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‘‘Capsule’’: Transfer Efficiency is defined as a model-based measure of sources of POPs to the North American Great Lakes.
Abstract

Transfer efficiency (TE) is introduced as a model output that can be used to characterize the relative ability of chemicals to be

transported in the environment and deposited to specific target ecosystems. We illustrate this concept by applying the Berkeley–
Trent North American contaminant fate model (BETR North America) to identify organic chemicals with properties that result in
efficient atmospheric transport and deposition to the Laurentian Great Lakes. By systematically applying the model to hypothetical
organic chemicals that span a wide range of environmental partitioning properties, we identify combinations of properties that

favor efficient transport and deposition to the Lakes. Five classes of chemicals are identified based on dominant transport and
deposition pathways, and specific examples of chemicals in each class are identified and discussed. The role of vegetation in
scavenging chemicals from the atmosphere is assessed, and found to have a negligible influence on transfer efficiency to the Great

Lakes. Results indicate chemicals with octanol–water (Kow) and air–water (Kaw) partition coefficients in the range of 105–107 and
10�4–10�1 combine efficient transport and deposition to the Great Lakes with potential for biaccumulation in the aquatic food web
once they are deposited. A method of estimating the time scale for atmospheric transport and deposition process is suggested, and

the effects of degrading reactions in the atmosphere and meteorological conditions on transport efficiency of different classes of
chemicals are discussed. In total, this approach provides a method of identifying chemicals that are subject to long-range transport
and deposition to specific target ecosystems as a result of their partitioning and persistence characteristics. Supported by an

appropriate contaminant fate model, the approach can be applied to any target ecosystem of concern.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Potential for long-range transport in the environment
is a characteristic of concern for anthropogenic chemi-
cals, particularly for persistent organic pollutants. Some
of these chemicals can be transported thousands of
kilometers from their point of release, and in the
extreme, are distributed throughout the global environ-
ment. Several generic evaluative models have been
developed to assess the long-range transport potential
of chemicals (Scheringer, 1996; Bennett et al., 1998;
Beyer et al., 2000; Scheringer et al., 2001). The models
are designed for use in screening-level assessments to
identify chemicals with potential for mobility in the
environment over continental or global scales.

Existing evaluative models based on generic environ-
mental conditions do not explicitly address the like-
lihood of chemicals being transported from source
regions and deposited to a specific target ecosystem.
Assessments of this type are required to estimate the
relative contribution of different sources to the con-
taminant burden present in a particular ecosystem. The
North American Great Lakes are an example of an
ecosystem impacted by both local sources and by
atmospheric deposition of contaminants transported
over hundreds or thousands of kilometers (Eisenreich,
1981; Baker, 1997). Deposition rates for selected con-
taminants to the Great Lakes have been estimated since
1990 by the Integrated Atmospheric Deposition
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Network (IADN), based on data from a number of air
monitoring sites in the Great Lakes Basin (Hoff et al.,
1996). There is compelling evidence that contaminants
that are used and released in other parts of the North
American continent are transported and deposited to
the Lakes. Chemicals such as DDT and toxaphene,
which are currently banned or severely restricted in
North America, continue to be deposited to the Lakes,
possibly as a result of volatilization from distant soils
contaminated by past usage.

Presumably, the efficiency with which a chemical is
transported from an emission source and deposited to a
target ecosystem is a function of (I) the properties of the
chemical, specifically partitioning characteristics and
reactivity, (II) the distance the chemical must travel to
reach the target ecosystem, and (III) properties of the
environment including meteorology and temperature
conditions. Here, we present a general metric of poten-
tial for transport and deposition to target ecosystems,
Transfer Efficiency (TE), and illustrate it using con-
tinental-scale transport and deposition to the Great
Lakes as a case study.

