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Chapter 2

Properties, Sources,  
Global Fate and Transport

Coordinating authors: Terry Bidleman and Perihan Kurt-Karakus

2. 1.  Physicochemical Properties  
of POPs

Coordinating authors: Terry Bidleman and Perihan Kurt-Karakus

2.1.1. Introduction

Part II of the second Canadian Arctic Contaminants 
Assessment Report (CACAR-II) began with a section 
on “Physicochemical Properties of Persistent Organic 
Pollutants”, which identified key physicochemical 
(pchem) properties, provided the rationale for their 
measurement or prediction and tabulated literature 
citations for chemicals that are of concern to the NCP 
(Bidleman et al. 2003). The section also discussed 
temperature dependence of pchem properties and 
their applications to describing partitioning in the 
physical environment. 

There is, and will continue to be, emphasis on 
predictive approaches to screening chemicals for 
persistence, bioaccumulation and toxic (PB&T) 
properties, as well as long-range atmospheric 
transport (LRAT) potential (Brown and Wania 2008, 
Czub et al. 2008, Fenner et al. 2005, Gouin and 
Wania 2007, Howard and Muir 2010, Klasmeier et al. 
2006, Matthies et al. 2009, Muir and Howard 2006). 
This has created the need for determining pchem pro-
perties of new and emerging chemicals of concern. 

Predicting gas exchange cycles of legacy persistent 
organic pollutants (POPs) and new and emerging 
chemicals of concern places a high demand on the 
accuracy of pchem properties, particularly the air/
water partition coefficient, KAW. Hexachlorocyclo-
hexanes (HCHs) in Arctic Ocean surface waters  
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are close to air-water equilibrium, with excursions 
toward net volatilization or deposition that vary with 
location and season (Hargrave et al. 1993, Jantunen 
et al. 2008a, Lohmann et al. 2009, Su et al. 2006, 
Wong et al. 2011) while hexachlorobenzene (HCB) 
(Lohmann et al. 2009, Su et al. 2006, Wong et al. 
2011) and some current use pesticides (CUPs)  
(Wong et al. 2011) are undergoing net deposition. 
The predicted Arctic Contamination Potential (ACP) 
for persistent organic chemicals is strongly influ-
enced by ice cover due to its effect on air-water  
gas exchange (Meyer and Wania 2007). 

Many advances have taken place and numerous 
papers have been published since CACAR-II,  
which present new measurements and predictions  
of pchem properties. This section does not attempt  
to provide a comprehensive review of the field, or  
to compile pchem properties from the many studies. 
The approach taken is to highlight the reports which 
are most relevant to polar science, particularly in 
areas of improving reliability of pchem properties  
for POPs, improving experimental techniques and 
comparing predictive methods. The section ends  
with a discussion of polyparameter linear free  
energy relationships (pp-LFERs), which goes  
beyond partitioning descriptions based on single 
pchem properties by taking into account specific 
chemical interactions that can take place in air- 
surface and water-surface exchange processes.  
A detailed list of chemical names and nomenclature 
are provided in the Glossary.

2.1.2.  Key physicochemical properties  
 and interrelationships

Key properties for describing phase partitioning in 
the environment are the three solubilities (mol m-3) 
of liquid-phase chemicals in air, water and octanol 
(SA, SW, SO), and three dimensionless partition coeffi-
cients between octanol/water (KOW), octanol/air (KOA) 
and air/water (KAW) (Cousins and Mackay 2001). KOW 
is a measure of hydrophobicity and is used as a cor-
relation property in bioaccumulation assessments and 
for partitioning between water and sediment organic 
carbon. KOA, SA or liquid-phase vapour pressure  
(PL = SART, Pa), are correlation properties for 
describing absorption of organic compounds to  
aerosols. KOA has further applications in modeling 
soil-air exchange and bioaccumulation through the 
respiratory exchange. The dimensionless Henry’s law 
constant KAW (KAW = H/RT, where H has units Pa m3 
mol-1), is used to estimate the direction and rate of 
air-water gas exchange and precipitation scavenging.

The six properties form the triangular relationship in 
Figure 2.1 (modified from Åberg et al. 2008). A com-
plication arises with KOW, which is experimentally 
measured using octanol and water that are mutually 
saturated with the other solvent and thus is different 
from the partition coefficient which is based on the 
ratio of solubilities in the pure solvents, K*

OW = SO/SW. 
The “wet octanol” KOW is used for the prediction  
of phase partitioning in the environment, but “dry 
octanol” K*

OW is needed to estimate other properties 
according to Figure 2.1, and relationships have  
been proposed to interconvert KOW and K*

OW (Beyer  
et al. 2002, Li et al. 2003a, Schenker et al. 2005).

Relationships among solubilities and partition coefficients. Modified from Åberg et al. 2008.
FIGURE 2.1 

KAW = SA / SW  KOA = SO / SA  

K*OW = SO / SW 

 SA  

 SO
 SW 
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2.1.3.  Derivation of “thermodynamically 
consistent” pchem properties

Experimental values for the above pchem properties 
are often quite variable, especially for more hydro-
phobic chemicals, and selection of literature values 
for predicting environmental partitioning is problem-
atic. A major advance since CACAR-II has been the 
generation of “thermodynamically consistent” pchem 
properties. The process begins by screening pub-
lished properties data, rejecting outlying results and 
arriving at a set of literature-derived values (LDVs). 
The LDVs are adjusted for thermodynamic consis-
tency by employing the relationships among 
solubilities and partition coefficients in Figure 2.1 
and minimizing the errors in each LDV by using 
iterative (Beyer et al. 2002, Li et al. 2003a, Schenker 
et al. 2005, Shen and Wania 2005, Xiao et al. 2004) 
or least squares (Åberg et al. 2008, Schenker et al. 
2005) approaches. The result is a set of final 
adjusted values (FAVs) with reduced uncertainties 
compared to the original data. LDVs for KOW are 
converted to K*

OW for thermodynamic adjustment 
(Figure 2.1), and the FAVs are recalculated to KOW 
for reporting. The FAVs for KOW, KOA, KAW, PL and SW 
at 25 oC are summarized in Annex Table A2-1 for 
PCB congeners (Li et al. 2003a, Schenker et al. 
2005) and Annex Table A2-2 for pesticides (Muir et 
al. 2004, Shen and Wania 2005, Xiao et al. 2004). 
FAVs have also been derived for polycyclic aromatic 
hydrocarbons (PAHs) (Beyer et al. 2002) and poly-
chlorinated dibenzo-p-dioxins and dibenzofurans 
(PCDDs, PCDFs) (Åberg et al. 2008). Similar selec-
tion and adjustment procedures are used in these 
reports to derive LDVs and FAVs for the internal 
energy of phase changes, thereby allowing prediction 
of pchem properties at other temperatures.

Numerical uncertainty values have not been applied 
to the Wania group FAVs; instead, a subjective scale 
of 1 (low) to 5 (high) was assigned based on the 
number and perceived quality of individual literature 
results that went into the calculation of LDVs and 
FAVs (Li et al. 2003a, Shen and Wania 2005,  
Xiao et al. 2004).

2.1.4. Prediction of pchem properties

Experimental determination of pchem properties is 
labour-intensive and results often vary depending on 
the laboratory and measurement technique. Prediction 
of pchem properties using quantitative structure-
property relationships (QSPRs) offers an alternative 
and works synergistically with measurements to 
improve reliability. Moreover, modeling is the only 
feasible way to generate pchem properties for the 
tens of thousands of high production volume 

chemicals that need to be screened for their potential 
to persist, bioaccumulate and undergo long-range 
transport. Today’s QSPR models range in complexity 
from semi-empirical, employing training sets of 
chemicals with known pchem properties for calibra-
tion, to those that are fully computational. A large 
number of papers on prediction of pchem properties 
have appeared since CACAR-II. The approach  
taken here is to give examples of studies that  
compare QSPRs, particularly for chemicals which  
are on Canada’s Domestic Substance List (DSL)  
and/or are likely to be arctic contaminants. Because 
of their growing importance as arctic contaminants 
and the uncertainties involved in experimental  
measurement and prediction of pchem properties,  
a separate discussion of fluorinated chemicals is 
given in section 2.1.7.

The EPI (Estimation Program Interface) (U.S. EPA 
2009) Suite QSPRs are widely used for predicting 
pchem properties and environmental fate, including 
KOW (KOWWIN), KAW (HENRYWIN), KOA 
(KOAWIN), bioconcentration factor (BCFWIN), 
biodegradation (BIOWIN) and atmospheric oxidation 
(AOPWIN). The pchem properties modules in EPI 
Suite are based on fragment methods that assign a 
coefficient value for each identified fragment that 
contributes to the predicted property of the whole 
molecule. The applicability domain of fragment-
based QSPRs is restricted to the structural features 
present in training sets of chemicals, which are 
typically less than 1,000 substances, but are 13,000 
for KOWWIN (Muir and Howard 2006). Predictions 
are more uncertain for chemicals outside the training 
set domain because they rely on experimental 
properties of the chemicals in the training sets.

Large-scale screening of chemicals on Canada’s DSL 
and other lists of commercial chemicals for bioaccu-
mulation and LRAT potential, has been carried out 
using properties predicted from the EPI Suite QSPR 
models, covering 11,317 substances (Muir and 
Howard 2006) and subsequently, a largely non-over-
lapping list of 22,263 chemicals (Howard and Muir 
2010). From the former list, the top 30 chemicals 
with persistent and bioaccumulative characteristics 
and the top 30 with LRAT potential were reported 
(Muir and Howard 2006). In the subsequent paper, 
Howard and Muir (2010) selected 610 priority  
substances as persistent and bioaccumulative on  
the basis of EPI Suite modeling and expert judgment. 

Brown and Wania (2008) used two parallel screening 
methodologies, one based upon substance properties 
(either measured or estimated) and the other on the 
structural similarity to known arctic contaminants,  
to examine 105,584 chemicals from the EPI Suite 
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software (3) for Arctic Contamination and 
Bioaccumulation Potential (AC-BAP). They 
identified 120 high production volume (HPV) 
chemicals as being structurally similar to known 
arctic contaminants and/or had pchem properties that 
suggested they have arctic contamination potential. 
Most of these 120 chemicals were also identified by 
Howard and Muir (2010), indicating a high degree  
of agreement for screening level assessments.

2.1.5. Comparison of predictive methods

COSMOfrag (Hornig and Klamt 2005) was applied  
to estimate KOW and KAW for chemicals on Canada’s 
DSL (Wittekindt and Goss 2009) and the results  
were compared to those from the EPI Suite models 
KOWWIN and HENRYWIN. For 1,800 compounds 
with experimental values of KOW, the root mean square 
error (rmse) was 0.4 log units for KOWWIN and  
0.76 log units for COSMOfrag. Comparison of 
COSMOfrag and KOWWIN predictions for 8,560 
chemicals gave a rmse of 0.7 log units, with no bias  
on either side. Greater errors were encountered in 
predicting KAW; the rmse in experimental vs. model 
comparisons was 0.90 log units for COSMOfrag and 
0.92 log units for HENRYWIN. COSMOfrag and 
HENRYWIN predictions compared with an average 
deviation of 1.8 log units and HENRYWIN values  
an average bias of 0.15 log unit higher. COSMOfrag 
predicted 1,902 out of 8,560 compounds on Canada’s 
DSL to have log KOW > 5 (a commonly used indicator 
for bioaccumulation potential screening), while 
KOWWIN predicted 2,043 compounds with log  
KOW > 5.

Results from EPI Suite, SPARC (Hilal et al. 2007), 
COSMOtherm (Eckert and Klamt 2002); (Klamt 
2005) and ABSOLV (Clarke 2009) were compared 
by Zhang et al. (2010b) for predicting KOW, KAW and 
KOA of 529 chemicals, and predicted properties were 
used to screen these chemicals against long-range 
transport potential (LRTP) and bioaccumulation 
potential (BAP) criteria, using thresholds for arctic 
contamination and bioaccumulation potentials  
(AC-BAP) (Brown and Wania 2008, Czub et al. 
2008). Screening results based on the four methods 
were consistent for approximately 70% of the  
chemicals. EPI Suite identified more chemicals  
as bioaccumulative in the aqueous environment  
and in humans than other prediction methods.  
When screening for elevated LRTP, fewer chemicals  
were identified with EPI Suite, while SPARC  
identified more chemicals with elevated LRTP  
and less with elevated terrestrial and human  
BAP when compare to the other methods. 

Rayne and Forest (2010a) evaluated KOWWIN and 
ALOGPS.2.1 (VCC Laboratories 2010), for predict-
ing log KOW of 1,545 chemicals on Canada’s DSL 
which had experimental values available. The rmse 
values for KOWWIN and ALOGPS2.1, predicted vs. 
experimental log KOW, were 0.37 and 0.35 log units, 
respectively. Log KOW residuals for KOWWIN were 
evenly distributed with no significant trend, whereas 
ALOGPS2.1 residuals displayed a significant trend, 
decreasing in signed error magnitude with increasing 
log KOW. Of the 83 compounds on a screened version 
of the DSL with known experimental log KOW > 5, 
KOWWIN correctly classified 75 and ALOGPS.2.1 
correctly classified 72. KOWWIN generated 11 false 
positives (predicting log KOW > 5 when experimental 
log KOW < 5) and 8 false negatives (predicting log 
KOW < 5 when experimental log KOW > 5), while 
ALOGPS generated 8 false positives and 11 false 
negatives. Performance was poorer for a suite of 
chemicals on the DSL list for which there were  
no experimental log KOW values.

Experimental observations have shown that KAW is 
much lower and KOA is much higher for β-HCH than 
for the α- and γ-isomers (Xiao et al. 2004). Due to its 
lower KAW, β-HCH was historically transported to the 
Arctic largely by ocean currents, whereas a combina-
tion of atmospheric and oceanic pathways delivered 
α-HCH (Li and Macdonald 2005, Li et al. 2002). The 
partitioning of HCH isomers was critically evaluated 
by Goss et al. (2008), who measured additional parti-
tioning data for the three HCHs. Results revealed a 
distinctly different partition behaviour for β-HCH. 
The ability of various models to predict this behav-
iour from molecular structure was investigated. 
SPARC and EPI Suite failed to predict any isomeric 
differences. COSMOtherm correctly predicted the 
qualitative differences among the isomers, but in 
some cases, the predicted absolute values differed  
by more than 1 order of magnitude. In addition, the 
COSMOtherm software was used to predict partition 
data for the three isomers of HBCDD, revealing 
results similar to HCH. Staikova et al. (2005), found 
that large differences in the experimental KOA for  
the isomers of HCH were found to correspond  
to similarly large differences in the out-of-plane 
polarizabilities of these substances.

2.1.6. Other predictive studies

Polychlorinated naphthalenes (PCNs) are contami-
nants of air and biota in polar environments 
(Bidleman et al. 2010), but few of the 75 PCN con-
geners have measured pchem properties. KOW, KOA 
and KAW were predicted for all PCN congeners using 
QSPRs based on quantum mechanical calculations  
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of molecular properties and interactions (Puzyn and 
Falandysz 2007). Six QSPRs were run and calibrated 
against experimental values of KOW and KOA. The 
rmse values for the most successful model were 
0.065 and 0.091 log units.

Partial least squares (PLS) regression with 18  
molecular descriptors was used to develop QSPRs 
based on directly measured KOA values of selected 
chlorobenzenes, PCBs, PCNs, PCDD/Fs, PBDEs  
and OCPs. An optimization procedure resulted  
in two temperature-dependent universal predictive 
models that explained at least 91% of the variance  
of log KOA (Chen et al. 2004). 

Principal component analysis and PLS regression 
was used to develop models for the PL of polychlori-
nated diphenyl ethers (PCDEs) and PBDEs (Öberg 
2002). All congeners of PCDEs and PBDEs were 
characterized by 795 molecular descriptors and two 
principal components accounted for about two thirds 
of the variance within each group. Bilinear calibration 
models were developed that could explain 99.4%  
of the variance in the external validation test sets. 
Values of PL were subsequently predicted for all  
congeners that were adequately described by these 
calibration models. The type and number of halogen 
atoms in the molecule were the main factors influ-
encing the vapour pressures of halogen substituted 
diphenyl ethers, but the variations in substitution  
pattern was also shown to be a significant factor.

QSPRs were developed for chlorobenzenes, PCBs, 
PCDD/Fs and PAHs using the simple molecular 
descriptors carbon number, chlorine number and,  
for PCBs, ortho-chlorine number (Van Noort 2009a). 
The models were applied to predict the PL, heat of 
vapourization (ΔHVAP) and the entropy of vapouriza-
tion (ΔSVAP); the latter two parameters allow the 
temperature dependence of PL to be estimated. 
Predictions of PL agreed, within 0.12-0.3 log units, 
with those determined by gas chromatography (GC) 
methods. These descriptors, along with the melting 
point, were also applied to predict water solubilities 
and vapour pressures of solid-phase chlorobenzenes, 
PCBs, PCDD/Fs, PAHs and phenolic compounds,  
with a standard error of about 0.2 log unit  
(Van Noort 2009b). 

A model based on five fragment constants and  
one structural correction factor was developed for 
predicting log KOA at temperatures ranging from  
10 °C to 40 °C (Li et al. 2006 ). The model was  
validated as successful by statistical analysis and 
external experimental log KOA data. Compared to 
other quantitative structure–property relationship 
methods, the fragment model was reported to be 

much easier to implement. As aromatic compounds 
that contain C, H, O, Cl, and Br atoms were included 
in the training set, the fragment model applies to a 
wide range of chlorinated and brominated aromatic 
pollutants, such as chlorobenzenes, PCNs, PCBs, 
PCDD/Fs, PAHs, and PBDEs. The model predicted 
log KOA with a standard error of about 0.2 units.

Solvation parameters were predicted for the 209 PCB 
congeners (Abraham and Al-Hussaini 2005). The sol-
vation parameters were the sum of the solvent-solute 
interactions: solute excess molar refractivity, solute 
dipolarity/polarizability, hydrogen bond acidity and 
basicity, McGowan characteristic volume, and the 
air/hexadecane partition coefficient. The solvation 
parameters were, in turn, used to estimate KOW, KOA 
and KAW. Predicted pchem properties were compared 
to available LDV and FAV values for PCB congeners 
(Li et al. 2003a), with the outcome that average  
absolute errors (in log units) ranged from 0.06–0.34, 
or agreement within a factor of two or better. 

