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Tracking the Distribution of 
Persistent Organic Pollutants 

Control strategies for these contaminants will require a 

better understanding of how they move around the globe. 

FRANK WANIA AND DONALD MACKAY 

U
nderstanding how persistent organic pol
lutants (POPs) migrate through the global 
environment has become the focus of 
growing national and international con
cern. Environment ministers from 108 
countries concluded a United Nations con

ference in Washington last November by urging nego
tiation of a treaty to restrict the manufacture and use 
of POPs. The action was endorsed by organizations as 
diverse as EPA, Greenpeace, and the U.S. State Depart
ment, which has termed POPs "one of the great envi
ronmental challenges the world faces." 

POPs are long-lived organic compounds that be
come concentrated as they move through the food 
chain. They have toxic effects on animal reproduc
tion, development, and immunological function. The 
acronym, POP, is gaining global acceptance, al
though some national agencies still use other terms 
for these compounds. EPA, for instance, terms them 
"bioaccumulative chemicals of concern" (BCCs). The 
chemical industry prefers "persistent toxins that bio-
accumulate" (PTBs). Much of the concern involves 
12 chemicals or chemical classes, including poly-
chlorinated biphenyls (PCBs), polychlorinated diben-
zo-p-dioxins and -furans, and pesticides such as DDT, 
chlordane, and heptachlor. Although their use is re
stricted or banned in many developed countries, 
POPs are still manufactured for export. They re
main in wide and relatively unregulated use in de
veloping countries Use of some compounds 
ally is increasing 

The consensus among developed countries for re
strictions on POPs results in large part from knowl
edge that these compounds can move thousands of 
kilometers from the point of release. Researchers first 
suggested in 1974 that POPs may migrate through the 
atmosphere as gases and aerosols and condense in 
low-temperature regions (1). In 1993, we proposed 
that a global fractionation process occurs. We sug
gested that members of the POP family are depos
ited in different geographical regions on their atmo

spheric transit toward the North and South Poles. 
Individual POP compounds separate in the atmo
sphere in a fashion similar to the familiar fraction
ation processes (such as fractional distillation) that 
chemists use to separate or isolate individual com
ponents of a mixture. Persistent organic pollutants 
may be fractionated during their journey toward the 
poles because they migrate at different velocities (2). 
We still cannot measure migration velocities. But there 
have been many measurements of POP concentra
tions in the global environment, particularly in arctic 
regions and the oceans. Other important advances in 
understanding the global distribution of POPs have 
occurred. It is thus timely to evaluate, modify, and 
extend some of these concepts, especially in the light 
of recently announced international intentions (3) to 
control the of such substances 

Global fractionation and condensation 
Evidence indicates that most POPs are volatile enough 
to evaporate and deposit, (i.e., cycle) among air, wa
ter, and soil at ordinary environmental tempera
tures. Warm temperatures favor evaporation from 
Earth's surface in tropical and subtropical regions. 
Cool temperatures at higher latitudes favor deposi
tion from the atmosphere (2, 4) onto soil and wa
ter. Several factors are involved in POPs' tendency to 
condense, deposit, and accumulate in cold ecosys
tems. Cool temperatures, for instance, favor greater 
adsorption of these compounds to atmospheric par
ticulate matter, which then deposit on the surface. 
Natural decomposition reactions also slow down in 
the cold, allowing POPs to remain intact longer and 
become more persistent. Likewise, cold slows evap
oration of POPs from water and promotes their con
densation and movement, or "partitioning," from the 
atmosphere to the surface. These compounds do not 
actually condense in the sense that the atmosphere 
becomes saturated or supersaturated. Conditions are 
always below saturation limits (i e partial pres-

much less than pressures) Rather 
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POPs merely partition from a gaseous to a nongas
eous phase. 