We employ the Berkeley–Trent North American con-
taminant fate model [BETR North America] (Betts,
2001; MacLeod et al., 2001b; Woodfine et al., 2001;
Dahl, 2002) to calculate transfer efficiency to the Great
Lakes, but the techniques described could be adapted to
any contaminant fate model that explicitly models inter-
media transfer processes. The BETR model describes
the North American environment as 24 ecological
regions, as illustrated in Fig. 1. Within each region the
fate of environmental contaminants is described using a
seven-compartment fugacity model including a verti-
cally segmented atmosphere, vegetation, soil, fresh-
water, freshwater sediments and coastal water.
Contaminants can be transported between adjacent
regions of the model in the atmosphere and in flowing
rivers and near-shore ocean currents.
2. Modeling the transport and deposition of persistent

chemicals

The BETR North America model can be applied to
describe steady-state continental contaminant fate for a
constant release of chemical to the boundary layer of
the atmosphere in any of the 24 regions of the model. At
steady-state, inventories in each region and fluxes of
contaminant between all regions and environmental
compartments are constant such that emissions are
balanced by removal processes for the entire continental
environment. For each chemical emitted in each region,
a transfer efficiency (TE) can be calculated as a percen-
tage from the steady-state solution as:

TE ¼

rate of contaminant flux to
the target ecosystem

ðkg=yearÞ � 100

emission rate in
the source region

ðkg=yearÞ

The emission rate used as input to the BETR North
America model represents primary emissions only. Re-
volatilization of chemical from the terrestrial and aqua-
tic surfaces is calculated by the mass balance equations
in the model. The definition of emission rate used here is
therefore different than that used by many atmospheric
Fig. 1. Regional segmentation of the BETR North America model.
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modelers, who use emissions to refer to the sum of pri-
mary emissions and volatilization.

Any individual compartment in the model, or a col-
lection of compartments could represent the target eco-
system. In the case of the Great Lakes, we are primarily
interested in direct deposition of contaminants from the
atmosphere to the Lakes. We therefore define a Great
Lakes Transfer Efficiency (GLTE) as:

GLTE ¼

rate of atmospheric
deposition to Great Lakes

ðkg=yearÞ � 100

emission rate to the atmosphere
in the source region

ðkg=yearÞ

where the Great Lakes are represented by the freshwater
compartment in the model’s Great Lakes Basin Region.

BETR North America has been applied to individual
chemicals to describe their fate and transport in the
continental environment and compared with monitoring
data, as described by MacLeod et al. for toxaphene
(MacLeod et al., 2001a). Although it is possible to
simulate and compare specific chemicals according
to transfer efficiency, we take a more general approach by
simulating the behavior of hypothetical chemicals that
span a wide range of partitioning properties typical of
organic chemicals present in the environment and ana-
lyzing the continental scale fate of these chemicals as
described by the model. The set of hypothetical chemi-
cals is selected to represent the entire spectrum of
potential environmental partitioning of non-ionizing
organic chemicals. Combinations of octanol–water par-
tition coefficients between 100 and 1010 and air–water
partition coefficients 10�10 and 105 were used as inputs
to the BETR North America model. This range of par-
titioning properties encompasses chemicals that parti-
tion almost exclusively to individual environmental
media (i.e., air, water, soil or sediment), and multi-media
chemicals that accumulate significantly in more than one
compartment (Gouin et al., 2000; Wania, 2003). For
simplicity, a conservative upper estimate of the GLTE
for each combination of environmental partitioning
characteristics was initially obtained by setting degrad-
ation half-lives in all environmental media to be arbitrarily
long, i.e., exceeding 109 years. The effect of considering
degrading reactions in the atmosphere is discussed later.

This approach is conceptually similar to the Arctic
Amplification Contamination Potential (ACP) described
by Wania (2003) and used to assess the relative potential
for chemicals to accumulate in theArctic environment. The
current approach differs in that it applies the steady-
state assumption to describe contaminant fate and
transport over the North American continent, whereas
ACP is derived from a dynamic model and therefore
changes with the length of the model simulation.

Great Lakes Transfer Efficiencies for totally persistent
chemicals from three regions of the BETR North
America model, the Great Lakes Basin, Mississippi
Delta, and Sierra Madre Del Sur, are presented and
discussed here in detail. When interpreting the results it
proves convenient to classify chemicals into five groups
with different partitioning properties and which experi-
ence different transport pathways, as shown in Fig. 2.

Class 1 substances are involatile and have low to
intermediate hydrophobicity. Substances with these
partitioning properties usually have polar functional
groups and are quite soluble in water. They are effi-
ciently scavenged from the atmosphere by dissolution in
rain and absorption which is air-phase controlled.
Examples are phenols and related substances such as
catechol, guaiacol and Aldicarb. They are collectively
referred to here as ‘‘polar involatiles’’.