Henry’s law constants (H = RT.KAW, Pa m3 mol-1) 
were predicted for the 209 PCB congeners using the 
quantum mechanical Continuous Solvation models 
COSMO-SAC and SM6 (Phillips et al. 2008) and  
the results were compared to predictions made  
with the SPARC Abraham solvation (Abraham  
and Al-Hussaini 2005) and the Burkhard (1985) 
semi-empirical models. At 25 °C, COSMO-SAC  
and SM6 models predicted similar values, which 
were consistent with all but one of the available  
sets of measurements, and had smaller rmse values 
than the other models tested.

A QSPR model for KOA of hydroxylated and methox-
ylated PBDE congeners (OH/MeO-PBDEs), based  
on 16 fundamental quantum chemical descriptors, 
was developed by Zhao et al. (2010). The molecular 
weight and energy of the lowest unoccupied  
molecular orbital were found to be the main  
factors governing KOA. KOA were also determined  
for 29 OH/MeO-PBDEs using GC compared to  
predicted values. The relative errors in log KOA 
ranged from 0.04% to 8.1%. 

An empirical linear relationship between the average 
polarizability of chlorinated aromatic and aliphatic 
compounds and their log PL was tested for its capa-
bility to predict log PL at 25°C for a diverse set of 
other nonpolar organic compounds, including bromi-
nated benzenes, aromatic hydrocarbons, chlorinated 
toluenes, HCHs, and p,p‘-DDT (Staikova et al. 
2005). The model showed generally excellent  
agreement with experimental data over a 10 order- 
of-magnitude range in PL, with an average error  
of less than 0.5 log unit, and accounted for the 
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differences in KOA of the HCH isomers. Results sug-
gested that a single theoretically derived parameter is 
sufficient to estimate (within an order of magnitude) 
the volatility of a wide variety of organic compounds 
whose primary interactions are dispersive in nature. 

The importance of considering the dissociation of 
ionizing compounds in evaluating their LRTP and 
bioaccumulation was pointed out by Rayne and 
Forest (2010b), Fu et al. (2009) and Kah and Brown 
(2008). For ionizable compounds (e.g., acid and 
anion forms, represented by HA and A–, respec-
tively), their “effective” pH-dependent distributions 
between octanol/water and air/water are: 

KOW or KAW = [HA]O/[HA]W or [HA]A/[HA]W  
(neutral form)  Eq. 1 

DOW or DAW = [HA]O/[HA + A–]W or [HA]A/[HA + A–]W 
(acid-base pair)  Eq. 2

Organic ions are capable of crossing cell membranes 
(Fu et al. 2009) and partitioning into octanol or lipids 
can also involve the ionic form, in which case DOW 
and Ki

OW, the partition coefficient for the ionic form, 
are written:

DOW = [HA + A–]O/[HA + A–]W  Eq. 3

Ki
OW = [A–]O/[A–]W Eq. 4

DOW = [KOW + Ki
OW

.10(pH-pKa)]/[1+10(pH-pKa)] Eq. 5

or the algebraically equivalent form:

DOW = fnKOW + fi Ki
OW Eq. 6

where fn and fi are the neutral and ionized fractions 
of the compound (Fu et al., 2009; Kah and Brown, 
2008). Similar relationships can be written for the 
partition and distribution coefficients between soil  
or sediment organic carbon/water (KOC, DOC). Rayne 
and Forest (2010b) used SPARC to predict DOW and 
DAW as functions of pH for eleven acidic compounds 
that have been proposed as potential arctic contami-
nants, with the result that many have DOW or DAW 
values at pH 6–8 which are substantially lower than 
the KOW or KAW of the neutral form. They conclude 
that the acidity/basicity of all compounds at relevant 
pH values (varying depending on the nature of the 
freshwater, marine, soil, atmospheric, or biological 
systems) must be taken into consideration in any 
KOW and KAW based screening assessment for arctic 
contamination potential.

2.1.7.  Partitioning properties  
of fluorinated chemicals

Arp et al. (2006) predicted partitioning properties  
of fluorinated chemicals, including fluorotelomer 
alcohols and olefins (FTOHs, FTolefins), methyl  

and ethyl perfluorosulfamidoethanols (MeFOSEs, 
EtFOSEs), methyl perfluorosulfamidoethylacrylate 
(MeFOSEA), and perfluoralkyl carboxylic and  
sulfonic acids (PFCAs, PFSAs) using EPI Suite, 
ClogP, SPARC (versions 2005 and 2006) and 
COSMOtherm. In estimating PL, KAW, and KOW, 
SPARC and COSMOtherm made predictions usually 
within 1 order of magnitude of the experimental 
value, while EPI Suite and ClogP performed with 
less accuracy. The least accurate predictions were 
found using ClogP for the fluorotelomer alcohols, 
where the estimated values were off by two to 
almost five orders of magnitude. 

A critical review of pchem properties of PFCAs and 
PFSAs, which also included other fluorinated chemi-
cals (FTOHs, MeFOSE and EtFOSE), was conducted 
by Rayne and Forest (2009b). Properties were pre-
dicted using EPI Suite, SPARC, ClogP, AlogPS 2.1 
and other QSPRs. Annex Table A2-3 lists predicted 
properties (KOW or DOW, KAW or DAW, KOC or DOC, KOA, 
PL) for PFCAs and PFOSA, summarized from Rayne 
and Forest (2010a, b) and Arp et al. (2006). Predic-
tions are compared to experimental values, where 
available. As noted above, KOW and KAW values refer 
to the properties of the neutral form only (typically 
estimated by models such as QSARS) whereas DOW 
and DAW characterize the overall partitioning behav-
iour of the acid-base pair. DOW and its pH dependence 
can be estimated directly by some models (e.g., 
SPARC), following the general equation Eq. 7.

DXY = fn KXY-n + fi KXY-I Eq.7

Empirical partition property values of ionizing  
chemicals generally represent the overall partitioning 
behaviour of the compound (i.e., DXY) but experimen-
tal techniques can be used to estimate the behaviour 
of individual species (see below). For the PFCAs, 
DAW has only been measured for PFOA (Kutsuna  
and Hori 2008, Li et al. 2007). The measurements 
were made in sulphuric acid solutions and may  
represent KAW, although there is discussion as to 
whether the pH was low enough to completely  
suppress ionization (Kutsuna and Hori 2008,  
Li et al. 2007, Rayne and Forest 2009b). 

Rayne and Forest (2009a,b) reviewed experimental 
measurements of sorption to sediments and inorganic 
surfaces such as sand and clay, and predicted parti-
tioning between organic carbon and water using 
QSPRs (Rayne and Forest 2009b). Results for log 
KOW and log DOW were generated by AlogPS2.1, and 
the 2007 versions of SPARC. Empirical log DOC 
values for a series of PFCAs and PFSAs, measured  
at pH 5.7–7.6 (Higgins and Luthy 2006), were  
correlated to these properties, and from the  
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regression equations estimates, were made for other 
PFCAs. Although Rayne and Forest (2009b) refer to 
their predictions as “log KOC”, they appear to be log 
DOC, since the correlations were developed from the 
Higgins and Luthy (2006) data. They are listed as 
DOC in Annex Table A2-3. Other “log KOC” or log  
DOC values for trifluoroacetic acid (TFA), PFOA and 
PFOS are provided in Table 1 of their paper, based 
on the log KOW and log DOW results from the programs 
listed above and the published regression equations. 

Partitioning of PFCAs and PFSAs between octanol 
and water have been experimentally measured by 
only one group (Jing et al. 2009). Their partition 
coefficients were classified as “log D” by Rayne  
and Forest (2009b), and are reported as such in 
Annex Table A2-3, but are actually neither DOW  
nor KOW as defined by Eq. 1-3. Rather, Jing et al. 
(2009) estimated partitioning of perfluorinated  
carboxylate and sulfonate oxoanions, and not  
neutral species, between the two phases using  
cyclic voltammetry to follow the ionic forms. 

Predicted properties of PFCAs and PFOSA vary  
by several orders of magnitude among the different 
QSPRs and often deviate substantially from experi-
mental values. The discrepancies may be inherent  
in the models themselves and also related to  
uncertainties in the measured/predicted ionization 

constants (pKa) of the chemicals, which are necessary 
for predicting DOW or DAW. Rayne and Forest (2010a, 
b) point out that model estimates are sensitive to the 
version used; for example, predictions of log KOW 
using more recent versions of SPARC and ClogP 
have changed by up to two units from the estimates 
provided by Arp et al. (2006). Rayne and Forest 
(2009b) state that the physicochemical properties  
and partitioning behaviour for the linear PFCAs and 
PFSAs are poorly understood and widely debated, 
and even less is known about the numerous branched 
congeners with varying chain lengths. 

Due to the uncertainty in key partitioning property 
data, it is important to characterize the impact of  
the input uncertainty on conclusions that are based 
on model output (e.g., conduct sensitivity and uncer-
tainty analyses). In some cases, such as assessing  
the long-range oceanic transport potential of perfluo-
rinated acid (Wania 2007), key model output is not 
sensitive to the uncertainty in partitioning property 
data. In other cases, such as characterizing aerosol-
air partitioning or atmospheric deposition of 
perfluorinated acids, the uncertainty in partitioning 
property data may result in high variability in model 
output (and hence higher uncertainty in the conclu-
sions based on the study). Predicted pchem properties 
for some non-ionic perfluorinated chemicals from 
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Rayne and Forest (2009b) and Arp et al. (2006)  
are summarized with experimental values in Annex  
Table A2-4. As for the PFCAs and PFOSA, a wide 
range of properties is estimated from various models. 
Rayne and Forest (2009b) again point out that model 
performance has changed over time, and that the 
more recent versions of SPARC and EPI Suite  
provide estimates of PL, KOA and KAW with better  
than an order of magnitude accuracy, often  
agreeing with experimental values.

Rayne et al. (2009) have summarized second-order 
reaction rate constants of perfluorinated compounds 
with atmospheric OH radicals and predicted rate con-
stants for OH, NO3 and O3 reactions .The solid-phase 
vapour pressure (log PS/Pa -2.52, 25oC) and enthalpy 
of sublimation (ΔHSUB, 90.9 kJ mol-1) were measured 
for ammonium perfluorooctanoate (Barton et al. 
2009). Log PS/Pa and ΔHSUB of PFOA were reported 
as -0.14 (27oC) and 88.9 kJ mol-1 (Barton et al. 
2008). Log PS/Pa at 23oC was reported for MeFOSE 
(-3.40), EtFOSE (-2.77), and MeFOSA (-3.39) 
(Shoeib et al. 2004). 

2.1.8.  Polyparameter linear free  
energy relationships

Partitioning of chemicals to environmental matrices 
is most often described by relationships of the type 
below where Ki is the equilibrium partition coeffi-
cient of substance i between two phases (particle/gas, 
water/sediment, water/biota, snow/air, etc.) and Pi is 
a pchem property (PL, KAW, KOW, KOA) of substance i.:

Log Ki = mlog Pi + b  Eq. 8 

Such single-parameter linear free energy relationships 
(sp-LFERs) cannot take into account the complex 
physical-chemical interactions involved in adsorption 
or absorption. They are generally applicable only 
within a single compound class and provide no means 
to understand the variability of substances across 
compound classes or among different sorbents (Goss 
and Schwarzenbach 2001). Polyparameter linear free 
energy relationships (pp-LFERs), or linear solvation 
energy relationships (LSERs) have been proposed to 
fit partitioning data for a wide variety of compound 
classes (Breivik and Wania 2003, Brown and Wania 
2009, Goss 2005, Goss and Schwarzenbach 2001). 
The pp-LFER equation has the form (Arp et al. 
2008d, Brown and Wania 2009, Goss 2005):

Log Ki = sSi + aAi + bBi + lLi + vVi + c  Eq.9 

A similar equation is used to calculate the enthalpy 
of phase change. Upper case letters are compound 
descriptors and lower case letters are phase 

descriptors. The terms represent the different  
types of interactions between the solute and the  
two phases which contribute to the partitioning. 
Specific interactions of the solute are described  
by the Abraham descriptors S (polarizability/
dipolarizability), A (acidity: electron acceptor, 
hydrogen bond donor), and B (basicity: electron 
donor, hydrogen bond acceptor). Nonspecific (Van 
der Waals) interactions are described by L (logarithm 
of the hexadecane/air partition coefficient) and V 
(McGowan molecular volume) for absorptive 
processes. The corresponding phase descriptors 
quantify the relative affinity of the two phases for 
these kinds of interactions; c is a fitting constant. 

Partitioning descriptions by pp-LFERs have been 
applied to sorption of vapour-phase organic chemi-
cals to aerosols (Arp et al. 2008a, Arp et al. 2008b, 
Götz et al. 2007, Götz et al. 2008, Roth et al. 2005), 
soil humic acid (Niederer et al. 2006a,b), and to 
organic carbon/water partitioning (KOC) (Bronner  
and Goss 2011a,b, Faria and Young 2010, Nguyen et 
al. 2005, Schüürmann et al. 2006). Solute descriptors 
have been measured or estimated for environmentally 
relevant chemicals, including pesticides and pharma-
ceuticals (Bronner and Goss 2011b, Tülp et al. 2008), 
PCBs (Abraham and Al-Hussaini 2005) and other 
chemicals (references in Brown and Wania (2009)). 
Phase descriptors (partitioning among air, octanol 
and water, and between aerosol/air, humic acid/air 
and humic acid/water) have been published by these 
and other works and are tabulated by Brown and 
Wania (2009). 

Comparison of a pp-LFER with a sp-LFER, based  
on KOA for predicting particle/air partition coefficients 
(KPA), showed that the two models gave similar results 
for nonpolar solutes (PCBs, DDT compounds) and in 
cases where the interaction with aerosols was domi-
nated by absorption into organic matter. Substantial 
differences were seen for polar pesticides and for 
low-organic aerosols. The pp-LFER model predicted 
that PCBs and DDTs would be approximately 95% 
associated with the organic fraction, while polar  
pesticides would partition 60% or more to the  
mineral fraction (Götz et al. 2007). The pp-LFER 
approach was preferred over KOA in a geographically 
resolved global transport model with a variety of 
aerosol types. This was the case particularly in 
regions with low organic matter aerosols (deserts, 
arctic, and some oceanic regions) (Götz et al. 2008). 
An experimental-modeling study showed that pp-
LFERs provided a better description of interactions 
between vapour-phase n-alkanes, PCBs and OCPs and 
the organic matter of aerosols (Arp et al. 2008b, Arp 
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et al. 2008c). Predictive methods failed to account for 
the particulate fraction of PAHs due to the presence  
of a nonexchangeable fraction (Arp et al. 2008c). 

Prediction of KPA from the molecular structures  
of sorbates and aerosol organic matter was carried 
out using COSMOtherm and SPARC (Arp and  
Goss 2009a, b). Using a validation set of 1,400 
experimentally determined KPA values for polar, 
apolar, and ionic compounds ranging over 9 orders  
of magnitude (including semi-volatile compounds 
such as PCDD/Fs, pesticides, and PBDEs), SPARC 
and COSMOtherm were generally able to predict  
KPA values well within an order of magnitude over  
an ambient range of temperature and relative 
humidity (Arp and Goss 2009a). However, these 
methods consistently predicted values below the 
observed partitioning of PFCAs to aerosols. This is 
likely due to additional partition mechanisms, unique 
to surfactants, not being accounted for in the model, 
namely aggregate formation and water surface 
adsorption (Arp and Goss 2009b). 

Niederer et al. (2006a, b) investigated vapour 
sorption of 188 chemicals on Leonardite humic acid. 
The sp-LFER Karickhoff model based on KOA gave 
good interpretation of the results for nonpolar 
compounds, but not for polar ones. A good 
description of the whole data set was achieved with 
a pp-LFER that explicitly accounts for the nonpolar 
(van der Waals and cavity formation) and polar 
(electron donor/acceptor) interactions between the 
sorbate molecule and the sorbent phase. With this 
pp-LFER model, most of the humic acid/air partition 
coefficients could be predicted within a factor of 2. 
In a subsequent study (Niederer et al. 2007), 
experimental soil/air partition coefficients mea- 
sured in 10 different humic and fulvic acids were 
successfully described by pp-LFERs. A pp-LFER 
model for soil-water partitioning was calibrated  
with experimental data for 79 polar and nonpolar 
compounds that covered a wide variety of 
intermolecular interactions (Bronner and Goss 
2011a). The model was applied to 50 pesticides  
and pharmaceuticals, for which experimental data 
were also available, with a model agreement rmse  
of 0.4 log units. 

Breivik and Wania (2003) modified a level III 
fugacity model to use five LSERs instead of 
sp-LFERs based on PL, SW and KOW. A comparison  
of modified and unmodified models showed that the 
approach chosen to simulate environmental phase 
partitioning can have a large impact on model results, 
including long-range transport potential, overall 

persistence, and concentrations in various media 
The authors argued that pp-LFER based environ-
mental fate models are applicable to a much wider 
range of organic substances, in particular those  
with polar functional groups. 

The issue was revisited by Brown and Wania (2009) 
in a comparison of pp-LFERs and sp-LFERs for a 
suite of chemicals with varied molecular structures 
within the CoZMo-POP2 framework: a non-equili-
brium, non-steady state multimedia fate model. 
Differences in chemical space plots arose mainly in 
the environmental phases that contained only a small 
fraction of chemical. KOC calculated from sp- and 
pp-LFERs were closely correlated, while more 
scatter was noted for particle/gas partitioning in  
the atmosphere. Overall, the absolute differences 
between the two models were relatively small 
compared to the precision associated with model 
parameterization. The authors recommended that 
when using a multimedia fate model as an evaluative 
or predictive tool, the choice of using a sp- or 
pp-LFER should be based on the quality of the 
available chemical input values.

2.1.9. Assessment

•  Pchem properties for legacy POPs are reasonably 
well established, but uncertainties remain, 
particularly for perfluorinated chemicals and 
probably for other polar compounds. Future 
progress will continue to rely on experimentation 
and modeling, critical evaluation and analysis of 
data to obtain thermodynamic consistency. 