POPs can migrate to higher latitudes in a series 
of relatively short jumps sometimes termed the 
"grasshopper effect" (Figure 1). The compounds mi
grate, rest, and migrate again in tune with seasonal 
temperature changes at mid-latitudes. The process 
is analogous to a gas chromatographic separation (5). 
In gas chromatography, components of a mixture are 
volatilized into a carrier gas that passes through a bed 
of packing material; different components of the mix
ture move at different rates, so they emerge sepa
rately and can be detected and identified individu
ally. Likewise, POPs of different volatility migrate 
through the global atmosphere at different veloci
ties. An individual POP compound 

niciv have its own 
distinctive environmental condensation temnera-
ture or t emnpra tu re ranpp IndppH it m a y PVPTI have 

a latitudinal range of condensation Highly volatile 
POP compounds tend to remain airborne and mi-

faster Less volatile POPs will partition into wa
ter snow ice soil or vegetation The composition of 

contaminant mixtures thus will vary along a tem
perature or latitudinal gradient. 

Models of POPs' chemical fate in the global en
vironment (4) support these hypotheses and sug
gest that three related phenomena should be ob
served among the concentration data compiled from 
monitoring programs. First, concentrations of rela
tively mobile POPs in soil, water, and other nongas
eous media increase on a gradient from warm re
lease points in the environment to cold migration 
points. There actually will be an "inverted" concen
tration gradient, with low concentrations in the trop
ics and high concentrations in the polar regions. Sec
ond, contaminant mixtures may change in 
composition, with more volatile constituents more 
prevalent at higher latitudes. Third if there is a "pulse" 
release in the tropics the chemical will move to
ward the poles (A pulse is a one-time application of 
pesticide for instance during a single season ) But 
the migration will take time There will be a delay in 
the maximum concentrations at higher latitudes 
when compared to areas close to the sources 

FIGURE 1
POP migration processes 
Global deposition processes become more pronounced than evaporation at high latitudes and lower temperatures. 
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Are these phenomena observed? 
Logic seems to dictate that a compound's concen
tration in the environment will be highest near the 
point of release, and then will decline with dis
tance. Relatively mobile POPs, however, do not fol
low this traditional profile. They tend to have an in
verted profile, with concentrations increasing with 
distance from the source, because of their ten
dency to partition more easily from the air at cooler 
temperatures. Calamari et al. (6) were among the first 
to identify an inverted gradient in concentrations of 
hexachlorobenzene (HCB) in foliage. Recently, Si-
monich and Hites (7) analyzed POPs in tree bark sam
ples. They found such a gradient for the four most 
volatile chemicals (HCB, a-hexachlorocyclohexane 
(a-HCH), y-HCH, and pentachloroanisol) in a set of 
22 POPs. Less volatile compounds showed no sig
nificant latitudinal dependence. 

A striking example of an inverted latitudinal con
centration profile is the a-HCH concentration gra
dient in sea water extending from the Western Pa
cific toward the North into the Canadian Arctic. 
Figure 2 presents most of the available data, from a 
variety of sources, for the late 1980s and early 1990s. 
It reveals a strong inverted a-HCH concentration pro

file with very low concentrations (0.05-0.5 ng/L) in 
the tropics and increasing concentrations with in
creasing latitude. Indeed, concentrations in and 
around the Canadian archipelago are in the 5-ng/L 
range. Most use of POPs, in contrast, is believed to 
be on the southern fringe of this region. We thus find 
compelling evidence that inverted profiles do oc
cur for some POPs. 

PCBs are ideal for detecting latitudinal, compo
sitional changes in contaminant mixtures. PCB data 
for fish liver from lakes and rivers across Canada (8) 
were critical for formulating the global fractionation hy
pothesis (2). Additional evidence from Canadian lake 
sediments, gathered over a wider latitudinal scale, shows 
that high arctic lakes have greater proportions of the 
more volatile organochlorines (9). Other studies show 
similar changes in composition. 

The Canadian sediment core data also provide ev
idence for a time delay in concentration changes at 
higher latitudes. Several organochlorines, includ
ing DDT, peaked in the most recent layers in the high 
arctic lakes. But the peaks occurred in older layers 
(representing accumulation in the 1960s and 1970s) 
in more southerly locations (9). 