Class 2 substances are highly volatile and partition
preferentially to the atmosphere under all environ-
mental conditions. Once in the atmosphere, they are not
efficiently re-deposited to the terrestrial surface. Exam-
ples are solvents such as chloroform, the freons, and
short-chain hydrocarbons such as ethylene. They are
referred to as ‘‘volatiles’’.

Class 3 substances are involatile and highly hydro-
phobic. They are very sparingly soluble in water, but
may volatilize from contaminated waters despite their
low volatility. In the atmosphere, these substances are
almost completely associated with atmospheric aerosols,
and particle deposition processes control deposition
from the atmosphere to the terrestrial surface. Examples
are highly chlorinated polychlorodibenzo dioxins and
furans and long chain polymers. They are termed
‘‘hydrophobic involatiles’’.

Class 4 substances are intermediate in volatility and
highly hydrophobic, with a Log Kow exceeding 6. In the
atmosphere, these substances partition appreciably to
both the gas and aerosol phases, and the extent of par-
titioning is sensitive to temperature changes. Examples
are intermediate and highly chlorinated polychlorinated
biphenyls (PCBs). They are referred to as ‘‘hydrophobic
semi-volatiles’’.

Class 5 substances are intermediate in volatility and
range in hydrophobicity up to a Log Kow of about 6.
They are significantly soluble in water. In the atmos-
phere they partition to a limited extent to aerosols.
These substances are deposited from the atmosphere to
surface waters by diffusive exchange in the gas phase.
Examples are low to mid chlorination level PCBs and
toxaphene. Here, they are termed ‘‘semi-volatiles’’.

2.1. Transfer from within the Great Lakes Basin

Fig. 3 shows Great Lakes Transfer Efficiency for che-
micals emitted to air in the Great Lakes Basin region. A
line of constant octanol-air partition coefficient (Koa) of
109 is shown on the diagram, and indicates the bound-
ary between chemicals that are primarily in the gas-
M. MacLeod, D. Mackay / Environmental Pollution 128 (2004) 241–250 243



phase in the atmosphere (in the top left of the diagram)
and those that are primarily associated with atmos-
pheric particles (lower right of the diagram). Aerosol-air
partitioning in the BETR North America model is
described using a regression with Koa (Finizio et al.,
1997).

Chemicals on the boundary between Class 1 and
Class 5 are most effectively deposited from the atmos-
Fig. 3. Great Lakes Transfer Efficiency of persistent chemicals released to the atmosphere in the Great Lakes Basin Region. The maximum efficiency

of atmospheric deposition of chemicals released in the Great Lakes Region is approximately 75%.
Fig. 2. General classification scheme for Great Lakes Transfer Efficiency.
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phere to the Lakes, with an efficiency of approximately
80%. In this range of partitioning properties, the domi-
nant mechanism for removal from the atmosphere is
dissolution in falling rain, which is very efficient at
scavenging these chemicals from the air column.
The Great Lakes cover only 30% of the total area of the
Great Lakes Basin region, however efficiencies of up to
80% are possible because chemicals near the peak in
the surface plot cycle from the terrestrial surface back to
the atmosphere. The dominant pathway for re-emission
is via root uptake by vegetation and subsequent volatili-
zation back to the atmosphere, but evaporation from
soil also occurs.

The plateau in the bottom left of the diagram (Class 1
chemicals) corresponds to a depositional efficiency of
approximately 30%. These chemicals are deposited
from the atmosphere by rain dissolution but are not re-
emitted to the atmosphere from the terrestrial surface.
Therefore the proportion of total deposition to surface
water is approximately equal to the proportion of total
area covered by fresh water in the Great Lakes Basin
region.

Chemicals with Log Kow less than 5 are not expected
to significantly bioaccumulate in aquatic food chains.
Transfer of these chemicals to the Great Lakes ecosys-
tem is therefore not cause for the same degree of con-
cern as chemicals with Log Kow of 5 or greater.
Hydrophobic involatile chemicals (Class 3) with high
Log Kow and low Log Kaw are deposited from the
atmosphere by wet and dry deposition on particles. This
process is not as efficient as rain dissolution, and some
chemical is removed from the region by advective trans-
port in air. In addition, particle associated chemical
deposited to the terrestrial surface is not recycled to the
atmosphere. The efficiency of deposition to the Lakes in
this partitioning domain is approximately 20%.