•  The concluding statement of Arp et al. (2006) is 
relevant: “One can never be too confident about 
using models that predict partitioning parameters 
for untested compound classes, even if the models 
have been validated for thousands of compounds. 
Thus, upon the emergence of new compound 
classes, there should be a special bias to 
experimentally test the partitioning behaviour  
of chemicals belonging to this class”.

•  Regarding the application of pchem properties  
in decision-making, Zhang et al. (2010b) remarked 
that screening and categorization methods that rely 
on a decision as to whether a chemical’s predicted 
property falls on either side of a threshold are 
likely to lead to a significant number of false 
positive/negative outcomes. They suggested that 
screening should rather be based on numerical 
hazard or risk estimates that acknowledge, and 
explicitly take into account, the uncertainties  
of predicted pchem properties.
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2.2.  Usage and Emissions of POPs, 
CUPs and New Chemicals  
(Post-2002 Data)

Coordinating authors: Yi-Fan Li and Perihan Kurt-Karakus

2.2.1. Introduction

A major focus of the NCP has been to identify 
global sources of contaminants and quantify 
emissions for use in global mass budget models. 
Under NCP-I, rough estimates of total global use 
were made for several compounds including PCBs, 
DDT, toxaphene, lindane, chlordane, aldrin, dieldrin, 
and endosulfan. Most of this information, which 
includes historic, present, and predicted global use 
or sales, has been obtained from United Nations  
and government reports, scientific publications, 
Battelle Europe, the International Registry of 
Potentially Toxic Chemicals (IRPTC), and some 
joint international projects. Under NCP-II the 
inventory of organochlorine pesticides was updated 
and enhanced with the addition of data for β-HCH 
[globally gridded (1° x 1° latitude/longitude)], 
toxaphene, and DDT. Additionally, estimates  
of actual emissions to the atmosphere were made  
on a global scale for HCHs and, in the United States 
(US), for toxaphene. Estimates of residues left in  
US agricultural soil were also made for toxaphene 
and mapped on a grid (1/6° x 1/4° latitude/
longitude). In most parts of the world, technical 
HCH was replaced by lindane (γ-HCH) in the  
late 1970s and 1980s thereby reducing the amount  
of α- and β-HCH emissions. 

The Stockholm Convention entered into force on  
17 May 2004 and initially listed twelve chemicals, 
so-called “dirty dozen” (Chapter 1, Table 1.4). The 
dirty dozen “legacy” POPs were first produced and/
or used many decades ago and large number of 
studies reported their persistence, bioaccumulative 
properties and potential for long range transport, 
hence they have been globally banned or restricted 
by the Stockholm Convention since 2004. In 2009, 
nine more substances were added to the Convention 
(Chapter 1, Table 1.3), and two more (endosulfan and 
HBCDD) were added in 2011 and 2013, respectively. 
The 23 POPs included to date belong to three groups: 
• pesticides used in agricultural applications;
•  industrial chemicals used in various  

applications; and
•  chemicals generated unintentionally as a result of 

incomplete combustion and/or chemical reactions. 

Some chemicals such as HCB, pentachlorobenzene 
(PeCBz), and PCBs fit more than one of general 
categories listed above whereas some chemicals  
such as Penta-BDEs and Tetra-BDEs are listed 
together in elimination or control Annexes of  
the Stockholm Convention.

Occurrence and distribution of POPs in the 
environment is strongly related with their global 
production and usage pattern. For instance, 
occurrence and release of pesticide POPs are  
often related to their former applications in main 
agricultural areas of the world (Li 1999a, von 
Waldow et al. 2010) whereas non-pesticide  
POPs are highest in industrialized countries in  
the Northern Hemisphere. Once released into the 
environment, POPs are transported to regions far 
from source areas by air, ocean currents or animal 
vectors. Transport by ocean currents is particularly 
important for chemicals such as HCH isomers and 
PFASs that have higher water solubility ratios 
compared to classical POPs. Detection of these 
compounds in various arctic media has demonstrated 
the long-range transport capacity of these chemicals 
(Hung et al. 2010, Muir et al. 1999, Weber and 
Goerke 2003).

In this section, we provide up-to-date information  
(to early 2011) on usage and emissions of both 
legacy and emerging POPs. Selected values resulting 
from extensive research and literature reviews are 
presented in Table 2.1 (and Annex Table A2-5). It is 
important to note that a similar table of the production/ 
usage data of certain POPs was provided in the 
AMAP 2002 POPs assessment report (Table 2.1.  
in AMAP 2004), therefore the data presented  
here covers the period between 2002–2011  
where available.

In this chapter, we summarize the data for two 
groups of POPs. One is referred to as “legacy” 
POPs, the original “dirty” dozen listed in the 
Stockholm Convention—including intentionally  
produced POPs, unintentionally produced by-prod-
ucts and industrial POPs (Table 1.3); and the other  
is referred to as “new POPs”, which for purposes of 
this assessment include chlordecone, hexachlorocy-
clohexane (HCH), penta- and octa- BDEs, PeCBz, 
hexabromocyclododecane (HBCDD), perfluorooc-
tanyl sulfonate (PFOS), perfluorocarboxylates 
(PFCAs) such as perfluorooctanoate (PFOA),  
short-chain chlorinated paraffins (SCCPs),  
polychlorinated naphthalenes (PCNs) and other 
organic chemicals not previously reported in the 
Arctic (See Chapter 1, section 1.3.2).
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Table 2.1.   Estimates of the global historical usage, production or emission of selected POPs, by-products or potential POPs  
(thousands of tonnes) (updated after AMAP 2004)

Chemical Use Temporal 
Coverage

Estimated 
Amount 
produced 1

Data Type
Production (P)
Usage (U) 
Emission (E)
Soil residue (R)

Data Scale
Global (G) 
Regional ( R)

Mode of Release
Atmospheric (A)
Land (L)
Water (W)

Comments Reference2

Legacy organochlorine pesticides

DDT

Insecticide 1940-2005 4,500 P G 1

1950-1992 2,600 U G 2

1940-2005 1,030 E G
Emission 
from 
agriculture

1

Aldrin Insecticide 1950-1992 500 U G 3

Dieldrin Insecticide 1950-1992 34 U G 3

Chlordane Insecticide 1945-1988 78 U G 3

Toxaphene

Insecticide 1947-1986 720 P G 4

1950-1993 1,330 P G 2

1950-1992 1,330 U G 2

1947-1999 190 E G A 4

1947-2000 407 E G 1

Legacy industrial organochlorines and by-products

HCB Pesticide 
by-product Mid 1990s 0.012-0.092 

kt/y E G A 5

PCBs Various
1930-2000 1,326 P G

Sum of PCB 
homologues 
(mon-, di-, 
tri-, tetra-, 
penta-, 
hexa-, 
hepta-, octa-, 
nona-, deca-
PCBs

6

1930-1992 1,200 U G 3

PCDD/Fs
By-products ~2000 7.1-12.6 kg 

TEQ/y E G A

Global 
Emission to 
air from 
different 
sources by 
23 countries

7

2004 77.4 kg 
TEQ E G A, L, W 8

New POPs

Technical HCH Insecticide 1948-1997 10,000 U G 9

α-HCH

1945-2000 6,000 U G 1

1980 290 U G 10

1990 59 U G 10

1945-2000 4,300 E G 1

1980 184 E G 10

1990 44 E G 10

β-HCH
1945-2000 850 U G 11

1945-2000 230 E G 11

Lindane
Insecticide 1950-1993 720 U G 2

2005 13.6 R G Soil residue 12

Chlordecone Insecticide

Pentachlorophenol (PCP) Fungicide 2002 5 P G 13
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Chemical Use Temporal 
Coverage

Estimated 
Amount 
produced 1

Data Type
Production (P)
Usage (U) 
Emission (E)
Soil residue (R)

Data Scale
Global (G) 
Regional ( R)

Mode of Release
Atmospheric (A)
Land (L)
Water (W)

Comments Reference2

HCBD 
(hexachlorobutadiene)

Solvent for 
other chlorine 
containing 
compounds, 
intermediate

1982 10 P G 14

Penta-bromodiphenyl 
ether (Penta-BDE)

Flame 
retardant

2001 
2001 7.5 P 

P
G 
G 15

Deca-bromodiphenyl ether 
(Deca-BDE)

Flame 
retardant 2001 56 P G 15

Octa-bromodiphenyl ether 
(Octa-BDE)

Flame 
retardant 2001 3.8 P G 15

TBBPA

Flame 
retardant 2001 120 P G 15

2008 3.2 P G
Sold by 
EBFRIP 
member 
companies

16

Polybrominated diphenyl 
ethers (ΣPBDEs)

Flame 
retardants 2001

67
P G 15

Brominated flame 
retardants 
(ΣBFRs)

Flame 
retardants 2001 204 P G 15

PFCAs
Surfactant and 
flame 
suppressant

1951-2004 
1951-2004

4.4-8 
3.2-7.3

P 
E

G 
G 17

POSF (perfluorooctane 
sulfonyl fluoride)

Surfactant and 
flame 
suppressant

1970-2002 
1970-2012

96 
45

P 
E

G 
G A,W

Fom direct 
and indirect 
(PFOS 
precursors) 
sources

18

Polychlorinated 
naphthalenes (PCNs)

Flame 
retardants and 
by-product

1920s-1980s 50-150 P G 19,20

1925-1985 450 P, U G 21

2007 430-692 mg 
TEQ E G

Emission 
from coking 
industry

22

Endosulfan

Insecticide 1954-2002 338 U G 1

1954-2002 215 E G A 1

Hexabromocyclododecane 
(HBCDD)

Flame 
retardants 2001 16.7 P G 15

2002 
2003 
2008

21.5 
22.0 
8.9

P 
P 
P

G 
G 
G

16 
24 
25

2008 3.2 P G
Sold by 
EBFRIP 
member 
companies

16

Current use pesticides

Dicofol Insecticide 2000s 5.5 kt/y P G
Global dicofol 
production 
including 
China

23

1 Units are in kilotonnes total production for the period indicated in column 3 unless otherwise indicated
2 References: 1: Li and Macdonald (2005); 2: Voldner and Li (1995); 3: Barrie et al. (1992); 4: Li (2001); 5: Bailey (2001); 6: Breivik et al. (2007); 7 : Fiedler (2007); 8: Li et al. (2010); 9 : Li (1999b); 

10: Li et al. (2000); 11: Li et al. (2003b); 12: Li and Ren (2008); 13: U.S. EPA (2008 )14 : WHO (1994b); 15: Birnbaum and Staskal (2004); 16: BSEF (2009); 17: Prevedouros et al. (2006);  
18: Paul et al. (2009); 19 : Falandysz (1998); 20 : Hayward (1998); 21: Li (2011); 22: Liu et al. (2010a); 23: Hoferkamp et al. (2010); 24: BSEF (2003); 25: Morose (2006)
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2.2.2. Legacy POPs 

Chemicals discussed under the title of “legacy” 
POPs are pesticide POPs including aldrin, dieldrin, 
endrin, heptachlor, mirex, toxaphene, chlordane, 
DDT, HCB, and the industrial POPs including HCB, 
PCBs, and by-products PCDD/Fs. HCB is classified 
as both a pesticide and an industrial POP due to its 
historic use and production as a by-product. We 
outline estimated global production/usage/emissions 
of these chemicals as well as country-specific 
information for certain chemicals.

2.2.2.1. DDT

Li and Macdonald (2005) estimated the total global 
DDT production from the 1940s to the present at 
around 4,500 kt. The 7 countries with the highest 
historical DDT use are listed in Table 2.2. Although 
production and legal use of DDT no longer take place 
in North America, DDT is the only pesticide on the 
POPs list that is produced and applied in appreciable 
amounts for malaria control in other regions of the 
world. Hence, there are still large amounts of this 
chemical and its metabolites found cycling in various 

Table 2.2.   Top 7 countries for overall DDT use (Li and Macdonald 2005)
Country Usage in agriculture (kt) Usage in public health (kt) Overall usage (kt)

United States 590 55 645

India 75 430 505

Former Soviet Union 320 ? 320

Indonesia 20 293 313

China 260 10 270

Mexico 180 71 251

Brazil 106 106 212

Total 1606 910 2516
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Temporal trend of DDT usage in agriculture and emissions due to agricultural uses from 1947 to 2000. The total usage is 2600 kt, and total 
emissions are 1030 kt for this period. Reproduced from Li and Macdonald (2005).
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environmental compartments. Long-range transport, 
especially atmospheric transport, delivers some 
amounts of the DDT chemicals to North American 
environments, including Canada’s North, even today. 
Also, it should be mentioned that the pesticide dicofol, 
which is still in use primarily as an acaricide to control 
mites, is quite closely related to DDT and has in the 
past contained substantial quantities of this chemical 
(up to 15%). Since 1986, dicofol has been required  
to contain no more than 0.1% DDT, and so it is no 
longer a significant source of DDT emission to the 
environment. The UNECE LRTAP Convention has 
proposed that dicofol be banned by 2010–2020 
(Denier van der Gon et al. 2007, Hoekstra et al. 2006). 

The temporal trends of global DDT usage in agricul-
ture and emissions due to agricultural applications 
from 1947 to 2000 (Figure 2.2) shows that use and 
emissions have decreased continuously since the end 
of the 1960s and the beginning of the 1970s, when 
the United States and other western countries banned 
DDT for agriculture. The total emission of DDT from 
agricultural applications is estimated to be 1030 kt 
between 1947 and 2000.

2.2.2.2. Toxaphene 

Toxaphene was one of the most heavily used pesti-
cides on a global basis with an estimated cumulative 
usage of 1,330 kt (Voldner and Li 1995). Of the top 
10 countries contributing to toxaphene usage (Table 
2.3), the US consumed the largest amounts (490 kt) 
followed by the former Soviet Union (254 kt).  
Figure 2.3 shows the temporal trends of toxaphene 
usage and emission from 1947 to 2000, both of 
which have decreased continuously since the middle 
of the 1970s mainly due to reduced use in the United 

States. Total global toxaphene emissions are around 
407 kt from 1947 to 2000 (Li and Macdonald 2005). 

2.2.2.3. Polychlorinated biphenyls (PCBs)

A global inventory of PCB usage and emission has 
been developed by Breivik et al. (Breivik et al. 2002a, 
Breivik et al. 2002b, Breivik et al. 2007). The esti-
mates account for a reported historical global 
production of approximately 1,300 kt PCBs, more  
than 70% of which are tri-, tetra- and pentachlorinated 
biphenyls. The results further suggest that almost 97% 
of the global historical use of PCBs have occurred in 
the Northern Hemisphere (Breivik et al. 2002b). 

Major inventories of PCBs are still maintained in 
Canada (Environment Canada 2005) and in the US 
(USEPA 2010c), and use continues in closed systems. 
Under the Commission for Environmental 
Cooperation, the PCB Task Force is developing  
and promoting PCB management strategies for North 
America (CEC 2011). Emissions from in-use and 
waste inventories in urban areas has been estimated 
at between 0.01–0.3% annually of the total docu-
mented stocks (Diamond et al. 2010). 

Figure 2.4 lists the top 10 countries with the largest 
usage of 22 PCB congeners (CB-5, -8, -18, -28, -31, 
-52, -70, -90, -101, -105, -110, -118, -123, -132, 
-138, -149, -153, -158, -160, -180, -194, -199). 
According to (Breivik et al. 2002b), the total global 
usage of these 22 PCB (Σ22PCB) congeners was 
approximately 570 kt, among which, the use in the 
United States was estimated as 250 kt, or about 45% 
of the total global use. Denier van der Gon et al. 
(2007) estimated the PCB emission was 133 t in  
the year 2000 in UNECE Europe.

Table 2.3.  Top 10 countries using toxaphene between 1947 and 2000 (Li and Macdonald 2005)
Country Usage (kt) Time period

United States 490 1947–1986

Soviet Union 254 1952–1990

Nicaragua 79 1974–1990

Mexico 71 1952–2000

Egypt 54 1956-1961

Brazil 50 1955–1993

Syria 33 1952–1990

France 26 1952–1991

Columbia 23 1955–1990

Form. East Germany 22 1950-1990

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V78-4FDMYH7-2&_user=3297716&_coverDate=04/15/2005&_rdoc=4&_fmt=high&_orig=browse&_srch=doc-info(#toc#5836#2005#996579998#594158#FLA#display#Volume)&_cdi=5836&_sort=d&_docanchor=&_ct=19&_acct=C000058537&_version=1&_urlVersion=0&_userid=3297716&md5=b89b1d784ef52114fa8f15c1694df120%22 %5Cl %22tbl6#tbl6
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6V78-4FDMYH7-2&_user=3297716&_coverDate=04/15/2005&_rdoc=4&_fmt=high&_orig=browse&_srch=doc-info(#toc#5836#2005#996579998#594158#FLA#display#Volume)&_cdi=5836&_sort=d&_docanchor=&_ct=19&_acct=C000058537&_version=1&_urlVersion=0&_userid=3297716&md5=b89b1d784ef52114fa8f15c1694df120%22 %5Cl %22tbl6#tbl6
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Temporal trends of toxaphene usage and emission from 1947 to 2000 (Li and Macdonald 2005).
FIGURE 2.3 
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Estimated temporal development of global emissions of Σ22PCB (in metric tons per year) from 1930 to 2100 (modified from Breivik et al. 2007).
FIGURE 2.5
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Figure 2.5 describes the estimated annual temporal 
trend in global emissions of Σ22PCB from the start of 
their production in 1930 until 2100. According to this 
scenario, global atmospheric emissions of Σ22PCB 
peaked with more than 3000 t emitted in 1970, and 
decreased continuously, reaching about 200 t in 2010. 
Global emissions of Σ22PCB in 1970 and in 2010, 
with 1o x 1o latitude/longitude resolution, are shown 
in Figure 2.6.

2.2.2.4. Dioxins and Furans

Polychlorinated dibenzo-p-dioxins (PCDDs) and 
polychlorinated dibenzofurans (PCDFs) are “non- 
intentionally “ produced POPs. They are ubiquitous 
by-products of various industrial processes and incin-
erators (e.g., waste incineration, iron and steel 

production, coal burning and some industrial pro-
cesses involving chlorine) as well as of natural 
combustion processes (e.g., forest fires, volcanoes). 
Due to their pchem properties, PCDDs and PCDFs 
can enter into the food chain and tend to accumulate 
in many compartments, including adipose tissues of 
exposed organisms, and cause a variety of deleterious 
effects on biological systems.