We emphasize that not all data support the con-

F I G U R E  2

Concentrations increase with increasing latitude 
Steep increases of a-HCH in sea water were detected with increasing latitude during the late 1980s and early 1990s. Average concentration of 
a-HCH in sea water is given as a function of latitude along the Asian coast of the Pacific (year of sampling is given). Full references are given 
in Reference 15. 
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cept of global fractionation. There are several rea
sons why it may be unwise to overinterpret global 
distribution patterns using simple models. First, there 
often is poor sample comparability due to varia
tions in sampled species, sampling time, analytical 
methods, and environmental conditions. Second, 
POPs have been released from many locations over 
many decades. Thus, the single-pulse concept— 
which portrays a batch of POPs migrating uniform
ly is excessively simplistic. Samples from nonback-
ground areas may be affected by chemical emissions 
in the vicinity. This distort latitudinal gradi
ents (10). Third, global dispersion processes maybe 
slow because of the long distances. Finally, degra-
dative losses and permanent retention in soils and 
sediments decrease the quantities of POPs trav
eling toward the poles 

Classification by global partitioning behavior 
Clearly, long-range transport does occur. Observa
tions suggest that certain POPs, such as HCBs and 
HCHs, preferentially deposit in polar latitudes, while 
DDT and others deposit at lower latitudes (2). Can 
we define more sharply the characteristics of chem
icals that undergo global transport and accumula
tion in cold climates? One obvious criterion is the va
por pressure of the subcooled liquid (PJ at 25 °C. 
Vapor pressure describes the tendency for liquids and 
solids to change into a gas—for liquids to evapo
rate and solids to sublime. Another is KOA, the oc-
tanol-air partition coefficient (Figure 3 and Ta
ble 1). KOA is the ratio of the concentrations of the 
substance in octanol and air at equilibrium. 

We suggest four broad volatility classes. POPs with 
a PL above 1 Pascal (Pa) show little tendency to con
dense at ambient temperatures in the global envi
ronment. Compounds with PL between 1 and 0.01 Pa 
condense at temperatures about -30 °C and thus are 
preferentially deposited in polar latitudes. Those be
tween 0.01 and 0.0001 Pa condense at tempera
tures above 0 °C and tend to accumulate in mid-
latitudes. Low-volatility POPs, which have a PL less 
than 0.0001 Pa, do not evaporate, or do so very slowly. 
They tend to deposit locally and remain close to their 
sources. 

KOA may be a better criterion because it also ac
counts for the potential of terrestrial surfaces, such 
as soil and vegetation, to retain a chemical. So far, 
experimentally determined KOA values exist for only 
a few chemicals {11). But values can be estimated 
from the ratio of KQW and KAW, the octanol-water and 
air-water partition coefficients. Such calculations sug
gest that contaminants with relatively high mobil
ity have a KOA between 106 and 108, and those with 
relatively low mobility have a KOA of 108-1010. PL and 
AT™ are of course hiehlv correlated because K^, is 

OA O J , AW 

a function of PL. We believe that KAW is the best cri
terion for determining a POP's tendency to parti-
tion to the oceans and that K is best for evaluat-
iris 3. compound's partitioning to the terrestrial 
environment. 

POPs exist in the atmosphere both as vapor-
phase chemicals—as gases—and in condensed form 
adsorbed to atmospheric aerosol particles. The prop
erties discussed above also control the partitioning 
equilibrium of POPs between aerosols and the va

por phase. The sorption of atmospheric contami
nants to aerosols can be estimated {12) by using PL 

and can be expressed as a function of temperature. 
Atmospheric POPs begin to partition from mainly the 
gas phase to mainly an aerosol-sorbed phase within 
a narrow temperature range of about 50 K. We can 
establish a characteristic temperature of condensa
tion (Tc) at which the chemical is equally parti
tioned between the gas phase and aerosols. Table 1 
uses empirical PL versus T relationships (reported in 
the literature) to define Tc values for selected POPs. 
Condensation temperature depends o]-J {ĵ g concen
tration of aerosols and tends to be higher in re
gions with high concentrations of aerosols. POPs that 
accumulate in arctic latitudes have a T between -50 
and -10 °C POPs that preferentially deposit in tem
perate areas have a T of-10 to +30 °C For a global 
contaminant T and the average temperature in the 
zone of preferential deposition thus lie in the same 
range 