Near the center of the diagram (hydrophobic Class 3
chemicals) there is a shoulder with depositional effi-
ciency of about 40% that corresponds to diffusive
deposition by semi-volatile chemicals that are not com-
pletely sorbed to particles in the atmosphere. This
region of the partitioning diagram represents chemicals
that have potential for bioaccumulation and are effi-
ciently deposited to the Great Lakes. Toxaphene (Log
Kow=5.5, Log Kaw=�3.75, Log Koa=9.25) (Jantunen
and Bidleman, 2000) is an example of a chemical in this
partitioning domain.

2.2. Transfer to the Great Lakes from the Mississippi
delta region

As indicated in Fig. 4, maximum transport efficiencies
are in the range of 4% of atmospheric emissions to the
Mississippi Delta region. Class 5 chemicals are most
efficiently transported and deposited to the Great Lakes
from this region. These chemicals are primarily in the
gas phase in the atmosphere, and are deposited to
the lakes by diffusion. Deposition to the Great Lakes is
Fig. 4. Great Lakes Transfer Efficiency of persistent chemicals released to the atmosphere in the Mississippi Delta region, approximately 1500 km

south of the Great Lakes. The maximum efficiency of transport and deposition is �4%.
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efficient because of the large area of surface water
available for diffusive transport.

At lower Log Kaw, Class 1 chemicals are removed
from the atmosphere in the source region by rain dis-
solution. Transport and deposition with an efficiency of
�0.35% is indicated for particle-associated hydro-
phobic involatiles (Class 3). These chemicals are depos-
ited by wet and dry particle settling without regard to
the surface to which they are depositing along the entire
transport journey from the source region.

Among chemicals with Log Kow exceeding 5, the most
efficient transport and deposition to the Great Lakes are
hydrophobic members of Class 5. These chemicals are
deposited to the Lakes with an efficiency of up to 3% of
atmospheric emissions in the Mississippi Delta region,
primarily by diffusion which is relatively efficient
because low Log Kaw makes resistance to diffusion on
the air-side of the air-water interface the dominant
resistance to transfer. As indicated previously, toxa-
phene has properties in this range; among chemicals
with potential for bioaccumulation, toxaphene’s combi-
nation of partitioning properties is among the most
favorable for transport and deposition to the Great
Lakes. DDT (Log Kow=6.2, Log Kaw=�3.3, Log
Koa=9.5) also lies on this shoulder of transport effi-
ciency, combining a high Log Kow with efficient trans-
port and deposition.

Moving upward along the diagonal of constant Log
Koa=9, into Class 4 substances, diffusive exchange
between air and water is less favorable because water-
side resistance begins to dominate total resistance to air-
water diffusion. However, highly hydrophobic Class 4
chemicals can still be transported and deposited in the
Great Lakes with efficiencies of 1%, with dry and wet
particle deposition as the dominant mechanism for
deposition. This route of removal from the atmosphere
was not available in the more southerly regions because
effective Log Koa at environmental temperatures in
these regions of the model does not sufficiently favor
partitioning to aerosol particles in the atmosphere.
Highly chlorinated PCBs are examples of chemicals that
lie along this diagonal (Log Kow �7, Log Kaw �–2, Log
Koa �9).

2.3. Transfer to the Great Lakes from the Sierra Madre
Del Sur region

Great Lakes Transfer Efficiencies from regions of the
continent more distant than the Mississippi Delta follow
a similar pattern of dependence on partitioning proper-
ties, with overall efficiencies reduced with increasing
distance from the target ecosystem. Maximum transport
efficiency from the Sierra Madre Del Sur region, on the
western coast of Mexico, is only �1% of atmospheric
emissions (Fig. 5). Chemicals with potential for bioac-
cumulation have peak efficiencies of 0.9% for those
deposited by diffusion, and 0.25% for those deposited
by wet and dry particle settling. Chemicals that are sor-
Fig. 5. Great Lakes Transfer Efficiency of persistent chemicals released to the atmosphere in the Sierra Madre Del Sur region, approximately 3500

km south–southeast of the Great Lakes Region. The maximum efficiency of transport and deposition is �1%.
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bed to particles in the atmosphere at all relevant envir-
onmental temperatures (lower right portion of the dia-
gram) are almost entirely deposited from the
atmosphere before they reach the Great Lakes Basin.
3. The influence of vegetation on transport of