Figure 2.7 shows the emission data of these  
chemicals for each region in 2004. The total global  
dioxin release to environment reached 77.4 kg TEQ,  
among which, 38.2 kg TEQ are emissions to the air.  
Figure 2.8 presents the total release and emissions  
to air of PCDD/Fs on different continents. The high-
est total release to all media and the emissions to air 
was in Asia, followed by South America.
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The purpose of emission gridding is to allocate the 
emission of pollutants to areas where the emissions 
actually occurred. This is very important for both 
policy makers and chemical fate/transport modelers. 
Figure 2.7 provides the total emissions for each 
country, but does not show the actual emission 
locations. It would be very useful if the emission  
data based on countries be distributed among  

proper areas. In this case, population dataset is used 
as a surrogate to allocate the emissions of dioxin. 
Figure 2.9 describes global gridded PCDD/F 
emission inventories, with 1o x 1o latitude/longitude 
resolution, showing that the emission of PCDD/F  
in 2004 was heavy in central Europe, India,  
China, South Korea, and Japan.

Total PCDD/F release and emissions to air in different continents for 2004 (Li et al. 2010).
FIGURE 2.8 
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Denier van der Gon et al. (2007) estimated the  
PCDD/Fs emission to air was 11.7 kg TEQ in 2000  
in UNECE Europe, almost 2 times higher than in 2004  
in Europe (6.0 kg TEQ) as described in Figure 2.8.

2.2.3.  CUPs including lindane  
and endosulfan

2.2.3.1. Global lindane soil residue inventory

Lindane, also known as γ-HCH is an organochlorine 
chemical that has been used as an agricultural insecti-
cide (Geldmacher-v Mallinckrodt and Machbert 1997). 

The global γ-HCH soil residue inventory for 2005, 
illustrated in Figure 2.10, is adapted from Li and 
Ren (2008). As shown in Figure 2.10, the major 
sources of γ-HCH across the world in 2005 were  
in central Europe, India, China, and the Canadian 
Prairie provinces. The total soil residues of γ-HCH  
in 2005 were estimated to be 13,600 t in the world—
3,700 t in Europe, 3000 t in India, 2200 t in North 
America (NA), 1900 t in China, and 1200 t in the 
Former Soviet Union (FSU). The total amount of 
γ-HCH in soils of these five regions is 88% of total 
global residues. 

2.2.3.2. Endosulfan

Endosulfan, an organochlorine pesticide used  
by many countries but being phased out, was first 
introduced in the 1950s by Hoechst AG and FMC 
Corporation as a non-systemic and ingested insecti-
cide and miticide. Endosulfan has been used to 
control insects on food crops such as grains, tea, 
fruits and vegetables, as a wood preservative,  

and on non-food crops such as tobacco and cotton,  
worldwide. It is also used for public health applica-
tions such as the control of the tsetse fly. Endosulfan, 
consists of 70% α-endosulfan and 30% β-endosulfan 
(Maier-Bode 1968, Rice et al. 1997). It is extremely 
toxic to fish (UNEP 2010). 

Global usage

Because of its toxicity to human health and the envi-
ronment, endosulfan was included in the Stockholm 
Convention in April 2011 and the ban took effect  
in mid-2012, with certain uses exempted for 5  
additional years. More than 80 countries, including 
the European Union, many West African countries, 
Australia, New Zealand, Canada, the United States 
and Brazil, have already banned it or announced 
phase outs. However, it is still used extensively in 
India, China and a few other countries (UNEP 2009). 
In completing revised assessments, the US EPA has 
concluded that endosulfan’s significant risks to  
wildlife, the environment as well as to agricultural 
workers, outweigh its limited benefits and therefore 
US EPA is taking action to end all uses of endosulfan 
in the United States (USEPA 2010a) and phasing it 
out completely as of 2016.

According to the International Stewardship Centre 
(ISC) (cited in UNEP 2010), the total average annual 
use quantity of endosulfan in the past years is esti-
mated at approximately 15,000 t of active ingredient. 
Brazil, India, China, Argentina, the US, Pakistan, 
Australia and Mexico represent the major markets. 
Also according to ISC, the use in Latin America and 
Asia has been growing consistently (cited in UNEP 

Gridded global γ-HCH soil residues (tonnes cell-1) in 2005 with 1°×1° latitude/longitude resolution (Li and Ren 2008). 
FIGURE 2.10
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2010). Endosulfan has been one of the most widely 
used insecticides in India and it is the world’s largest 
manufacturer of this insecticide as well as the major 
user. Of an estimated annual production of 9,500 t, 
4,500–5,000 t are consumed domestically (UNEP 
2010, BiPRO GmbH 2010). The endosulfan phase-
out commitment under the Stockholm Convention is 
often loosely referred to as a “ban” thereby clearing 
it for elimination. However, India made use of the 
provision for “exception” which will allow it to  
manufacture and use the substance until a safer,  
cost-effective alternative is found. India agreed  
to decrease endosulfan use in five years which is 
extendable by another five years. Consequently,  
the country will have 11 years to wean away from 
endosulfan use altogether.

A total annual use of 15,400 tonnes was distributed in 
Argentina (1,500 t), Brazil (4,400 t), India (5,000 t), 
China (4,100 t) and the US (400 t). If the production 
amount of 18,000 to 20,000 tonnes per year is assumed 
to be used, then the remaining 3,000 to 5,000 t are used 
by other countries (BiPRO GmbH 2010).

Figure 2.11 (top panel) presents the temporal trend  
of endosulfan usage (and also its emissions) from 
1954 to 2005, indicating that the general trend of 
total global endosulfan use has increased continu-
ously since the first year this pesticide was applied. 
The total usage and emissions of endosulfan from 
1954 to 2005 were 420 kt and 190 kt, respectively. 
The average annual endosulfan consumption in the 
world was estimated to be 10.5 kt from 1980 to 1989 
and 12.8 kt from 1990 to 1999 (Li and Macdonald 
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2005). These data correspond to the World Health 
Organization (WHO) report of worldwide annual 
production at 10 kt in the 1980s (WHO 1984) and 
also agree with the 12 to 13 kt reported annual  
production in the 1990s (Li and Macdonald 2005). 

Global use of endosulfan for the period 1996–2004  
is displayed in Figure 2.11 (bottom panel). While 
endosulfan use appears to have declined in the  
northern hemisphere over this period, use in the  
southern hemisphere has increased (e.g., South 
America, Australia), maintaining an annual average 
global use of 12.45 kt for the period 2000 to 2004 
(Mackay and Arnold 2005). UNEP (2010) estimated 
global production of 18 to 20 kt per year as of the  
late 2000s with India accounting for 50-60% of  
global production.

Cumulative global use of endosulfan is estimated to be 
450 kt from 1954 to 2010, and gridded global endosul

fan usage (t cell-1) for 1954–2010, with 1o x 1o latitude/
longitude resolution, is presented in Figure 2.12.

Global emission

It was reported that endosulfan emissions in  
UNECE-Europe in 2000 was 775 t (Denier van der 
Gon et al. 2007). Total global endosulfan (α- plus 
β-endosulfan) emissions have also increased  
continuously since the year when this pesticide  
was first applied (Figure 2.11, top panel), amounting 
to a total emission close to 150 kt at present (Li and 
Macdonald 2005). Cumulative global emission of 
endosulfan (α- plus β-endosulfan) for 1954–2010  
is estimated to be 215 kt, around 48% of the total 
global usage. 

Figure 2.12 presents the distribution of total endo-
sulfan emissions from 1954 to 2010 with 1° x 1° 
latitude/longitude resolution (Jia and Li 2010). 

Distribution of total endosulfan emissions from 1954 to 2010 with 1° x 1° longitude and latitude resolution (a preliminary version). The total 
endosulfan emission is 215 kt, almost half of the total global usage (Jia and Li 2010). 
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2.2.4. PBDEs, PCNs, DP, HCB 

2.2.4.1.  Polybrominated diphenyl ethers 
(PBDEs)

PBDEs comprise a class of substances consisting  
of 209 possible congeners with 1–10 bromine atoms. 
PBDEs are found in three commercial mixtures,  
typically referred to as pentabromodiphenyl ether 
(Penta-BDE mixture), octabromodiphenyl ether 
(Octa-BDE mixture) and decabromodiphenyl ether 
(Deca-BDE mixture). Penta-BDE mixture is predom-
inantly a mixture of penta-BDE, tetra-BDE and 
hexa-BDE congeners, but may also contain trace 
levels of hepta-BDE and tri-BDE congeners. Octa- 
BDE is a mixture composed mainly of hepta-BDE, 
octa-BDE and hexa-BDE, but may also contain  
small amounts of nona-BDE and deca-BDE. Current 
formulations of Deca-BDE are almost completely 
composed of deca-BDE and a very small amount  
of nona-BDE. Tetra-, penta-, hexa- and octa-BDEs  
are listed in the Stockholm Convention.

PBDEs may be released to the environment during 
manufacturing and polymer processing operations, 
throughout the service life of articles containing 
them, and at the end of article service life during  

disposal operations. With their low vapour pressures, 
low water solubility and high log Kow values, it is 
expected that PBDEs entering the environment will 
tend to bind to the organic fraction of particulate 
matter, notably in sediment and soils, with only small 
amounts partitioning into water and air.

The commercial production of PBDEs began in the 
late 1970s (WHO 1994a; Hardy 2002). Historically, 
production of the PBDE commercial mixtures was 
focused in the United States, Israel, Europe and 
Japan. According to reports by WHO (1994a) and 
IARC (1990) there may have been as many as  
12 major manufacturers of PBDEs in the world 
before 1990: 2 manufacturers in the United States 
(BFRIP 1990), 2 manufacturers in Belgium, 1 each  
in Switzerland, the United Kingdom and Israel 
(IARC 1990), and 2 in Japan (WHO 1994a).  
The total market demand for PBDE increased  
during later years from 204,325 tons in 1999  
to 223,482 tons in 2003 (BSEF 2003).

Schenker et al. (2008b) estimated the global usage  
for PBDEs (as Penta-, Octa- and Deca- mixtures),  
with results shown in Figure 2.13. These estimates, 
however, are much lower than other estimates of 
PBDE usage. For example, according to (BSEF 2003), 

Estimated global PBDE usage for 1970-2005. The total usage was estimated to be 510 kt (Schenker et al. 2008b). 
FIGURE 2.13
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global demand for PBDEs rose to 67,390 tonnes for 
the year 2001 including 7,500 t of Penta-BDE; 3,790 t 
of Octa-BDE; and about 56,100 t of Deca-BDE. The 
global usage estimated by Schenker et al. (2008b) for 
the same year were 2,700 t of Penta-BDE; 1,500 t of 
Octa- BDE; and 20,000 t of Deca-BDE.

Another approach was carried out by Li (2009),  
and the results are presented in Figure 2.14. The total 
global usage of PBDE for 1970–2005 was estimated 
to be 1,218 kt, for which, 410 kt in NA, 590 kt in 
Asia, 160 kt in Europe, and 58 kt in other continents. 
This estimate over 2 -fold higher than that given by 
Schenker et al. (2008b) (Figure 2.13).

A preliminary version of a global grid of Penta-BDE 
emissions in 2005, with a 1o x 1o latitude/longitude 
resolution, was developed and is shown in Figure 
2.15. Total Penta-BDE emissions in that year  
were 820 t.

2.2.4.2. Polychlorinated naphthalenes (PCNs)

Based on their high toxicity, persistence, bio-
accumulation, and long-range transport, PCNs were 
selected as a candidate POP by the UNECE LRTAP 
POP protocol (Lerche et al. 2002). In 2011, the 
European Union proposed PCNs for addition to the 
Stockholm Convention. Due to their structural 
similarity to dioxins, PCNs exhibit toxicological 

properties similar to dioxins, with the ability to  
bind to and activate the aryl hydrocarbon receptor 
(Olivero-Verbel et al. 2004). In addition, studies 
have suggested that PCNs contribute a greater 
proportion of the dioxin-like activity than PCBs  
and PCDD/Fs in some locations (Kannan et al.  
1998, Kannan et al. 2001). 

PCNs were produced commercially as complex  
technical mixtures with trade names that included 
Halowaxes (US), Seekay Waxes (UK), Nibren Waxes 
(Germany), and Clonacire Waxes (France). PCNs 
started to be produced for high-volume uses around 
1910 in both Europe and the United States (Puzyn 
and Falandysz 2004), and until the 1970s, PCNs were 
high volume chemicals. Production of PCNs has 
decreased significantly since 1977 (van de Plassche 
and Schwegler 2002).

Production volumes are not well known. It was 
reported that PCN production volumes are unlikely to 
have exceeded 10% of total PCB production (Beland 
and Geer 1973), and are estimated at 50–150 kt 
(Falandysz 1998, Hayward 1998). 

The production of PCNs in the US stopped in 1980 
(van de Plassche and Schwegler 2002). In the US, 
annual production was approximately 3.2 kt (around 
one third of the total global production if production 

PBDE usage (tonnes) in different continents for 1970-2005 (Li 2009). 
FIGURE 2.14
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Global gridded penta-BDE emission (kg per cell) in 2005 on a 1º latitude by 1º longitude resolution (Li 2009).  
FIGURE 2.15
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of 9 kt per year is used) in 1956 declining to nearly 
2.3 kt by 1973 (Kover 1975). Koppers Company 
(Pittsburgh, USA), the main US manufacturer, ended 
production in 1977, and the remaining US production 
ended by 1980 (Crookes and Howe 1993). In the UK, 
production stopped in the mid-60s, although Crookes 
and Howe (1993) report that in 1970, small amounts 
of PCNs were still being produced. In Germany, 
around 300 t were produced in 1984, mainly for  
use as dye intermediates.

A linear interpolation was made to calculate the total 
PCN production by using the data reported above, and 
the results are shown in Figure 2.16. Based on the 
interpolation, the total global PCN production would 
be 450 kt, much higher than the previously estimated 
50–150 kt (Falandysz 1998, Hayward 1998). 

The use and application of PCNs was rather diverse. 
The most important uses, in terms of volume, were  
in cable insulation, wood preservation, engine oil 
additives, electroplating masking compounds, feed-
stocks for dye production, dye carriers, capacitors 
and refracting index testing oils (van de Plassche  
and Schwegler 2002).

In the US, only small amounts of PCNs—
approximately 15 t per year—were used in 1981, 
mainly as refractive index testing oils and capacitor 
dielectrics. The estimated annual toxic emissions  
of PCNs from the global coking industry vary from 

430 mg to 692 mg TEQs. Characteristics of the PCN 
profiles were dominated by the lower chlorinated 
homologues, with mono-CN being the most abundant 
homologue (Liu et al. 2010a). It was reported that 
PCN emissions in UNECE-Europe in 2000 were 1 t 
(Denier van der Gon et al. 2007), and emissions in  
the United States and Asia should be much higher.  
The data, however, are not available at the present 
time. Falandysz (1998) reports the use of PCNs as 
casting materials until 1989 in Germany and the 
former Yugoslavia. 

Figure 2.17 presents global, gridded PCN usage  
for 1920–1985, with a 1o x 1o latitude/longitude 
resolution, displaying the heavy use of PCNs in  
the United States, Europe, and Japan.

2.2.4.3. Dechlorane Plus

Dechlorane Plus (DP) is produced by combining  
hexachlorocyclopentadiene and 1,5-cyclooctadiene  
in a 2:1 mole ratio, respectively, to produce technical 
DP, which consists of the syn and anti isomers  
(Figure 2.18):

These isomers are present in the technical product in 
a ratio of about 1:3; that is, the anti isomer is about 
75% of the total. Although exact synthesis proce-
dures used in the industrial production of DP, both 
historical and current, are not known, patent infor-
mation suggests the starting materials are also 
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Global gridded PCN usage (kilotonnes) for 1920s-1985 on a 1º latitude by 1º longitude resolution (a preliminary version) (Li 2011).
FIGURE 2.17
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exposed to elevated temperatures. Current world-
wide production volumes are estimated to be  
5,000–6,000 tons annually (Sverko et al. 2011). 

A DP manufacturing plant, Jiangsu Anpon Electro-
chemical Company, in Huai’an, China, was reported 
recently (Ren et al. 2008, Wang et al. 2010a) as  
operating since 2003 (ANPON 2011). Annual DP  
production amounts are estimated to be 300-1000 tons 
totaling 2100-7000 tons to date (Wang et al. 2010a).

2.2.5.  Poly- and perfluorinated alkyl 
substances (PFASs) 

PFASs are organofluorine compounds that consist  
of a hydrophobic alkyl chain of varying length (typi-
cally C4 to C16) and a hydrophilic end group with 
the general formula F(CF2)n-R (Buck et al. 2011, 
Parsons et al. 2008). In this assessment, we have 
adopted the terminology recommended by Buck et al. 
(2011) who suggest the abbreviation “PFAS” rather 
than the frequently used “perfluorinated chemicals  
or compounds; PFCs” because the latter refers to a 
much broader group of perfluorinated hydrocarbons.  
The PFAS have unique properties to make materials 
stain, oil, and water resistant, and are widely used in 
diverse applications. Perfluorinated alkyl acids, such 
as PFOS, are terminal breakdown products of PFASs 
that are highly persistent in the environment. PFOS 
(and its salts) have been identified as POPs and have 
been added to the LRTAP POPs protocol and the 
Stockholm Convention as of 2010.

From 1947 to 2002, the electrochemical fluorination 
(ECF) process, which is one of four distinct  
synthesis routes of perfluorooctanoic acid (PFOA) 
manufacture, was used worldwide to manufacture 
approximately 80–90% of total global production. 
The largest production sites were in the US, Belgium, 
Italy and Japan. The remaining 10–20% of PFOA 
was manufactured from 1975 to 2006 by direct 

oxidation of perfluorooctyl iodide in Germany  
and Japan. Global historical PFOA production  
was reported to be 4,400–8,000 tonnes whereas  
the estimated total global historical emissions was 
between 470–900 tonnes between 1951 and 2004 
(Prevedouros et al. 2006).