PCBs span the entire range of volatility and con
densation temperature. Whereas mono- and unsub-
stituted biphenyls have PL greater than 1 Pa, the 
nona- and decachlorobiphenyls fall in the class of 
nonvolatile chemicals with PL < 0.0001 Pa. The di
viding line between PCBs that start to condense at 
temperatures above 0 °C and those that condense at 
temperatures well below 0 °C lies approximately at 
the tetrachlorobiphenyls. This implies that di- and 
trichlorobiphenyls will accumulate in polar lati-

TABLE 1

Characteristics of selected POPs 
Vapor pressure of the subcooled liquid PL, octanol-air partition 
coefficient K0A, and temperature of condensation Tc for POPs. Full 
references are aiven in Reference 15. 

Log(PL/Pa) Logy0A Tc/°C 

PAHs Naphthalene 1.6 5.1 
Anthracene -1.1 7.3 -33 
Pyrene -1.9 8.6 -15 
Flouranthene -2.1 8.6 -10 
Chrysene -4.0 10.4 
Benz[a]anthracene -3.2 9.5 +12 
Benzolalpyrene -4.7 10.8 +47 

PCBs 2,4,4'-C3B (#28) -1.5 7.8 -22 
2,2',5,5'-C4B (#52) -1.8 7.9 -15 
2,2',4,5,5'-C5B(#101) -2.5 8.3 -2 
2,2',4,4',5,5'-C6B (#153) -3.2 8.5 +10 
2,2',3,3',4,4',6-C7B(#171) -3.7 9.5 +20 
2,2',3,3',4,4',5,5'-C8B (#194) -4.7 10.5 +37 

CBzs PC5Bz -0.0 6.5 
HC6Bz -0.6 6.8 -36 

PCDD/Fs 2,3,7,8-C4DD -3.9 9.7 
1,2,3,4,7,8-C6DD -5.8 11.5 
C8DD -6.0 10.8 

Pesticides a-HCH -0.7 6.9 -40 
Y-HCH -1.2 7.7 -30 
p,p'-DDT -3.3 8.7 +13 
p,p'-DDE -2.5 8.4 -2 
p,p'-DDD -3.0 8.9 +7 
cis-Chlordane -2.3 8.7 -6 
trans-Chlordane -2.2 8.5 -9 
Dieldrin -2.0 7.4 -11 
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tudes, and PCBs with more than five chlorine sub
stitutions tend to remain in midlatitudes. This is in 
agreement with observations (8). 

Polycyclic aromatic hydrocarbons (PAHs) with 
three rings tend to fall in the category with prefer
ential deposition in high latitudes, whereas four-
ring PAHs already condense appreciably at temper
atures above 0 °C. Napthalene is too volatile for 
condensation, benzo[a]pyrene is too nonvolatile for 
evaporation. 

On the basis of these considerations, we can ten
tatively group a number of organochlorinated com
pounds and PAHs into the four global mobility cat
egories shown in Figure 3. 

Toward validated global fate models 
Comprehensive models describing chemical fate and 
concentrations of POPs in the entire global environ
ment will be extremely difficult to develop. Our model 
{13) and others (14) are only an early step toward this 
goal and have not yet been adequately validated. A 
major problem is the lack of data on chemical us
age and release. But current conceptual models based 
on two greatly simplified, hypothetical scenarios can 
provide insights into the global fate of POPs: 

1. The steady-state condition, which will be 
reached after prolonged discharge of a chemical at 
a constant rate in a warm region of the globe. This 
provides insights into the expected relative concen
trations between locations, especially as a function 
of latitude. 

2. The dynamic behavior of a pulse input of chem
ical in a warm region, analogous to a chromato
graphic injection. This provides insights into the ve
locity of travel and response times. 