contaminants

It is noteworthy that the combination of partitioning
properties identified here as favoring transport and
deposition to the Great Lakes Basin (Log Koa �9 for
chemicals with Log Kow>5) overlaps with those that
have been previously identified by Wania and McLa-
chlan (Wania and McLachlan, 2001) as favoring
scavenging from the atmosphere and deposition to the
terrestrial surface by vegetation, particularly forest
canopies. There is an apparent inconsistency between
these two results, since scavenging by forests should retard
transport in the atmosphere, however, close examination
of the study by Wania and McLachlan reveals that
results from these two studies are consistent.

Wania and McLachlan compare calculated atmos-
pheric concentrations from a multi-media fate model
with and without the inclusion of a vegetation com-
partment. They defined the ratio QA as the concen-
tration of contaminant in air calculated in a scenario
without a forest canopy compartment divided by the
concentration assuming that half of the terrestrial sur-
face area is covered by a mixed forest. QA is reported to
have a maximum value of approximately 5 for chemi-
cals with Log Kow=7, Log Kaw=�2.5 and Log
Koa=9.5, implying deposition to the terrestrial surface
via vegetation may significantly reduce atmospheric
concentrations. However, in the Wania and McLachlan
study the competing processes of advection that
removes chemical from the atmosphere is understated
relative to the advection conditions that prevail in the
BETR North America model.

The focus of the Wania and McLachlan study was on
the role of forests in increasing air to surface transfer,
thus increasing surface concentrations and reducing
those in air. Accordingly atmospheric concentrations in
the inflowing and outflowing air were assumed to be
equal thus there was no net loss by advection. Here the
focus is on advective transfers between regions, since
they are responsible for atmospheric transport.

The BETR North America model incorporates a
generic vegetation compartment parameterized to
represent the dominant vegetation type in each region
(Cousins and Mackay, 2001). In general, diffusive
exchange between air and vegetation is more rapid
relative to plant death and litterfall than in the forest
canopy model described by Wania and McLachlan, and
the advective residence times for air in the regional
environments are much shorter. As a result, the air–
vegetation–soil depositional pathway is not as efficient
in ‘‘pumping’’ chemical from the atmosphere to the soil.
However, when input parameters to the two models are
harmonized, they give a similar description of the influ-
ence of vegetation on contaminant fate and transport.

Using the default parameters of the BETR North
America model, QA has a value of approximately 1.03
for a chemical with Log Kow=7, Log Kaw=�2.5 and
Log Koa=9.5. Therefore, including vegetation in the
model does not significantly affect atmospheric con-
centrations, or the efficiency of long-range transport
and deposition to the Great Lakes. Results from the
BETR model are broadly consistent with the model of
Severinsen and Jager (1998), who reported a theoretical
maximum decrease in air concentrations of 40%
(QA=1.5) in model scenarios that include vegetation
compared with those that do not.
4. Time scale for atmospheric transport and deposition

to the Great Lakes

In the results presented above it was assumed there
was essentially no degradation of chemicals in the
environment. Obviously Great Lakes Transfer Effi-
ciency will be reduced if the substance degrades. Of
greatest interest is how degradation in the atmosphere
influences transfer efficiency, since transport through
the atmosphere is the primary pathway to the Great
Lakes. The key problem is assigning a time or half-life
to the transport and deposition process (tA) that repre-
sents the atmospheric residence time between emission
and deposition. This ‘‘transport time’’ can then be eval-
uated against the half-time for atmospheric degradation
of the chemical and the extent to which degradation will
reduce Great Lakes Transfer Efficiency determined.
This is feasible because the BETR North America
model uses first-order kinetics to describe all transport
processes. If a competing degrading reaction with half-
time tR is introduced in the atmosphere in all regions of
the model, the fraction of chemical that survives to
deposit to the Lakes (F), relative to a perfectly persis-
tent chemical will be:

F ¼
tR

tR þ tA

Justification for this lies in the observation that if the
total process of transport and deposition to the Great
Lakes and the process of degradation are characterized
by first order rate constants kA and kR, then the total
rate constant is (kR+kA). The fraction reacted is then
kR/(kR+kA) and the fraction transported and deposited
to the Lakes is kA/(kR+kA). Invoking the reciprocal
relationship between rate constants (k) and half-times
(t) gives the above relationship.
M. MacLeod, D. Mackay / Environmental Pollution 128 (2004) 241–250 247