There are many PFASs, but the most commonly  
studied compounds are (Guo et al. 2009):
•  PFOA or perfluorooctanoic acid, used as a  

processing aid to make fluoropolymers such  
as Teflon®, among other applications. It is also  
a degradation product of a wide range of PFASs 
including the polyfluoro telomer alcohols.

•  PFOS or perfluorooctanesulfonic acid, used in the 
semiconductor industry. Its precursors were used  
in stain repellents, and in aqueous foam forming 
firefighting products. It is also still used in other 
firefighting foams and this application is an  
acceptable use under the Stockholm Convention.

•  PFNA or perfluorononanoic acid, used as  
surfactant in the emulsion polymerization  
of fluoropolymers (i.e., similar use as PFOA).

•  PFBS or perfluorobutanesulfonic acid, used  
as a replacement for PFOS 

•  POSF or perfluorooctanesulfonyl fluoride, used  
to make PFOS-based compounds.

•  PFOSA or perfluorooctanesulfonamide, formerly 
used as an intermediate for production of sulfon-
amide based stain repellents.

PFOS and POSF are included in Annex B of the 
Stockholm Convention on Persistent Organic 
Pollutants (Table 1.3).

Paul et al. (2009) published a new estimate of the 
global historical production for perfluorooctane  
sulfonyl fluoride (POSF), and then focused on  
producing a first estimate of the global historical 

Structures of syn and anti isomers of Dechlorane Plus.
FIGURE 2.18
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environmental releases of perfluorooctane sulfonate 
(PFOS). The total historical worldwide production  
of POSF was estimated to be 96,000 t (or 122,500 t, 
including unusable wastes) between 1970–2002 with 
an estimated global release of 6,800–45,250 t to air 
and water from direct (manufacture, use, and 

consumer products) and indirect (PFOS precursors 
and/or impurities) sources. The detailed information 
on different sectors is shown in Figure 2.19, and the 
temporal trends of global POSF production volumes 
for 1970–2005 are presented in Figure 2.20.

Global historical POSE and PFOS usage and emissions for 1970 − 2002 (Data from Paul et al. 2009). (P&P = Paper and Packaging).
FIGURE 2.19
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POSF Emissions
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POSF Emissions
(1970-2002, Unit: tonnes cell-1)
100 to 840
10 to 100
1 to 10
<1Figure 2.21

Global gridded POSF emissions to air and water between 1970–2002, with a 1o x 1o latitude/longitude resolution, a preliminary version. Total 
estimated global release is 45,250 t. Produced by using data from Paul et al. (2009).

FIGURE 2.21

Estimates indicate that direct emissions from POSF-
derived products are the major source of emissions to 
the environment resulting in releases of 450–2,700 t 
PFOS into wastewater streams, primarily through 
losses from stain repellent treated carpets, waterproof 
apparel, and aqueous firefighting foams. Figure 2.21 
depicts global gridded POSF emissions to air and 
water between 1970–2002, with a 1o x 1o latitude/
longitude resolution. 

The properties of PFOS (high water solubility, 
negligible vapour pressure, and limited sorption  
to particles) imply it will reside in surface waters, 
predominantly in oceans. It was suggested that 
around 235–1,770 t of PFOS currently reside in 
ocean surface waters, similar to the estimated  
values of PFOS releases (Paul et al. 2009).

2.2.6. Siloxanes

Siloxanes are organosilicons consisting of a 
backbone of alternating silicon-oxygen [Si–O] units 
with organic side chains attached to each silicon 
atom (Hobson et al. 1997). Over the last three 
decades, organosilicons (silicones), like cyclic 
siloxanes and polydimethylsiloxane (PDMS linear 
siloxane), have been widely used in consumer 
products such as electronics, furniture, health-care 
products, cosmetics, cookware, and medical devices 
because silicones have low surface tension, high 

thermal stability, and smooth texture and are believed 
to be inert. Annual production of octamethylcyclo-
tetrasiloxane (D4, where D refers primarily to the 
dimethylsiloxane unit and the number 4 refers to  
the number of Si–O bonds that make up the chain), 
used as a base material for the production of poly-
meric silicones, is 45–230 kt per year (Horii and 
Kannan 2008). Howard and Muir (2010) and Brown 
and Wania (2008) identified the cyclic and linear 
methyl siloxanes with 3 to 6 siloxane groups as 
persistent and bioaccumulative chemicals with long 
range transport potential. McLachlan et al. (2010) 
showed that decamethylcyclopentasiloxane (D5) was 
subject to long-range atmospheric transport based on 
a study at a rural site in southern Sweden, but that it 
is was also effectively removed from the atmosphere 
via phototransformation. MacLeod et al. (2011) 
modeled the global fate of using the BETR world 
model (see section 2.3.4.1 for further details). They 
noted that the fate and transport of D5 was 
dominated by atmospheric processes due to its 
volatility. At steady-state, greater than 75% of the 
global inventory of D5 was predicted to be in the 
atmosphere, with most of the remainder in soils. 
Recent measurements of cyclic siloxanes have been 
made in arctic air (Table 2. 4) using passive sampling 
(Genualdi et al. 2011). Consult Chapter 3, section 
3.1.5.1 for more information.
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Table 2.4.  Names and structures of major volatile methyl siloxane compounds determined in arctic samples
Name Abbreviation Formula Structure

Octamethyltrisiloxane L3 C8H24O3Si2

Decamethyltetrasiloxane L4 C10H30O3Si4

Dodecamethylpentasiloxane L5 C12H36O5Si4

Hexamethylcyclotrisiloxane D3 C6H18O3Si3

Octamethylcyclotetrasiloxane D4 C8H24O4Si4

Decamethylcyclopentasiloxane D5 C10H30O5Si5

Dodecamethylcyclohexasiloxane D6 C12H36O6Si6
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2.3.  Processes Controlling Transport  
of POPs to and Within the Arctic

Coordinating authors: Perihan Kurt-Karakus, Hayley Hung,  
Jianmin Ma

2.3.1. Introduction

The Arctic is surrounded by populated continents and 
is well connected to the currents of the atmosphere 
and oceans that carry various contaminants, including 
persistent organic substances, heavy metals, acids  
or radionuclides. Previous assessment reports of 
CACAR (Bidleman et al. 2003, Fisk et al. 2003)  
and AMAP (2004, 2009) confirmed the presence  
of POPs in all environmental compartments of the 
Arctic. Yet most of these contaminants originate  
from transboundary pollution in the atmosphere or 
via oceans from source areas outside of the Arctic,  

in particular, the industrialised and populated areas  
of Europe, North America and Asia. However, a few 
primary local sources, e.g., Distant Early Warning 
(DEW) line sites, and community settlement areas, 
have also been identified as sources contributing  
to the contamination of this region. 

Pollution can be transported to the Arctic by the  
air, oceans and by rivers (Figure 2.22), as well as  
by migrating animals (Section 2.3.8.6 and Chapter 3, 
section 3.6). Atmospheric transport is the main 
pathway bringing certain POPs to the Arctic. Wind 
currents provide a fast transport route for conta-
minants within a matter of days. It is particularly 
important in the winter, when arctic haze occurs  
and air masses from Europe travel up into the Arctic 
and become either trapped by the stable conditions  
of the long arctic winter, or move down into northern 
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POPs transport pathways to the Arctic (adapted from Macdonald et al. 2005).
FIGURE 2.22
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North America. Contaminants carried by these air 
currents are deposited along the route. 

Most contaminants of interest to the Canadian Arctic 
generally are from outside of the polar region; how-
ever, there are some local sources to consider as well 
(see section 2.3.7 and Chapter 3, section 3.4). As 
discussed in section 2.1 and 2.2, long-range transport 
is governed by certain properties such as air-water 
partition and air-particle partition coeffcients, by 
atmospheric residence times and the influence of 
proximity of source areas. Persistence, characterized 
by resistance to bio-transformation and to chemical 
hydrolysis, is an additional characteristic for such 
chemicals with respect to long-range riverine and 
ocean transport.

Three major environmental compartments receiving 
contaminants in the Arctic are the atmosphere, 
terrestrial/freshwater and marine compartments.  
This chapter summarizes both physical processes  
and the nature of the main pathways for each of  
these three compartments. General concepts on 
transport mechanisms and processes affecting the 
inter- and intra-compartmental interactions of POPs 
are outlined. The arctic region has a total land area  
of 13.4x106 km2 and ocean area of 20x106 km2 
(Gloersen et al. 1992). Canada’s arctic and sub-arctic, 
the region north of 60º latitude, encompasses the 
Beaufort Sea in the west to Baffin Bay and Davis 
Strait in the east, Ellesmere Island to the north and 
Hudson Bay in the south. Although the focus of this 
assessment report is on the Canadian Arctic, the 
discussions on transport pathways and processes 
affecting the fate of the contaminants within the 
environmental compartments must be assessed for 
the entire Arctic. Clearly, there is a large degree  
of variability across this huge area. To provide a 
framework for this discussion, a simple box model 
has been used to illustrate the dominant processes 
and pathways of contaminants for the arctic region  
in the previous NCP (Bidleman et al. 2003) and 
AMAP (2004) assessments. In the current evaluation, 
we follow a similar method and the principal 
physical contaminant pathways into and within the 
Arctic are schematically summarized in Figure 2.23. 
The four types of pathways of contaminant transport 
to the Arctic are (see Figure 2.23): 
• through air and water
•  chemical or biological transformation within  

the system
•  anthropogenic sources of contaminants within  

the system
• exchange between compartments within the system

Atmosphere, terrestrial/freshwater environment and 
ocean are the main components of complex transport 
pathways and reservoirs in the Arctic system. 
Snowpack, ice formations, and sea-ice are the  
seasonally variable sub-compartments. Estuary and 
deltas are also key interfaces between the terrestrial/
freshwater and ocean compartments, although they 
are smaller spatially compared to the three main 
compartments as large amounts of sediment trans-
ported by rivers are deposited in deltas and estuaries. 
In this box model, the exchange processes involve 
transport and chemical/physical reactions during  
the movement of the chemical across the interface. 

Building on this brief introduction, this section and 
its subsections further discuss the transport of con-
taminants to the Arctic by the pathways shown in 
Figure 2.22 and the inter-compartmental processes 
involved in the Arctic summarized in Figure 2.23. 
Section 2.3.3 explores the atmospheric compartment 
and its direct exchange with snowpack, surface ice of 
lakes and sea, and the surface ocean. Additionally, 
indirect exchanges of POPs between the atmosphere 
and the terrestrial/freshwater environments via wet 
and dry deposition as well as the direct exchange of 
POPs between the atmosphere and rivers, lakes, soil 
and vegetation are considered. Section 2.3.5 focuses 
on oceanic transport of POPs to the Arctic, with spe-
cial attention on POPs with high water solubilities 
such as HCHs and perfluorinated chemicals. Section 
2.3.6 discusses enantiomer fractions and isomer 
ratios as tracers of source and air-surface exchange 
from the point of view of arctic pollution. This sec-
tion briefly discusses how chiral compounds are used 
as tracers of surface-air (soil-air and water-air) gas 
exchange, followed by information on how isomer 
ratios are used for source and pathway apportionment 
with a focus on HCHs, DDTs, chlordane and toxa-
phene compounds and PCNs. In general, POPs 
pollution in the Arctic cannot be related to any 
known use and/or releases in the region and is  
generally explained by long-range transport; none-
theless, a few local sources of organochlorines have 
been disclosed. Military “DEW Line” sites used DDT 
mixtures, as well as PCB-containing devices, widely 
and following disposal, vandalism and natural pro-
cesses, resulted in the release of some of the PCBs 
into the environment. More recently, leachate from 
waste disposal areas has been documented as a local 
source of PBDE contamination in the Canadian 
Arctic. Such local sources of POPs are discussed  
in Chapter 3, section 3.4. Finally, effects of climate 
change on the transport of POPs to the Arctic and the 
fate of contaminants are discussed in section 2.3.8.
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2.3.2. Long-range atmospheric transport 
Contributors: Hayley Hung, Perihan Kurt-Karakus, Jianmin Ma

The role the atmosphere plays on the transport  
and circulation of contaminants has been discussed  
in detail in earlier publications (Barrie et al. 1992, 
Iversen 1989a, b, 1996) and further discussions have 
been made in AMAP POPs assessments (2004, 
2009). Contaminants are delivered to the north  
by atmospheric transport. Briefly, the mean flow in 
winter is out of Eurasia into the Arctic and out of the 
Arctic into North America. Northward transport from 

mid-latitudes decreases in summer. Three types  
of flow regimes involved in the exchange of mass  
or heat between polar and extrapolar regions are (i) 
mean meridional circulation, (ii) stationary planetary 
waves (such as the wavenumber 1–3 eddies in the 
Northern Hemisphere), and (iii) transient eddies. 
Given that stationary planetary waves are stronger in 
winter than in summer, in low atmosphere, Siberian 
high-pressure systems tend to play a more prominent 
role in the northern hemispheric winter than in 
summer. Total eddy exchange is stronger than mean 
meridional circulation at all times in the Northern 
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Hemisphere, but not during winter in the Southern 
Hemisphere when mean meridional circulation  
dominates (Macdonald et al. 2000). 

Long-range atmospheric transport events can move 
polluted air masses within a short period of time  
from source regions into the central arctic region. 
Eckhardt et al. (2007) have reported PCBs released 
from biomass burning observed in air at the Zeppelin 
arctic station (Ny-Ålesund, Norway) after a travel  
time of a few days (from agricultural fires in Eastern 
Europe) to a few weeks (from boreal forest fires in 
North America). 

Reductions in global emissions of certain POPs may 
be reflected in their atmospheric concentrations in 
the Arctic. Li and Bidleman (2003) have observed 
rapid declines in arctic air concentrations of 
α-hexachlorocyclohexane (α-HCH) in 1983 and 1990 
as a result of usage controls in China, India and the 
former Soviet Union, respectively. However, such 
declines may not be obvious for other chemicals 
since the transport of POPs to the Arctic is influenced 
by various local and seasonal factors, as well as the 
lifetime of the chemicals in different environmental 
matrices and re-emissions of previously deposited 
POPs in sinks, such as soil, vegetation, oceans and 
ice. The long-term trends of POPs measured in 
Canadian arctic air will be discussed further in 
Chapter 3, Section 3.1.

Levels and patterns of most POPs in arctic air also 
show spatial variability, which is typically explained 
by differences in proximity to suspected key source 
regions and long-range atmospheric transport 
potentials. For instance, PCB air concentrations  
at Ny-Ålesund and Storhofdi in the European Arctic 
have always been higher than those found at the  
Alert station in the Canadian High Arctic. Also,  
the air concentrations at Alert were statistically 
significantly different from the other two stations 
between 1998 and 2005 (Hung et al. 2010). The 
proportion of γ-HCH (i.e., 100*[γ /(γ+α)]) is 
generally lower at Ny-Ålesund than at Alert  
(Becker et al. 2008). These observations indicate  
that Ny-Ålesund and Storhofdi are more affected  
by European sources due to their close proximity  
while Alert is further away from its source. Other 
observed spatial diversities of POPs in the Arctic  
will be discussed in Chapter 3, section 3.1.

In a special study of atmospheric dioxins and furans 
at Alert during the winter of 2000–2001, Hung et al. 
(2002) have shown that the air concentrations of 
PCDD/Fs peaked at Alert when the air mass 
originated from Russia and Eurasia 5 days before.  
In spite of the remoteness of the site, congener 

profiles in most samples were enriched with PCDD/
Fs, corresponding to ‘‘source’’ profiles as suggested  
by Wagrowski and Hites (2000). Similar profiles 
were observed in air and tree bark at other arctic 
locations. These profiles were probably the result of: 
(1) more effective transport of PCDD/Fs to receptors 
in Nunavut from sources relatively close (Canada and 
the US) than from those further away in Mexico 
(Commoner et al. 2000); (2) a greater chance for less 
volatile congeners to deposit out of the atmosphere 
before they reach the Arctic; and (3) the generally 
low temperature in the Arctic, coupled with low 
levels of solar radiation during winter, curbs the 
degradation/reaction processes. Therefore, the 
‘‘source’’ and ‘‘sink’’ homologue profiles generally 
applicable to samples collected at temperate sites 
cannot be applied to those collected in the Arctic. 

With a wide range of vapour pressures, the more  
volatile POPs (such as HCB and HCHs) exist 
primarily in the gas-phase in the atmosphere,  
while other less volatile POPs exist primarily in the 
particle- or aerosol-phase (e.g., dioxins and furans). 
Still other POPs, with intermediate vapour pressures 
(many organochlorine pesticides and many PCBs), 
are distributed between both the gas and particle 
phases. As a result, POPs are subject to both gas  
and particle phase removal mechanisms in the 
atmosphere, including wet and dry deposition,  
gas exchange and direct and indirect photolysis.

Atmospheric transport of contaminants can comprise 
“half-a-hop”, “one-hop” or “multi-hop” processes.  
In half-a-hop pathways, less volatile contaminants 
are emitted to the atmosphere, transported and 
deposited to the Earth’s surface and never return to 
the atmosphere. In “one-hop” pathways, molecules  
of a substance experience a complete deposition/
volatilization cycle (if emitted to air) or a complete 
volatilization/deposition cycle (if emitted to soil) 
whereas multiple cycles are present in the case  
of “multi-hop” processes (Gouin et al. 2004).  
The distribution of such a contaminant could  
be determined by knowledge of its initial source 
distribution, atmospheric circulation and its lifetime 
in the atmosphere. One-hop or single-hop contami-
nants are marked by their longer atmospheric 
residence times in winter (approximately 20– 
30 days) when precipitation is at a minimum 
compared to summer when precipitation is at a 
maximum. Their input to the Arctic is additionally 
enhanced in the winter with a stronger south-to-
north transport from Eurasia in comparison with  
the summer. Unlike half-a-hop chemicals, one-hop 
and multi-hop chemicals re-enter the atmosphere 
after initial deposition to the Earth’s surface and can 
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move through the environment in multiple 
atmospheric hops (grasshopper effect) (Wania and 
Mackay 1996). Multi-hop transport processes can 
include volatilization from the terrestrial and aquatic 
surfaces in warmer temperatures, the re-release  
of previously deposited contaminants from ocean 
water following ice break up, or re-suspension of 
dust or snow by winds. Most POPs are multi-hop 
contaminants and complex multi-compartmental 
environmental models accounting for all system 
components are necessary to understand the  
complex pathways of these contaminants.