Scenario 1 results show that atmospheric con
centrations decrease with distance from the source 

toward more cold and remote areas. This decrease 
is steeper for the less volatile and less persistent 
chemicals (Figure 4). In soils, vegetation, water, sed
iment, and other nongaseous media, concentra
tions are determined by a steady-state nongaseous 
phase-to-air partition coefficient. This coefficient in
creases at cooler temperatures, as reflected in Fig
ure 4, where the concentration curves in air and non
gaseous phases diverge at lower temperatures. For 
more volatile POPs, the latitudinal concentration pro
files in nongaseous media may not be as steep as 
those of the less volatile chemicals. Indeed, uhey may 
even be inverted with highest concentrations dis
tant from the point of release For mixtures such a.s 
PCBs this implies thcit the more volatile com -

pounds should become more dominant with in
creasing latitude 

In scenario 2 there is a pulse emission of a rela
tively mobile chemical (i.e., PL between 1 and 
0.0001 Pa) in a warm area such as the equator. If the 
chemical is neither degraded nor permanently re
tained in any nongaseous medium, it will gradually 
migrate from warm to cold climate because of the 
temperature-dependent partitioning between Earth's 
atmosphere and Earth. This is comparable to the pas
sage of a chromatographic peak (Figure 5A). Within 
the intermediate volatility range, chemicals of dif
ferent mobility will travel at different speeds, with 
more volatile chemicals traveling faster. The peak will 
widen and the maximum will decrease with time. Lat
itudinal profiles at different points in time (Figure 5B) 
show a concentration maximum traveling to higher 
latitudes over time. This implies that POP concen
trations in ecosystems remote from the point of re
lease could continue to rise even though releases have 
declined or ended Regions of past emission thus ran 
continue to act as contaminant sources for He-

FIGURE 3
POP mobility 
Contaminants can be classified into four categories according to their mobility in the global environment based on subcooled 
liquid vapor pressure, octanol-air partition coefficients, and a contaminant-specific condensation temperature. 

Low mobility Relatively 
low mobility 

Relatively 
high mobility 

High mobility 

Global 
transport 
behavior 

Log octanol-air 

Rapid deposition 
and retention 

close to source 

- 10 

Preferential 
deposition and 
accumulation in 

mid-latitudes 

• 8 

Preferential 
deposition and 
accumulation in 
polar latitudes 

- 6 

Worldwide 
atmospheric 

dispersion, no 
deposition 

partition coefficient (/f0A) - 10 • 8 - 6 

Log vapor pressure of 
- - 4 - 0 subcooled liquid (P,) - - 4 - 0 

Temperature of 
-+30 -10' -50' >C »* 

condensation(Tc) 
-+30 -10' -50' >C »* 

Chlorobenzenes — — 5to6CI 0to4CI 

PCBs 8 to 9 CI 4 to 8 CI 1 to 4 CI Oto lC I 

PCDD/DFs 4to8 CI 2to4CI 0 to 1 CI — 

PAHs 4+ rings 4 rings 3 rings 2 rings 

Organochlorine 
pesticides 

mirex 
Polychlorinated 

camphenes, DDTs, 
chlordanes 

HCB.HCHs, 
dieldrin 

— 

3 9 4 A • VOL. 30, NO. 9, 1996 / ENVIRONMENTAL SCIENCE & TECHNOLOGY / NEWS 



cades because of slow release from accumulated 
chemical reservoirs. 

The actual global usage for many POPs involved 
a steady rise followed by regulatory restrictions and 
a period of decline. Such a use pattern could be in
terpreted as a prolonged emission pulse that can vary 
in heights, widths, and shapes in different regions of 
the world. Organochlorine pesticides, for instance, 
were used in such a pattern in certain subtropical and 
tropical countries with a delay of about 20 years when 
compared to industrialized nations in the northern 
temperate zone. 

Role of retention and degradation 
Contrary to a common misinterpretation, most of the 
global chemical inventory of POPs will not eventu
ally reach Earth's polar regions. This misconception 
probably results from the notion of these com
pounds moving like a chromatographic peak to
ward the poles. The dramatic decline in POP con
cen t r a t ions at lower la t i tudes reinforces the 
misconception. In reality, however, most POPs will 
fall victim to retention and degradation in source ar
eas and en route, and never reach polar regions. 