When tR and tA are equal, F is 0.5, and the Great
Lakes Transfer Efficiency of the degrading chemical is
half that of a perfectly persistent chemical with the same
partitioning properties. The half-time for transport and
deposition of a chemical to the Great Lakes can then be
calculated by assuming illustrative atmospheric degra-
dation half-lives of 1000 h (�40 days) for all chemicals
and rearranging the above equation to give:

tA ¼
tRð1� FÞ

F

F is calculated from the model output as the ratio of the
GLTE of the degrading chemical to that of the perfectly
persistent chemical.

Fig. 6 shows the half-times for transport and deposi-
tion to the Great Lakes for two representative chemicals
for emissions to the atmosphere in each region of the
BETR North America model. For both chemicals,
transport times are longer as the chemical is transported
over greater distances, as expected. Chemicals that are
degraded in the atmosphere on a time scale that is more
rapid than these transport times will be effectively pre-
vented from reaching the Great Lakes, i.e., their atmos-
pheric residence time from source to destination exceeds
their reaction half-time.

Transport times from all regions for the semi-volatile
chemical are longer than the corresponding times for
the hydrophobic involatile chemical. This is attributable
to relatively efficient removal of the hydrophobic invo-
latile chemical from the atmosphere in all regions of the
model by particle associated processes. This class of
chemical is virtually 100% associated with particles in
the atmosphere at all environmental temperatures, and
therefore it is efficiently removed by a combination of
wet and dry particle deposition. Once deposited to the
terrestrial surface volatilization is unlikely. Therefore,
transport and deposition to the Great Lakes must occur
on a time scale that is competitive with particle deposi-
tion processes. In contrast, the semi-volatile chemical is
present primarily in the gas phase in the atmosphere,
and may re-volatilize from the terrestrial surface after
deposition. As a result, semi-volatile chemicals may
remain in the atmosphere for a much longer time before
depositing, and transport times are correspondingly
longer.

The long transport times for semi-volatile chemicals
imply that for a real chemical to have a GLTE that
approaches that of a totally persistent chemical, it must
be very resistant to degradation in the atmosphere, with
a half-life of the order of weeks to months. Such a che-
mical might remain in the atmosphere for several days
or weeks prior to being deposited to the lakes, and it
may cycle between the atmosphere and the terrestrial
surface between the point of release and the target eco-
system. An implication is that persistent semi-volatile
chemicals do not require perfect meteorological condi-
tions, i.e., winds that carry the chemical directly from
the source region to the Great Lakes. They may follow
an indirect route that covers a long distance, but ulti-
mately brings the chemical into the Great Lakes Basin.
This circuitous route is not available to the hydrophobic
involatile chemical because it is scavenged from the
atmosphere during the journey.
Fig. 6. Half-times (days) for transport and deposition of two representative hypothetical chemicals to the Great Lakes. Darker shaded regions

indicate longer transport times.
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5. Screening chemicals for high transfer efficiency

Trans-continental Great Lakes Transfer Efficiency
follows a consistent pattern as a function of partitioning
properties for organic chemicals, regardless of which
region receives the primary emissions. Within each of
the five partitioning classes indicated in Fig. 2 a single
set of chemical fate and transport processes dominate
the behavior of chemicals, and determine the efficiency
with which they are transported and deposited. Efficient
transport and deposition in the real environment not
only requires appropriate partitioning properties, but
also sufficient persistence in the atmosphere for a sig-
nificant fraction of the chemical to make the journey
from source region to receptor. However, classification
of chemicals according to the scheme illustrated in Fig. 2
allows rapid identification of chemicals with potential
for transport and deposition to the Great Lakes.