Several recent modeling studies have demonstrated 
that the free troposphere (approximately 1,000 m 
above the Earth’s surface) is a more efficient pathway 
for atmospheric transport of POPs to the Arctic due  
to stronger winds and weaker dilution/dispersion of 
chemicals induced by turbulence (Eckhardt et al. 2009, 
Ma 2010, Zhang et al. 2010a, Zhang et al. 2008b). 

Under both mean meridional atmospheric circulation 
and synoptic weather conditions, the long-range 
atmospheric transport of modeled HCHs and HCB 
from warm latitudes to the Arctic occurs primarily  
in the mid-troposphere. Although major sources of 
these chemicals are in low and mid-latitude soils, the 
modeled air concentration of HCHs in the mid-tro-
posphere is of the same order as, or higher than, that 
near the surface, demonstrating that the mid-tropo-
sphere is an important pathway and reservoir of 
POPs. The cold trapping effect of HCHs is also 
likely to take place in the mid-troposphere, where 
lower air temperatures are observed, over a source 
region of POPs in warm, low latitudes. Frequent 
occurrence of atmospheric ascending motion and 
convection over warm latitudes carry the chemicals 
to a higher altitude where some of these chemicals 
may partition onto solid or aqueous phases through 
interaction with atmospheric aerosols, and cloud 
water droplets or ice particles, and become more 
persistent at lower temperatures. Stronger winds in 
the mid-troposphere then convey solid and aqueous 
phase chemicals to the Arctic where they sink by 
large-scale descending motion and wet deposition. 

Processes involved in the exchange of contaminants 
between the atmosphere and the Earth’s surface  
are dry deposition of particles, gas exchange and 
scavenging by precipitation. Airborne particles get  
into the near-surface layer from the free atmosphere 
mostly by synoptic-scale atmospheric descending 
motion, wet deposition, and turbulent activities 
including dry deposition (only when particles reach 
the atmospheric boundary-layer), and are finally 
trapped on or in the surface layer as a result of  
chemical-physical and molecular diffusion pro-

cesses (Voldner et al. 1986). The type of surface, 
physical-chemical properties of the contaminant,  
and the state of the atmosphere are factors control-
ling the rate of particle transfer.

Considerable quantities of desert soils (Barrie 1995, 
1996, Welch et al. 1991) and of snow associated  
with dispersed soil can be suspended freely in the 
atmospheric boundary layer and transported long 
distances. The High Arctic receives little precipi-
tation in winter, thus soils which are not covered  
by snow in this region are directly exposed to wind 
events hence soil dust gets mobilized and mixed with 
surface snow throughout the year. Snow transport  
and entrainment into the atmosphere occurs by two 
primary modes: saltation and suspension. Saltation 
occurs at low wind speeds whereas suspension occurs 
at higher wind speeds and can cause dispersion  
of snow to heights of several meters.

Association of contaminants into rain or snow result 
in wet deposition of contaminants which includes  
in-cloud and below-cloud removal processes  
(Barrie 1991). With in-cloud removal, particles 
diffuse into liquid cloud droplets that are converted 
to precipitation (rain or snow) in complex ways. This 
process may be efficient or inefficient in removing 
contaminants, depending on the precipitation 
formation and physical-chemical properties of the 
substance. Under stable atmospheric stratification 
(e.g., atmospheric inversion), the contaminants 
accumulate within the atmospheric boundary layer, 
thus below-cloud scavenging may contribute 
significantly to wet deposition. However, below-
cloud scavenging is reported to be generally of lesser 
importance compared to in-cloud scavenging under 
unstable atmospheric conditions (Murakami et al., 
1983) and also in northern regions (Murakami et al. 
1983, Rehkopf et al. 1984, Schumann et al. 1988, 
Scott 1981). The hygroscopic nature of the particles, 
the size distribution of atmospheric particles, 
precipitation intensity and cloud-based height  
are the factors affecting the efficiency of the  
particle scavenging process (Mitra et al. 1990, 
Sparmacher et al. 1993). 

Clearly, a precise estimate of in-cloud scavenging 
for POPs requires a good understanding of POPs 
behaviour in clouds. Unfortunately, the knowledge 
of the interaction between the environmental fate  
of POPs and clouds is still poor. Ma (2010) has 
recently proposed that clouds are likely an impor-
tant sorbing medium of POPs for the cold 
condensation effect and pole-ward atmospheric 
transport of POPs. In particular, the zonal mean 
cloud covers, averaged over the Northern 
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Hemisphere, increase towards the Arctic and  
are associated with decreasing temperature (Ma 
2010), favouring condensation of moist air mass. 
Clouds likely exert an influence on atmospheric  
distribution of POPs through two pathways:  
(i) gas-aqueous phase partitioning of POPs in 
clouds; and (ii) the sorption of POPs onto cloud 
condensation nuclei formed by organic aerosols.  
A modeling study has revealed that the cloud  
liquid water contents greater than 2 g m-3 could  
lead to over 50% of α-HCH to be sorbed onto cloud 
water droplets. Sorption of other POPs such as 
PCBs, PAHs and OCPs to cloud water droplets  
and ice particles was also found. Because of weak 
convections and the large scale of cloud cover over 
the far north, a large portion of clouds over the  
sub-Arctic and Arctic was likely advected from the 
south or formed by condensation of warm, moist  
air masses when they approach the Arctic on their 
way to the north. In the mean time, these clouds 
also provide a sorbing medium for the POPs and 
carry contaminants to the Arctic where they then 
sink by descending motion and rain or snow. 

Snow is very efficient in scavenging of both vapour 
and particle-bound POPs from the atmosphere (Halsall 
2004, Lei and Wania 2004, Wania et al. 1999b). Field 
studies showed that snow may be five times more 
efficient than rain at below-cloud scavenging due  
to the larger size and surface area of the snowflakes 
(Murakami et al. 1983, Sparmacher et al. 1993, 
Leuenberger et al. 1988, Nicholson et al. 1991, 
Schumann et al. 1988). Due to the potential for 
chemical scavenging and exchange with the lower 
atmosphere, snow influences the transport dynamics  
of POPs in the Northern Hemisphere. Vapour 
scavenging is a function of the air temperature and  
the specific surface area (SSA) of the snow and is 
predicted to be most pronounced for snow possessing 
high SSA (e.g., 1 m2 g-1) and at cold temperatures  
(less than -10°C), resulting in scavenging ratios for 
semi-volatile chemicals that are generally higher than 
rain by over one order of magnitude (Lei and Wania 
2004). The seasonal snowpack, thus, serves as a sink 
for chemicals transported to higher latitudes with 
observed concentrations reported for a variety of POPs 
in arctic snow (Herbert et al. 2006). Contaminants 
stored in reservoirs such as snowpack, lake/sea ice  
and glaciers at colder conditions are delivered  
to terrestrial, freshwater and ocean environments  
by runoff from melted snowpack and ice formations.  
In the warmer season, terrestrial and fluvial processes 
such as runoff, hydrology, infiltration, and permafrost 
are also dominant pathways for the delivery of 
contaminants between arctic system compartments.

Photo: Martin Fortier/ArcticNet
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Gas exchange is a process that removes chemicals 
from the snowpack. The potential for exchange  
is determined by the partial vapour pressure of a 
compound between ambient air and air in the pore 
spaces in snowpack or ice. Moreover, the process  
is strongly affected by the temperature. Compounds 
with higher vapour pressures such as HCB and  
α- and γ-HCH can volatilize to a great extent  
whereas semi-volatile compounds with lower vapour 
pressures, like highly chlorinated PCB congeners, 
may not. The snowpack is a highly dynamic chemical 
exchange compartment, with substantial re-emission 
of POPs observed during snow ageing and com-
paction following fresh snowfall (Herbert et al. 
2006). Furthermore, fresh snowfall and diffusive 
vapour exchange are processes that will add or 
remove chemicals to the standing snowpack.

To predict vapour exchange between the snowpack 
and air, knowledge of a chemical’s snow-air partition 
coefficient (KSnow-Air) and mass transfer coefficient (in 
snow) are required along with the physical properties 
of the snowpack (e.g., depth, density and SSA).  
The availability of a chemical for atmosphere-snow 
exchange is determined by the chemical’s partitioning 
between snow grain surfaces and interstitial air. The 
associated KSnow-Air value is proportional to the product 
of snow density (ρ), SSA, and the temperature 
dependent equilibrium snow surface-air sorption 
coefficient KIA = CI / CA, where CI and CA are the 
chemical concentrations in each of the two phases. 
Snow packs in sub-arctic and arctic regions are likely 
to be the most influential to the fate of POPs in the 
Northern Hemisphere because of their large areal 
coverage and duration. The chemical fraction 
available for atmosphere-snow exchange is expected 
to be larger in sub-arctic snow packs because KIA, 
SSA, and ρ are usually smaller there than in arctic 
snow (Dominé et al. 2007, Taillandier et al. 2006). 
Wind pumping significantly increases the extent of 
chemical mass transfer within snow (Albert et al. 
2002, Albert and Shultz 2002), which is in most cases 
the limiting factor for atmosphere-snow exchange. 
Wind induced advective transport in snow increases 
with higher wind speed above the snow pack, larger 
snow permeability, and more pronounced snow 
surface roughness characteristics. Whereas 
permeability is usually one order of magnitude  
larger in sub-arctic snow (Dominé et al. 2008), wind 
speed is generally higher above arctic snow packs.  
A case study related to atmosphere-snow exchange  
of the semi-volatile pesticide PCB 28 revealed that 
chemical mass transfer coefficients in snow packs that 
exhibit relatively large surface roughness, are two to 

three orders of magnitudes larger under the influence  
of moderately strong winds than under still wind 
conditions (Meyer and Wania 2010).

Gas exchange of contaminants, which is commonly  
a reversible process, may occur between the 
atmosphere and liquid water (freshwater or sea 
water), vegetation, or soil. However, gas exchange  
is not the only process that exchanges mass, i.e., 
there are wind speed and other types of depositions 
and degradations that make the net flux zero, but the 
relative magnitudes of volatilization and absorption 
(pertaining to gas exchange) are different, i.e., net 
gas exchange flux not equal to zero resulting in 
larger mass transfer of materials than is apparent 
from their net fluxes. As long as vapour phase  
and dissolved phase of contaminants are present, 
volatilization and deposition are continually 
occurring. Therefore, it is suggested that gas 
exchange should be calculated as two separate terms: 
one for “volatilization” and the other for “[vapour] 
deposition” (Murphy et al. 1995). Gas exchange with 
water, soils and vegetation is a controlling factor in 
determining a chemical’s characteristic travel 
distance (CTD), LRTP, and overall persistence (POV) 
(Gouin and Wania 2007, Scheringer et al. 2010, 
Wegmann et al. 2004). 

As the oceans are large reservoirs of certain 
chemicals where total burdens are much greater than 
those reported in air, and since the Arctic Ocean 
covers the majority of the Arctic’s surface area, air-
water gas exchange could be an important source  
of contaminants to the arctic air. Atmospheric PCBs 
and HCB have shown increasing temporal trends at 
Ny-Ålesund in recent years (2003–2006). A similar 
increasing trend of HCB was also observed at Alert 
after 2002 (Hung et al. 2010). This increase may  
be the result of a combination of the following two 
factors: (1) increase in worldwide use of HCB-
contaminated pesticides, e.g., chlorothalonil and 
quintozene (pentachloronitrobenzene), followed by 
subsequent transport to the Arctic and (2) reduction 
in sea ice cover where Ny-Ålesund is located, on the 
west coast of Spitsbergen (Svalbard, Norway) which 
has been ice-free including winter (2005–2008), 
potentially resulted in increased volatilization of 
previously deposited chemicals from the ocean. 
Although dramatic decrease in sea ice was also 
observed in other parts of the Arctic, a permanently 
ice-free state at 80ºN is fairly unique. This ice-free 
zone signature could be interpreted as a possible 
influence of regional climate change on the POPs 
distribution in the arctic environment. On the other 
hand, studies have predicted both net deposition of 
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HCB into (Lohmann et al. 2006, Su et al. 2006, 
Wong et al. 2011) and near-equilibrium with, or 
volatilization (Hargrave et al. 1997) from the Arctic 
Ocean. Gioia et al. (2008b) have suggested greater 
atmospheric deposition of PCBs along the melting 
ice margin due to increased air concentrations. 
However, it was also noted that changes in air and 
ocean current flow over time can potentially increase 
or decrease the relative capacity in the two media, 
subsequently reversing the direction of chemical  
flux from the air to the ocean and vice versa. 

Vegetation has a large capacity to sorb a range of 
POPs from air (Dalla Valle et al. 2005). It can 
effectively take up POPs from air due to large leaf 
surfaces per unit of ground area. High sorption by 
fresh foliage led to a decline in air concentrations 
after the burst of leaf buds (Gouin et al. 2002). 
Organic pollutants have been found in various types 
of vegetation around the globe (Bacci et al. 1986, 
Collins et al. 2006, Kylin and Sjödin 2003, Simonich 
and Hites 1995), and POPs may be intercepted by 
forests along the atmospheric transport pathway to the 
Arctic (Su and Wania 2005). The chemicals deposited 
from air to vegetation are further transferred to the 
soil along with fallen leaves, an effective transfer 
pathway for the transfer of chemicals through “air-
vegetation-soil”, leading to elevated depositions of 
chemicals to soil. Concurrent measurements showed 
higher concentrations of POPs in forest soil than  
in nearby non-forest soil (Meijer et al. 2002). 
Degradation loss is usually slower in forest soil than 
in air, therefore, pollutants take a longer time to be 
removed from the environment (Su and Wania 2005). 
After primary emissions are reduced around the 
world, chemicals stored in soils are volatilized  
to air from secondary sources. The volatilization can 
be accelerated by warmer temperatures and forest 
fires. Genualdi et al. (2009a) found that 34–100%  
of pesticides were lost from burned forest soil relative 
to unburned forest soil. Increased forest fire events 
from boreal regions and related arctic haze events 
may be considered as important additional 
mechanisms of POPs transport to the Arctic.  
As mentioned above, Eckhardt et al. (2007) have 
attributed high air concentrations of PCBs measured 
at Ny-Ålesund in July 2004 and spring 2006 to boreal 
forest fires in the Yukon/Alaska and agricultural fires 
in Eastern Europe, respectively. Several high air 
concentration episodes of cis-chlordane, p,p’-DDE 
and o,p’-DDE were also observed at Alert and 
Ny-Ålesund in 2004 during these forest fire events 
(Hung et al. 2010). It is believed that biomass burning 
can enhance volatilization of previously deposited 

organic chemicals, such as PCBs and pesticides, from 
soil (Eckhardt et al. 2007, Genualdi et al. 2009a). 
Forest fires are also emission sources of combustion 
by-products such as PAHs and dioxins. Using positive 
matrix factorization and potential source contribution 
function, Sofowote et al. (2011) associated PAHs 
observed at the Little Fox Lake station in the Yukon 
with wildfires over British Columbia and western 
United States in the fall of 2008.

Soils are a vast reservoir for POPs that are 
atmospherically deposited or contaminated through 
direct application. A global survey of PCBs (sum of 
22 congeners) in background soils estimated a burden 
of 21,000 t in the upper 5 cm layer (Meijer et al. 
2003a), which is about 1.6% of the known 
production volume and about 30% of the 66,000 t 
estimated to have been cumulatively emitted to the 
atmosphere (Breivik et al. 2007). Global models for 
DDT suggest that 50–95% of the total mass in the 
environment is contained in soils (Guglielmo et al. 
2009, Schenker et al. 2008a, Stemmler and Lammel 
2009). Soils act as a source and exchange medium 
with the atmosphere through primary emissions  
(e.g., volatilization of applied pesticides in 
agriculture and PCBs from highly contaminated sites) 
and secondary emissions (‘grasshopping’). Both 
single- and multi-hopping contribute to the transport 
of DDT and HCH (Semeena and Lammel 2005). 
Multi-hopping is thought to be responsible for the 
slow build-up of a number of semi-volatile organic 
compounds (SOCs) that are persistent in air and 
surface media in the Arctic once emissions have 
ceased (Gouin and Wania 2007). For some SOCs, 
(e.g., HCH), accumulation in the Arctic may be 
explained by single-hop atmospheric transport alone 
(Semeena and Lammel 2005). Secondary sources 
may be particularly important in the context of 
climate interactions and possible remobilization of 
POPs from soil reservoirs with a warming climate.

Last but not the least, POPs react with photoche-
mically generated OH radical in the atmosphere  
and this has been shown to be the most significant 
environmental transformation reaction for some POPs 
(Anderson and Hites 1996). Such transformation 
processes are important in removing pollutants along 
the atmospheric transport pathway to the Arctic, 
affecting its atmospheric lifetime and, subsequently, 
influencing its Arctic Contamination Potential (ACP). 
However, for pollutants entering the Arctic during  
the winter, photodegradation is expected to be low 
due to the extended duration of darkness. 
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2.3.3. Air-water gas exchange
Contributors: Terry Bidleman and Liisa Jantunen

2.3.3.1.  Air-sea exchange  
and secondary sources 

International regulations as well as country-specific 
initiatives have banned the use and production of 
several POPs, which has successfully led to reduc-
tions in primary emission sources and declining 
ambient atmospheric levels, as documented in air 
monitoring programs (Chapter 3, section 3.1). 
Consequently, secondary emissions from water 
bodies and soil are becoming increasingly important 
as sources to the atmosphere (Nizzetto et al. 2010b). 
Oceans, seas and large lakes play a major role in  
the global cycling of POPs and other semi-volatile  
chemicals, either acting as a sink or a source to  
the atmosphere. Exchanges with oceans act to buffer 
the atmospheric declines brought about by emission 
reductions. For example, PCBs in air are declining 
more slowly over the Atlantic Ocean than over land 
(Nizzetto et al. 2010a). Modeling suggests that after 
their phase-out in 2000–2002, atmospheric levels of 
volatile precursors to perfluorooctane sulfonate 
(PFOS) have declined and air-sea exchange has 
reversed from deposition to volatilization (Armitage 
et al. 2009d). Air-water gas exchange dominates  
over other loading processes in oceans and seas for 
chemicals with a significant proportion in the gas-
phase (Breivik and Wania 2002a, Breivik and Wania 
2002b, Jurado et al. 2004). Gas exchange with water, 
as well as with soils and vegetation, is a controlling 
factor in determining the CTD, LRTP, and overall 
persistence (POV) of the chemical (Gouin and Wania 
2007, Matthies et al. 2009, Scheringer et al. 2010, 
Wegmann et al. 2009).

