incinerators (as of
1995) — another major source of airborne PCDD/F — with autoclaves (and subsequent
landfilling of the sterilized material), a well-established alternative that does not produce
PCDD/F, was also analyzed. If, as mandated by impending U.S. EPA regulations, the existing
incinerators (many with minimal or no emission controls) were upgraded with Maximum
Achievable Control Technology, total regional operating costs would be more than twice the cost
of installing autoclaves instead. It is not surprising, therefore, that in the last few years hospital
incinerators are being rapidly replaced by autoclaves.
Similar analyses have been made of the technical and economic feasibility of removing
PCDD/F-generating inputs from iron sintering plants, of replacing hazardous waste (which
generates PCDD/F when burned) with conventional fuels in cement kilns, and of converting the
region’s pulp and paper mills to totally chlorine-free operations. Together, these changes would
increase production costs in the region by about $370 million annually -- less than the savings
gained by replacing incinerators. In any case, the total changes in the region’s economy brought
about by all of the pollution prevention measures amounts to less than 0.01% of the annual
regional gross product.
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In sum, these preventive changes, which are estimated to virtually eliminate more than
three-fourths of the source-specific PCDD/F loading to the Great Lakes, could be achieved with
little or no effect on the region’s economy -- but with a major gain in environmental quality.
Given the general similarity of PCDD/F sources in the rest of North America with those in the
Great Lakes region, it is likely that prevention efforts applied in other regions would also be
technically and economically feasible.
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