As an example we illustrate a screening-level
assessment of GLTE of an ‘‘emerging’’ class of
contaminants, the polybrominated diphenyl ethers
(PBDEs) and compare them with the more thoroughly
studied polychlorinated biphenyls (PCBs) and poly-
chlorodibenzodioxins (PCDDs). Homologue groups of
PCBs, PCDDs and PBDEs are plotted in Fig. 2. Parti-
tioning properties for the PCBs and PCDDs are the
recommended values of Mackay et al. (1999), those for
PBDEs are calculated from the regression equations of
Wania and Dugani (2003). For all three homologous
series Log Kow and chemical persistence increase with
increasing halogenation of the parent compound, ie,
the number of halogens on the parent molecule
increases from left to right in the diagram. Several
members of each homologous series fall in partitioning
class 5, indicating moderate to high potential for
continental-scale transport and deposition to the Great
Lakes. Among the extremely hydrophobic members of
each homologous series long-range transport and
deposition to the Great Lakes is possible, but efficiencies
of transport are low, occurring by particle-based
processes.

Of particular interest are tetrabrominated diphenyl
ethers (Log Kow �6.3, Log Kaw ��3.4, Log Koa

�10.3), which fall in partitioning class 5 and have suf-
ficient Log Kow to be bioaccumulative. PBDE 47, a tetra-
brominated compound, is one of the most commonly
detected PBDEs in environmental samples, and in con-
trast to PCBs and PCDDs, PBDE production and use is
increasing in North America (Palm et al., 2002). The
GLTE from the Mississippi Delta region for a totally
persistent chemical with partitioning properties similar
to PBDE 47 is 0.30% and the transfer time is 4.8 days.
If tA is 10.6 days, as has been estimated for PBDE 47
(Wania and Dugani, 2003), GLTE falls to 0.21%. In
comparison, a perfectly persistent chemical with parti-
tioning properties similar to toxaphene has a GLTE
from the Mississippi Delta region of 1.47% and a
transfer time of 10 days. If tA is 7.1 days, similar to
toxaphene (MacLeod et al., 2001a), then the GLTE is
0.61%.
6. Discussion

Using a spatially explicit model of chemical fate in the
North American environment we have identified com-
binations of physico-chemical properties that favor effi-
cient transport and deposition to the Great Lakes, and
estimated the time-scale required. Properties of histor-
ical contaminants that continue to cycle in the environ-
ment, such as PCBs, toxaphene and DDT, fall in ranges
that are predicted to favor continental-scale transport
and deposition to the Great Lakes. A classification
scheme based on partitioning properties of chemicals is
proposed, allowing rapid identification of the potential
of existing and ‘‘new’’ chemicals such as the PBDEs for
transport and deposition to the Lakes.

For an ecosystem to become contaminated from dis-
tant sources of chemicals two processes must occur;
transport from the source region and deposition to the
target ecosystem. Efficient transport and deposition to
specific ecosystems is only possible for chemicals with
certain combinations of partitioning properties and suf-
ficient environmental persistence to survive the journey.
The techniques outlined here and illustrated for the
Great Lakes in a North American context could be
applied to other ecosystems of concern, supported by an
appropriate contaminant fate model. The same techni-
ques could be applied using models based on political
boundaries to assess the extent of trans-boundary
migration of pollutants, and assess the relative impact
of domestic and foreign sources of contaminants on
regional environmental quality.
Acknowledgements

Funding for this research was provided by Environ-
ment Canada and Health Canada through the Toxic
Substances Research Initiative (TSRI), the Natural Sci-
ences and Engineering Research Council (NSERC), and
the consortium of companies that support the Canadian
Environmental Modelling Centre at Trent University.
References

Baker, J.E., 1997. Atmospheric Deposition of Contaminants to the

Great Lakes and Coastal Waters. SETAC Press, Pensacola, Florida.

Bennett, D.H., McKone, T., Matthies, M., Kastenberg, W.E., 1998.

General formulation of characteristic travel distance for semivolatile

organic chemicals in a multimedia environment. Environmental

Science & Technology 32 (24), 4023–4030.
M. MacLeod, D. Mackay / Environmental Pollution 128 (2004) 241–250 249



Betts, K.S., 2001. Modeling continent-wide contamination. Environ-

mental Science and Technology 35 (23), 481A.

Beyer, A., Mackay, D., Matthies, M., Wania, F., Webster, E., 2000.

Assessing long-range transport potential of persistent organic pol-

lutants. Environmental Science & Technology 34 (4), 699–703.

Cousins, I.T., Mackay, D., 2001. Strategies for including vegetation

compartments in multimedia models. Chemosphere 44 (4), 643–654.

Dahl, R., 2002. A BETR way to track pollutants. Environmental

Health Perspectives 110(7), A 408-A411.