The oceans play a critical role in determining the  
lag time for chemicals to reach the Arctic, either by 
transporting dissolved contaminants slowly to higher 
latitudes, or by providing a relatively non-sticky 
temporary storage reservoir which is in constant 
exchange with the atmosphere. Persistent multimedia 
chemicals which exchange with the oceans, such as 
short-chain perfluorinated alcohols, low molecular 
weight PCBs and HCB, experience a greater number 
of “hops” during atmospheric transport over the 
oceans compared to terrestrial surfaces (Gouin  
and Wania 2007). Single and multiple hopping each 
contribute about equally to the transport of DDT and 
HCHs to the Arctic (Semeena and Lammel 2005). A 
model of DDT in the global environment from 1950–
2002 suggests that the world’s oceans absorbed DDT 
until 1977 and since then have been losing DDT, 
although DDT is still accumulating in large sea areas. 

Volatilization is the main sink to the atmosphere, 
with the western North Atlantic being the most 
significant secondary source. Large parts of the 
tropical oceans and southern mid-latitude oceans 
underwent flux reversal from deposition to 
volatilization in the 1980s (Stemmler and  
Lammel 2009). 

2.3.3.2. Gas exchange processes 

The direction of diffusive exchange of gaseous 
chemicals across the air-water interface depends 
primarily on chemical concentrations in air and water 
and the temperature. Rates of transfer are controlled 
by wind speed. Fluxes are constantly readjusting 
seasonally, daily and even diurnally due to changes 
in temperature and air concentrations, and over the 
longer term, to changes in water concentrations.  
The net flux direction can be assessed by comparing 
fugacities (Pa) of the chemical in water and air  
(fW, fA), estimated from gaseous concentrations  
in air (CA, mol m-3), dissolved concentrations in  
water (CW, mol m-3) and the Henry’s law constant  
(H, Pa m3 mol-1) at the water temperature:

fw= CWH  Eq.10

fA = CARTA  Eq. 11

FR = fW/fA = CWH/CART  Eq.12

R is the gas constant (Pa m3 mol-1 K-1) and TA is air 
temperature. Water/air fugacity ratios (FR = fW/fA) of 
less than 1.0, 1.0 and greater than 1.0 imply net depo-
sition, equilibrium, and volatilization respectively. 

The Whitman two-film model is the most common 
for estimating the rate of air-water gas exchange. 
Deposition, volatilization and net fluxes (FD, FV, FN, 
mol m-2 d-1) are calculated from the individual air 
and water fugacities and the mass transfer coefficient, 
which is mainly a function of wind speed. Relation-
ships for calculating fluxes are presented in Bidleman 
and McConnell (1995) and Jantunen and Bidleman 
(2003). For simplicity, the net flux directions in the 
rest of this section are referred to as “deposition”, 
“volatilization” and “near equilibrium”. 

2.3.3.3.  Complications and uncertainties in gas 
exchange calculations

CA and CW specifically refer to gaseous chemicals  
in air and dissolved chemicals in water, respectively. 
These are usually measured as the fraction of the 
total chemical which passes through an air or water 
filter and is retained in a solid adsorbent trap. The 
particle/gas distribution can also be predicted through 
models based on the compound’s liquid-phase vapour 
pressure or octanol-air partition coefficient, and soot-
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air partition coefficient for PAHs (Lohmann  
and Lammel 2004). Such models do not capture  
the complex interactions that occur between com- 
pounds of differing polarity and aerosols of varying 
composition. Polyparameter linear free energy 
relationships (pp-LFERs) have been proposed as an 
alternate approach, especially for polar compounds. 
Compounds sorbed to dissolved/colloidal organic 
matter in water are not retained by filters, which 
leads to overestimation of CW and artificially inflates 
the volatilization component. Corrections can be 
estimated using partition coefficients of the chemical 
to dissolved/colloidal and particulate organic matter 
(Garcia-Flor et al. 2005, Rowe et al. 2007, Sobek et 
al. 2004, Zarnadze and Rodenburg 2008). Processes 
in the water column, such as plankton activity, 
dissolved-particle phase partitioning followed by 
sequestering to deep-water, chemical and biological 
degradation (Gioia et al. 2008b), and the salting-out 
effect on the Henry’s law constant in saline waters 
(Cetin et al. 2006) also influence the rate of gas 
exchange. If particle sinking fluxes are faster than 
air-water exchange fluxes, then the system will not 
be at equilibrium (Gioia et al. 2008b). Concentration 
of POPs tend to be higher in the surface microlayer 
than in underlying water (Garcia-Flor et al. 2005, 
Guitart et al. 2010, Wurl and Obbard 2004) and 
modify the direction and magnitude of the flux 
(Guitart et al. 2010).

Uncertainty calculations using propagation of errors 
are an important consideration when estimating FRs 
and fluxes (Bamford et al. 2002, Bruhn et al. 2003, 

Gioia et al. 2008a, Gioia et al. 2008b, Jantunen et al. 
2008a, Jantunen et al. 2008b, Wong et al. 2011,  
Xie et al. 2005). The largest uncertainties lie in the 
Henry’s law constants and the air-water mass transfer 
coefficients, although in some cases variations in air 
concentrations are also a limiting factor (Cincinelli  
et al. 2009, Jantunen et al. 2008b, Jaward et al. 
2004a). Short-term changes in wind speed lead  
to uncertainties in mass transfer coefficients, and 
using a Weibull distribution to describe cumulative  
frequency distribution of wind speed helps to reduce 
this uncertainty (Zhang et al. 1999, Wanninkhof et al. 
2009). Accurate Henry’s law constants are crucial  
in assessing gas exchange, and literature values are 
often in poor agreement. Progress has been made  
to achieve thermodynamic consistency among  
literature values of physicochemical properties, 
thereby reducing uncertainty in Henry’s law  
constants and other properties (section 2.1).

2.3.3.4. Air-water gas exchange in the Arctic

The state of gas exchange for HCHs depends  
on location and time. Concentrations of α-HCH in  
the arctic atmosphere declined 10-fold between the 
1980s and 1990s due to emission reductions in Asia 
(Li and Macdonald 2005, Li and Bidleman 2003), 
and concentrations of both γ-and α-HCH are continu-
ing to decline (Becker et al. 2008, Hung et al. 2010). 
This decline forced a reversal of exchange in the 
Bering-Chukchi seas, from deposition in 1988 to near 
equilibrium or volatilization in 1993 (Jantunen and 
Bidleman 1995, Sahsuvar et al. 2003). A global 
model of α-HCH fate also predicted reversal of its 
exchange direction in the Arctic Ocean in the early 
1990s (Wania and Mackay 1999, Wania et al. 1999a). 
Equilibrium or volatilization continues in the 
Archipelago and southern Beaufort Sea (Jantunen  
et al. 2008b, Su et al. 2006, Weber et al. 2006,  
Wong et al. 2011). In the eastern Arctic Ocean where 
water concentrations are lower, near-equilibrium or 
deposition was found for both HCHs (Harner et al. 
1999b, Lakaschus et al. 2002, Lohmann et al. 2009). 

Fewer measurements have been made of β-HCH in 
arctic-subarctic air and water. Reported concentra-
tions in air of β-HCH at arctic monitoring stations 
are less than 1 pg m-3 (Annex Table A2-6), but higher 
concentrations have been reported from shipboard 
measurements over the North Pacific, Bering-
Chukchi seas and Beaufort Sea (Wu et al. 2010). 
These authors suggested that volatilization from 
seawater may have contributed to the elevated 
β-HCH in air, despite its low Henry’s law constant. 
Su et al. (2006) suggested that emissions from 
seawater may have contributed to atmospheric 
β-HCH concentrations at Point Barrow, AK, which  
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in 2002–2003 were approximately 2–3 times higher 
than those at Kinngait and Little Fox Lake (Annex 
Table A2-6). See also the modeling of β-HCH in  
the Arctic Ocean (Section 2.3.5.4).

Gas exchange of chemicals other than HCHs has 
been less well studied in arctic and subarctic waters. 
Phthalate esters were near equilibrium from 60–85oN 
(Xie et al. 2007b), while the polycyclic musk 
fragrances Galaxolide® and Tonilide® were 
depositing (Xie et al. 2007a). Air-water fluxes  
of PCBs 28, 52, 118 and 138 were estimated from 
paired air and water samples in the Norwegian and 
Greenland seas and the eastern Arctic Ocean (EAO) 
from 78–85oN (Gioia et al. 2008b). FRs depended on 
the choice of Henry’s law constants, but in general 
indicated deposition. Deposition of Σ36PCBs was 
reported for the Bering Sea in 1990 (Iwata et al. 
1993a). Deposition of HCB was estimated in the 
Archipelago in 2007–2008 (Wong et al. 2011) 
(Figure 2.24 A). Measurements in the EAO-
Greenland Sea region in 2004 indicated near- 
equilibrium of HCB, equilibrium of trans-chlordane 
and deposition of cis-chlordane (Lohmann et al. 
2009). Concentrations of HCB in air at Svalbard  
had been declining since 1994, but then underwent 
an increase from 2003–2006. One factor may be  
an increase in ice-free conditions around Svalbard, 
which would facilitate sea-to-air exchange. Another 
factor may be use of HCB-contaminated pesticides 
such as chlorothalonil (Becker et al. 2009). 
Occurrence and air-water exchange of PBDEs 47,  
99 and the non-BDE flame retardant DPTE 
(2,3-dibromopropyl-2,4,6-tribromophenyl ether) was 
investigated in the Greenland Sea by Möller et al. 
(2011) (Möller et al. 2011),with the result that all 
three compounds were undergoing net deposition, 
with fluxes ranging from -13 to -492 pg m-2 d-1 
(BDE-47), -7 to -272 pg m-2 d-1 (BDE-99) and up  
to -1044 pg m-2 d-1 for DPTE.

Expeditions were made in the Canadian Arctic to 
investigate air-sea exchange of the legacy OCPs 
chlordane, heptachlor epoxide and dieldrin, and  
the CUPs dacthal, chlorothalonil and endosulfan 
(Jantunen et al. 2009a, b). Paired water and air 
samples were collected in summer and early fall 
across the Archipelago on Tundra Northwest 1999 
(TNW-99), in the Labrador Sea, Hudson Strait and 
Hudson Bay on ArcticNet-2007, and off Banks Island 
in 2008 during the International Polar Year (IPY) 
Circumpolar Flaw Lead (CFL) study (collective 
referred to as ANIPY-2007/08). Water/air FRs are 
summarized in Figure 2.24. Chlordane compounds 
(cis-chlordane, trans-chlordane and trans-nonachlor) 
and dieldrin approached air-water equilibrium within 

a factor of two. A strong potential for volatilization 
was estimated for heptachlor epoxide in the ANIPY-
2007/08 study, with FRs of approximately 3.

Total toxaphene concentrations in the surface water 
of the eastern Archipelago on TNW-99 averaged  
114 ± 31 pg L-1. Concentrations of 150 and 253 pg 
L-1 were reported at Holman Island and Baffin Bay in 
1999–2000 (Hoekstra et al. 2002), and 45–85 pg L-1 
at Resolute Bay in 1992 and 1993 (Bidleman et al. 
1995, Hargrave et al. 1997). Air concentrations were 
unusually high on TNW-99 (mean 20 ± 8 pg m-3) and 
similar levels were found at Resolute Bay (mean  
19 ± 9 pg m-3) in that summer. The FR = 0.15 
(deposition), estimated using 114 pg L-1, 19 pg m-3 
and the appropriate temperature-adjusted Henry’s 
Law constant (Jantunen and Bidleman 2000)  
(Figure 2.24). No explanation was found for the high 
air concentrations during that time, which otherwise 
had averaged 7 pg m-3 at Resolute Bay in 1992 
(Bidleman et al. 1995), 4 pg m-3 over the Bering-
Chukchi Sea in 1993 (Liisa Jantunen, Environment 
Canada, unpublished data), 11 pg m-3 at Alert in 1993 
(Hargrave et al. 1997) and 3–7 pg m-3 at Alert  
in 1998 (Braekevelt et al. 2001). Combining the 
ranges of reported toxaphene concentrations in water 
(45–253 pg L-1) and air (3–20 pg m-3) yields a range 
of FRs of 0.06 to 2.1, while the FR = 0.37 using the 
averaged concentrations (133 pg L-1 water, 9 pg m-3 
air). Overall, toxaphene exchange has varied 
throughout the 1990s from deposition to volati-
lization, with a tendency toward deposition. 
Toxaphene concentrations were below detection  
in air and water during 2007–2008.

FRs of α-endosulfan and dacthal were less than 1 
across the Archipelago in 1999 and for 2007–2008, 
indicating deposition (Figure 2.24). A previous 
assessment also estimated deposition of α-endosulfan 
in all arctic regions, with lowest FRs in the 
Archipelago (Weber et al. 2006). Chlorothalonil was 
measured in water across the Archipelago during 
1999, but due to technical difficulties was only 
measured off Banks Island during 2008. Exchanges 
were in deposition in both years (Figure 2.24). 
Chlorpyrifos was only sought in 2007–2008 and  
was undergoing deposition (Figure 2.4).

The accuracy of these FR estimates depends on the 
reliability of the Henry’s law constants selected for 
calculation. Henry’s law constants for the chlordanes, 
heptachlor epoxide, dieldrin and α-endosulfan were 
thermodynamically consistent “final adjusted values” 
(FAVs) at 25 oC (Shen and Wania 2005) (see section 
2.1.3). FAVs at 25 oC were also used for chlorpyrifos 
and dacthal (Muir et al. 2004). The Henry’s law 
constant of chlorothalonil at 25 oC was taken from  
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a European Commission review (European 
Commission 2006). Adjustments to surface water 
temperature were made using log H = m/T + b. 
Experimental temperature-dependent Henry’s law 
constants were used for toxaphene (Jantunen and 
Bidleman 2000) and HCB (Jantunen and Bidleman 
2006). Henry’s law constants available only at 25 oC 
were adjusted using the following procedures. 
Temperature slopes of Jantunen and Bidleman (2006) 
and Cetin et al. (2006) were averaged for chlordanes, 
while the Cetin et al. (2006) slopes were used for 
dieldrin, heptachlor epoxide chlorpyrifos and 
endosulfans. Averages of these slopes were assumed 
for dacthal and chlorothalonil. All Henry’s law 
constants were raised by 20% to account for the 
salting-out effect in seawater (Jantunen et al. 2008a). 

2.3.3.5.  Effect of sea ice on gas exchange  
in arctic regions

The “lid” of ice cover in the Arctic Ocean and its 
regional seas provides an effective barrier to gas 
exchange of POPs (Jantunen and Bidleman 1996, 
Lohmann et al. 2009). Each summer, the ice pack in 
the low-mid Arctic Ocean and subarctic seas recedes, 
thereby enabling air-water gas exchange to resume. 
The ice edge is a region of intense biological activity, 
opening the possibility of greater metabolism and 
sinking fluxes of particulate POPs (Gioia et al. 
2008b, Lohmann et al. 2009). Snow and ice are 

temporary storage reservoirs for POPs and losses 
take place upon melting and aging, which may 
increase air concentrations (Daly and Wania 2004). 
Both processes would lead to increased potential  
for air-to-sea transfer (Gioia et al. 2008b).

Climate change in the Arctic will lead to reduced ice 
cover and generally warmer surfaces. Less ice cover 
will increase the release of HCHs (Ding et al. 2007, 
Jantunen et al. 2008a, Wong et al. 2011, Wu et al. 
2010) and possibly other POPs from the Arctic 
Ocean, remobilizing them into the atmosphere for 
redistribution. In the case of chemicals that are 
predicted to undergo gas-phase deposition to the 
Arctic Ocean, loss of ice cover will provide more 
open water for such deposition to occur. Precipita-
tion is expected to increase in the Arctic, which will 
increase loadings of chemicals to the Arctic Ocean 
directly through washout over the ocean and 
indirectly through river runoff. Melting ice can  
also impact the nutrients in the water column, 
affecting primary productivity. With higher 
temperatures, more wintertime polynyas will be 
present which will lead to an increase in sea fog, 
which scavenges and deposits POPs in areas known 
to be important for biota (Macdonald et al. 2005). 

The evasion of α-HCH predicted by fugacity calcula-
tions has been confirmed by measurements of higher 
α-HCH concentrations in air over the Bering-Chukchi 

Water/air fugacity ratios (FRs) calculated from averaged air and water concentrations across the Archipelago. Measurements were carried out 
on expeditions in the east, central and west Archipelago and southern Beaufort Sea on TNW-99 and ANIPY-2007/08. Values of FR <1, = 1  
and >1 indicate net deposition, equilibrium (solid red line) and net volatilization, respectively (Jantunen et al. 2009a, b). A) legacy OCPs.  
HCB, metabolite heptachlor exo-epoxide (HEPX), chlordane components trans-chlordane (TC), cis-chlordane (CC), and trans-nonachlor (TN), 
dieldrin (DIEL) and toxaphene. FRs of toxaphene are shown for the TNW-99 expedition when air concentrations were unusually high and also 
calculated from averaged air and water concentrations throughout the 1990s (blue bar). B) FRs of the CUPs endosulfan (α-Endo and β-Endo), 
dacthal (DAC), chlorpyrifos (CPF) and chlorothalonil (CHT).