But concentrations in polar regions can still be 
very high. The polar regions are small in area when 
compared to the tropical and temperate zones. Ar
eas north and south of 60° latitude constitute only 
13.4 % of the global surface area. In contrast, trop
ical regions between 30 °N and 30 °S cover an area 
four times as large. High concentrations can occur 
if even a minor share of the global inventory mi
grates to the polar regions. 

The polar terrestrial environment also has a lim
ited capacity to retain POPs because of low organic 
matter content of arctic and antarctic soils. Contam
inants tend to be transferred more readily to the ma
rine environment than they do in temperate eco
systems. Polar seas thus may have relatively higher 
concentrations than other marine environments. Po
lar ecosystems may have food web structures and 
other features that enhance the potential for bioac-
cumulation. Human populations in the arctic may 
be at greater risk for bioaccumulation, as well, since 
they rely heavily on locally obtained fish and wild
life for food. 

Future global POP models may estimate the per
centage of a chemical introduced in certain regions 
(e.g., Southeast Asia) which will eventually reach the 
polar regions. This percentage may be quite small, 
perhaps only 1%, but could be ecologically signifi
cant. Such estimates may be of great importance in 
determining the need for international controls. 

Factors controlling chemical fate 
Figure 1 summarizes schematically our emerging pic
ture of the global chemical fate of POPs. That fate is 
controlled by the point of discharge into the global 
environment, movements of the atmosphere and the 
oceans, the rate of exchange processes between the 
atmosphere and the Earth's surface, and the rate of 
chemical loss from various environmental phases. 

A true quantitative understanding of the global 
distribution of POPs requires more research on emis
sions and climate-dependent cycling processes. Sur
prisingly little is known about the amounts of POPs 

FIGURE 4

Predicted latitudinal concentration gradients 
Low-mobility chemicals will not be detected in the atmosphere and nongaseous 
media of cold remote areas. High-mobility chemicals will have uniform 
atmospheric concentrations but will not be found in nongaseous media, even 
close to sources. Chemicals with intermediate mobility will show increasing, 
decreasing, or uniform latitudinal gradients depending on their volatility and 
retention. Predictions are for a hypothetical steady-state situation. 

CA = concentration in air; CN = concentration in soil and other nongaseous media; 
/CNA = steady-state nongaseous phased-to-air partition coefficient, which increases 
with decreasing temperature. 

F I G U R E  5

Predicted fate of a sample emission 
Predicted global fate of a single emission pulse of a relatively mobile chemical 
at the equator. It is assumed that the chemical is not degraded or permanently 
retained. (A) shows the temporal change of the chemical amount in various 
climate zones; (B) shows the latitudinal distribution of the total global amount 
at various points in time. 
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produced and discharged globally or the specific lo
cations where these compounds are used. We also 
must improve our knowledge about how snowfall, 
cool temperatures, and other climatic factors in the 
high latitudes affect the cycling of POPs. 

Policy recommendations 
Protecting arctic and antarctic ecosystems from the 
damaging effects of POPs will require global restric
tions on the release of compounds that have the po
tential to preferentially accumulate in cold environ
ments. We can now tentatively identify the properties 
that make a chemical susceptible to global trans
port and polar deposition. The Washington Decla
ration (3) is correct in identifying the need for world
wide action on POPs. The potential measures include 
reduction or elimination of emissions, discharges, 
and, where appropriate, a ban on manufacture and 
use of persistent organic pollutants. Further action 
may be necessary to assure that POPs are not just re
placed with substances with the same undesirable 
global distribution behavior. It may be necessary, for 
instance, to place restrictions on a set of chemical 
properties such as ranges of PL or KQ& and half-lives 
rather than a specific list of chemical compounds. 
There is a clear need for the global scientific and reg
ulatory communities to work together to elucidate 
and solve this problem 
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