Eisenreich, S.J., 1981. Atmospheric Pollutants in Natural Waters. Ann

Arbor Science Publishers Inc, Ann Arbor, Michigan.

Finizio, A., Mackay, D., Bidleman, T., Harner, T., 1997. Octanol-air

partition coefficient as a predictor of partitioning of semi-volatile

organic chemicals to aerosols. Atmospheric Environment 31 (15),

2289–2296.

Gouin, T., Mackay, D., Webster, E., Wania, F., 2000. Screening Che-

micals for Persistence in the Environment. Environmental Science

and Technology 34 (5), 881–884.

Hoff, R.M., Strachan, W.M.J., Sweet, C.W., Chan, C.H., Shackleton,

M., Bidleman, T.F., Brice, K.A., Burniston, D.A., Cussion, S.,

Gatz, D.F., Harlin, K., Schroeder, W.H., 1996. Atmospheric

deposition of toxic chemicals to the Great Lakes: a review of data

through 1994. Atmospheric Environment 30 (20), 3505–3527.

Jantunen, L.M.M., Bidleman, T., 2000. Temperature dependent Hen-

ry’s Law constant for technical toxaphene. Chemosphere—Global

Change Science 2, 225–231.

Mackay, D., Shiu, W.Y., Ma, K.C., 1999. Physical–Chemical Proper-

ties and Environmental Fate and Degradation Handbook. CRC

netBase CDROM, Boca Raton.

MacLeod, M., Woodfine, D.G., Brimacombe, J., Toose, L., Mackay,

D., 2001a. A dynamic mass budget for toxaphene in North Amer-

ica. Environmental Toxicology and Chemistry 21 (8), 1628–1637.

MacLeod, M., Woodfine, D.G., Mackay, D., McKone, T., Bennett,
D., Maddalena, R., 2001b. BETR North America: a regionally

segmented multimedia contaminant fate model for North America.

Environmental Science and Pollution Research 8 (3), 156–163.

Palm, A., Cousins, I.T., Mackay, D., Tysklind, M., Metcalfe, C.,

Alaee, M., 2002. Assessing the environmental fate of chemicals of

emerging concern: a case study of the polybrominated diphenyl

ethers. Environmental Pollution 117 (2), 195–213.

Scheringer, M., 1996. Persistence and spatial range as endpoints of an

exposure-based assessment of organic chemicals. Environmental

Science and Technology 30 (5), 1652–1659.

Scheringer, M., Hungerbuhler, K., Matthies, M., 2001. The spatial

scale of organic chemicals in multimedia fate modeling—recent

developments and significance for chemical assessment. Environ-

mental Science and Pollution Research 8 (3), 150–155.

Severinsen, M., Jager, T., 1998. Modelling the influence of terrestrial

vegetation on the environmental fate of xenobiotics. Chemosphere

37 (1), 41–62.

Wania, F. 2003. Assessing the potential of persistant organic chemicals

for long-range transport and accumulation in polar regions. Envir-

onmental Science and Technology 37, 1344–1351.

Wania, F., Dugani, C., 2003. Assessing the long-range transport

potential of polybrominated diphenyl ethers: a comparison of four

multimedia models. Environmental Toxicology and Chemistry 22

(6), 1252–1261.

Wania, F., McLachlan, M.S., 2001. Estimating the influence of forests

on the overall fate of semivolatile organic compounds using a mul-

timedia fate model. Environmental Science and Technology 35 (3),

582–590.

Woodfine, D.G., MacLeod, M., Mackay, D., Brimacombe, J.R., 2001.

Development of continental scale multimedia contaminant fate

models: integrating GIS. Environmental Science and Pollution

Research 8 (3), 164–172.
250 M. MacLeod, D. Mackay / Environmental Pollution 128 (2004) 241–250


	Modeling transport and deposition of contaminants to ecosystems of concern: a case study for the Laurentian Great Lakes
	Introduction
	Modeling the transport and deposition of persistent chemicals
	Transfer from within the Great Lakes Basin
	Transfer to the Great Lakes from the Mississippi delta region
	Transfer to the Great Lakes from the Sierra Madre Del Sur region

	The influence of vegetation on transport of contaminants
	Time scale for atmospheric transport and deposition to the Great Lakes
	Screening chemicals for high transfer efficiency
	Discussion
	Acknowledgements
	References