FIGURE 2.24 
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and Greenland seas during the ice-free period 
(Jantunen and Bidleman 1995, Jantunen and Bidleman 
1996). Air concentrations of α-HCH in the “floating 
sea ice” region of the high arctic were higher than 
those measured over pack ice (Wu et al. 2010). An 
abrupt increase in α-HCH concentration in air 
accompanied the ice breakup in the central 
Archipelago during the Tundra Northwest 1999 
(TNW-99) expedition (Jantunen et al. 2008b)  
(Figure 2.57). Similar observations were made during 
the 2008 Circumpolar Flaw Lead (CFL) study off 
Banks Island (Figure 2.25). Air concentrations of 
α-HCH increased 3–4 fold between winter-early 
spring and late spring-summer as the transition 
occurred from ice cover to open water (Wong et al. 
2011). In both of these studies, sea-to-air transfer  
was traced by the appearance of non-racemic  
α-HCH from seawater in the air boundary layer  
(see Figure 2.57 and also Figure 2.58). 

In the Greenland Sea-EAO region, HCHs, chlordanes 
and HCB in surface water were about twice as high 
under ice as in ice-free areas, whereas no significant 
difference was seen for these POPs in air (Lohmann et 
al. 2009). This contrasts with a clear increase in α-HCH 
air concentration over open water in the Archipelago 
and southern Beaufort Sea (Jantunen et al. 2008b,  
Wong et al. 2011) and is probably due to higher levels 
of α-HCH in surface water of the latter regions. 

On the 2007 ArcticNet expedition in Hudson Bay  
and the 2008 CFL study off Banks Island, Wong et al. 
(2011) conducted an experiment to simultaneously 
measure air concentrations of α-HCH, HCB and 
bromoanisoles at 1 m (C1) and 15 m (C15) above  
the surface. FRs indicated volatilization of α-HCH, 
deposition of HCB and volatilization or near 
equilibrium of di- and tri-bromoanisole. The C1/C15 
ratio of α-HCH was significantly higher when samples 
were collected over water (C1/C15 = 1.14) than over 
sea ice (C1/C15 = 0.99) with p < 0.05. Other chemicals 
did not show significant air concentration differences 
between 1 m and 15 m. In principle, the air gradient 
for α-HCH over water can be used to estimate 
volatilization fluxes when coupled with micrometeo-
rological measurements. Fluxes of α-HCH and HCB 
over Lake Superior were estimated from shipboard  
by coupling measurements of C

A
 at two heights with 

Bowen Ratio measurements of heat flux (Perlinger  
et al. 2005). Such measurements require constancy  
of meteorological conditions over the sampling period, 
which should be restricted to a few hours or less. The 
measurements of Wong et al. (2011) were conducted 
over 8–12 hours, which was too long an integration 
time for the estimation of fluxes by micrometeo-
rological methods. Nevertheless, such estimates  
were made and compared with fluxes calculated  
using the two-film method. 

Increase in air concentrations of α-HCH with onset of ice breakup at Banks Island during May, 2008 and continuing throughout the summer. 
The concentration increase was accompanied by drop in the enantiomer fraction α-HCH, EF = (+)/[(+) + (–)], an indicator of evasion from the 
ocean. The racemic EF of 0.5 is typical of α-HCH from long-range air transport, while α-HCH in seawater at Banks Island had an EF = 0.455 
due to preferential degradation of the (+) enantiomer by microbes (modified from Wong et al. 2011). 

FIGURE 2.25 
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Fluxes of α-HCH were estimated by using (a) 
micrometeorological flux (FM) approach in which 
micrometeorological measurements were made from 
a 10m tower at the bow of the ship, and (b) two-film 
model (FTF; based on fugacities in air and water) 
(Jantunen and Bidleman 2003). 

The comparison of fluxes was done for eight  
sampling events over open water off Banks Island  
in July 2008. The micrometeorological method could 
not be used for one event because of unstable atmos-
pheric conditions. Both approaches estimated net 
volatilization (positive flux) of α-HCH for six out  
of the seven other events, the exception being event 5 
when FTF was positive and FM was negative. The 
range of FM for the seven events was -3.5 to 18 (mean 
7.4) ng m-2 d-1, compared to the estimated FTF range 
for eight events 3.5 to 14 (mean 7.5) ng m-2 d-1 (Wong 
et al. 2012). Results are encouraging and show the 
feasibility of making real-time flux estimates based  
on micro-meteorology, but improvements to reduce 
the sampling time are needed.

2.3.4.  Modeling studies on long-range 
transport of POPs

Contributors: Jianmin Ma, Don Mackay and Liisa Reid

In this section we discuss the possible roles of 
dynamic models and mass balance models to assess 
fate and transport of POPs, and models as contribu-
tors to international negotiations and regulations. 

2.3.4.1.  BETR-World model and Distant 
Residence Time concept

As shown in the previous sections, long-range 
transport of contaminants to the Arctic occurs via 
air, oceans and even on a local scale by biovectors. 
Models are usually developed for single vectors  
and they often use large datasets to parameterize 
complex flow patterns of air, water or biotic 
migration patterns. Due to the complexity of these 
models, computation times can be long, especially 
for decades-long simulations. Verifying the results 
becomes challenging because of the vast spatial 
scales of the North. Monitoring projects provide 
valuable information on spatial and temporal trends, 
and they can be used to verify modeling efforts, 
which in turn can predict future temporal and spatial 
trends of contamination or decontamination with 
changes in global and/or local emissions. Models 
can also be used to determine the likely fate  
of emerging contaminants and can thus guide  
the spatial extents and patterns of demanding  
and expensive monitoring programs. 

Increasingly, it is recognized that the combination  
of monitoring and complementary modeling is the 

optimal path forward. Not only do the model results 
have to be credible to the scientific community, they 
must also be conveyed in relatively simple, direct 
and understandable form to those responsible for 
international negotiations leading to the global  
regulation of chemical usage.

No single model is likely to satisfy all demands. 
Indeed, global scale modeling is still in an evolution-
ary phase in which various approaches are being 
tested, accepted or rejected, and modified in the light 
of tests, to achieve scientific credibility and meeting 
regulatory needs. It is likely that development of a 
suite of models will prove to be the optimal approach. 

This suite would include a series of simple to complex 
models of varying temporal and spatial scale. A simple 
one-compartment steady-state model such as the EQC 
model (Mackay, 2001) can indicate, based on the 
physical-chemical properties (as described in section 
2.1) whether a chemical is likely to partition to a 
mobile phase such as air or water. It can also provide 
insights into the extent that the chemical is persistent 
and if it is likely to be bioaccumulative. Many chemi-
cals of concern are multi-media in nature. They 
partition into mobile phases in sufficient quantities to 
be transported long distances from the point of emis-
sion, but they also partition into organic phases that 
can pose a risk to the ecosystem and ultimately human 
health in contaminated regions. Based on these find-
ings, using a minimum of input data, a more complex 
and site-specific model can then be used to assess a 
realistic scenario of chemical fate and transport. 

Notable among the global circulation models are 
those by Dastoor and Larocque (2004), Gong et al., 
(2007), Li et al., (2004) and Ma (2010). Of particular 
interest in the arctic context is the Arctic Mass 
Balance Box Model (AMBBM) model of Li et al. 
(2004) that addresses the fate of hexachorocyclo- 
hexanes in the Beaufort Sea. Among the global  
segmented models are BETR-World (Toose et al. 
2004), BETR-Global (MacLeod et al. 2005), 
GloboPOP (Wania 2003) and CliMoChem (Schenker 
et al. 2008a). Here we focus on the BETR-World 
model, but the same general conclusions can be 
reached by applying other models. Indeed, there  
is merit in applying different models to the same  
scenarios with a view to identifying common 
strengths and any inconsistencies.

The BETR-World model originally included  
25 regions with only one representing the Arctic. 
This was found to be insufficiently detailed for the 
Arctic because of observed differences in oceanic 
and biotic concentrations between, for example, the 
Eastern and Western Canadian Arctic. Consequently, 
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a more detailed segmentation was developed. The 
original Arctic segmentation and the more detailed 
segmentation are shown in Figure 2.26 a and b. 

The quantity of data generated by even the relatively 
simple BETR-World model can be significant and 
even overwhelming, especially when treating time-
varying conditions over decades. As a result, effort 
has been devoted to presenting the results of such 
models in a more readily understood matrix form  
by devising the Distant Residence Time concept 
(Mackay and Reid 2008, Reid and Mackay 2008). 

The concept has been used to rank contaminants  
by their long-range transport potential (Mackay and 
Reid 2008, Reid and Mackay 2008). By linking a 
series of multi-media environments by atmospheric 
or marine/freshwater exchanges in either a linear  
(as a tunnel) or non-linear (as in the BETR-World 
model in Reid and Mackay (2008), the potential  
for contamination of a selected region (such as  
the Arctic) by emissions from other distant, yet 
connected regions, can be assessed  
(Figure 2.27 a and b).

Figure 2.27 shows that at steady-state, the mass in 
environment 1 is M1, thus the residence time in that 
environment is M1/E1. The total mass in the system, MT, 
is M1 + M2 + M3 + M4, and thus the total residence time 
of the system is MT/E1 which comprises the sum of  
individual residence times Mi/E1. We refer to M1/E1  
as a local residence time and M2/E1, M3/E1 etc. as 

Distant Residence Times (DRTs), thus the Distant 
Residence Time, DRT4 is M4/E1. The DRTs are therefore 
the mass in each receptor region divided by the emission 
rate in the source region. These Distant Residence Times 
(e.g., 0.1 years) are proportional to the quantity in the 
region at steady-state attributable to a specific source 
region. If the model used to estimate them is linear,  
the DRTs are independent of the emission rate. Results 
from any suitable steady state model can be used to 
calculate a set of DRTs for each source region. For  
a set of source regions, the results can be presented  
in a DRT source-receptor matrix that quantifies the 
relative contributions of each source to the 
contamination of each receptor region.

Complex models

The 25 region BETR-World model with a single 
arctic compartment has been used to illustrate the 
potential of a well-studied chemical, α-HCH to 
contaminate various regions in the Arctic (Reid  
and Mackay 2008). This simulation has been 
extended to include a segmented arctic region in 
which circulation patterns, atmospheric, riverine and 
oceanic influences can be deduced. The physical-
chemical properties of α-HCH were taken from 
Schenker et al. (2007) with only a few changes to 
enthalpies of phase change and activation energies 
from the properties used in Reid and Mackay (2008).

Using this adapted model, there is potentially a 31 x 31 
“efficiency of transfer” matrix illustrating the probability 

(a) Original Arctic segmentation of the BETR-World model; (b): Improved Arctic segmentation of the BETR-World model.
FIGURE 2.26 
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of emissions in each region to reach all the other 
regions. This can be simplified by addressing only  
terrestrial regions as sources and arctic regions as 
sinks, giving a 15 x 7 matrix. This can be further  
simplified by focusing only on the influence of regions 
in the Northern Hemisphere, outside of the Arctic and 
including an adjacent oceanic region for illustrative 
purposes using a 7 x 7 matrix (Table 2.5). The diago-
nal in the matrix in this case is not the local residence 
time as the source and target regions differ. Table 2.5, 
using the total regional DRT (i.e., including mass in  
all receptor region media divided by emission in the 
source region) shows that transport from the Canadian 
Provinces region to the Canadian Archipelago 
(DRTTotal = 0.0494 years) is more efficient than from 
Europe (DRTTotal = 0.0058 years) as indicated by the 
higher DRTTotal resulting from a unit emission in those 
respective regions. The efficiency of transfer matrix  

is useful in determining the risk each region poses  
to other regions for a particular chemical, but it  
does not take into account the quantities emitted.

Table 2. 5 also shows that the Eastern and Western 
Arctic Ocean regions are potentially dominant sinks  
for contaminants released into the global environment 
because their DRTTotal values are relatively high.  
It also shows that the transport from the Continental 
Arctic (including the Canadian Northwest Territories, 
Yukon and the US state of Alaska) and Russia is 
efficient due to their proximity. The implication is  
that emissions from these regions should be closely 
monitored and may be a high priority for regulatation. 
The DRTTotal calculated from a unit emission in the 
North Atlantic is included in Table 2.5 to illustrate  
that chemicals can be efficiently transported from  
this oceanic region. 

M1 

E = 11 

E = 11 

b.

 

M2 M3 M4 

M4 

M1 M2 M3 

a.

Linear (a) and non-linear (b) arrangements of linked environments. E1 indicates an emission rate to environment 1, M 1-4 is the mass of 
chemical resulting in each environment. The orange is the “target” environment, which is selected to be region 4 here, but could realistically  
be any of the environments which would be of interest to the researcher or policy-maker (adapted from Mackay and Reid 2008). 

FIGURE 2.27 

Table 2.5.  Efficiency of transfer DRT matrix for α-HCH transported to arctic regions, all media, using the BETR-World model. In the interests 
of brevity, each region is assigned a one-word identifier. For example, “East Asia” includes China and much of South-East Asia.

 DRTTotal (years) Receptor Regions

Source 
Region

Emisson
kg y-1 Hudson Bay East Arctic 

Ocean Davis Strait Greenland Canadian 
Archipelago

Barents-
Greenland 
Seas

West Arctic 
Ocean

Continental 
Arctic 1 0.0585 0.1056 0.0261 0.0345 0.1355 0.0694 0.1896

Canadian 
Provinces 1 0.0318 0.0313 0.0086 0.0111 0.0494 0.0256 0.0494

Russia 1 0.0061 0.0696 0.0064 0.0104 0.0250 0.0628 0.0502

Europe 1 0.0014 0.0129 0.0016 0.0035 0.0058 0.0149 0.0104

USA 1 0.0020 0.0049 0.0011 0.0020 0.0052 0.0052 0.0057

East Asia 1 0.0006 0.0046 0.0006 0.0013 0.0024 0.0038 0.0043

North Atlantic 1 0.0055 0.0518 0.0080 0.0093 0.0213 0.0723 0.0389

Other* 17 0.0019 0.0103 0.0016 0.0035 0.0067 0.0106 0.0099

Total 24 0.1077 0.2911 0.0539 0.0755 0.2513 0.2646 0.3584

*emission in regions within the Arctic was not considered
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Average proportion of DRTTotal for α-HCH among arctic regions as a function of regional volume/total arctic volume.
FIGURE 2.28 
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Contribution to arctic regional DRT for α-HCH by global source regions. 
FIGURE 2.29 
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Contribution of α-HCH to arctic regional inventory by global source regions. 
FIGURE 2.30 

Regional DRT is proportional to the mass of chemi-
cal in that region. A larger mass in a larger region 
can be expected. The “vulnerability” of some regions 
related to others can be deduced. If the inventory, 
thus DRTTotal, is higher than the proportional volume 
or area for the Arctic, this indicates that the region  
is an area more susceptible to contamination. For the 
seven arctic regions, the proportion of total arctic 
DRTTotal (or mass) vs. the proportion of arctic  
volume can be plotted (Figure 2.28).

In Figure 2.28, the three points above the 1:1 line 
(starting at the low end) are Hudson Bay, and the 
Western and Eastern Arctic Oceans. These regions 
are primarily marine in nature, thus indicating the 
importance of marine ecosystems as sinks for α-HCH 
in the Arctic. The region that is well below the  
1:1 line is Greenland, a primarily barren terrestrial 
region. The BETR-World model does not account  
for glaciers and sea ice.

The quantity of the emissions in each region is also 
important. The efficiency of transfer may be high,  
but if little or no chemical is used within that region, 
it poses no hazard to the target region. Li et al. 
(2000, 2003b) have carried out extensive work  

in assessing emission patterns of HCHs, including 
the α-isomer. Using Li’s total global estimates of 
α-HCH usage between 1940 and 2000, a “steady-
state” emission can be estimated by using an average 
annual emission in each region. If an emission  
pattern is applied to the matrix values in Table 2.5, 
the resulting masses in each of the regions in the 
system can be determined, creating a “responsibility 
matrix” (Figure 2.29 and Figure 2.30). It becomes 
evident that the East Asian region (mainly China and 
South-East Asia) and Russia have comparable contri-
butions to the inventories in the receptor regions; 
Russia having a relatively low rate of emission but  
a high efficiency of transfer value and East Asia 
having a high rate of emission but a low efficiency  
of transfer. Both factors are clearly important.

This gives an estimate of the contribution of various 
global regions to arctic contamination. Figure 2.29 
clearly suggests that the Continental Arctic, Russia 
and the North Atlantic, as in Table 2. 5, provide the 
largest proportion of the DRT in each arctic region. 
Figure 2.30 shows that East Asia has the largest 
emission of α-HCH and that the continental Arctic 
and the North Atlantic have none. The responsibility 
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matrix as Figure 2.30 shows that sources in Russia, 
Europe and East Asia dominate the contamination  
of the arctic regions by α-HCH.

This approach effectively separates the two factors 
that control long-range transport, namely (1) the  
efficiency of transport which is a function of  
chemical properties and geographic factors such  
as atmospheric or marine circulation patterns and  
(2) the quantity of emission. The efficiency matrix 
addresses the first factor and the responsibility matrix 
addresses both factors. The aim here has been to 
demonstrate the concept using the available data. 
These numerical results should therefore be regarded 
as tentative, not definitive. One useful approach 
would be to apply other independent models to  
this example.

Regional Influences

By examining the DRT and steady-state inventory  
of select media in the arctic regions, a comparison 
can be made between receptor regions and the level 
of influence of the source regions. In the Canadian 
Archipelago (Figure 2.31) and the East Arctic Ocean 
(Figure 2.32), Upper air is dominated by α-HCH 
from distant sources (from East Asia 44%, 53% 
respectively for the Canadian Archipelago and EAO, 
and from “Other”, 12%, 11% respectively). Marine 
water in both regions is dominated by α-HCH from 
Russian emissions (37% and 49% respectively). The 
total load in each region is dominated by Russian and 
East Asian emissions with emission from Europe and 
the Canadian Provinces contributing more to the total 
load in the Canadian Archipelago (8%) than to the 
Eastern Arctic Ocean (2.5%).

Proportional “responsibility” assigned to the Canadian Archipelago region as sourced from estimated emissions of α-HCH in individual source regions.
FIGURE 2.31 
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Decontamination of the arctic region

Emission reduction strategies can be guided using 
global models. Several scenarios can be compiled 
with a view to guiding international actions regarding 
the reduction or elimination of emissions. How long 
a reduction in concentration will take depends on the 
rates of loss processes such as transport, reaction, 
volatilization and transfer to deep oceanic waters. 
These processes are believed to be slower in cold, 
polar regions, thus the arctic environment is expected 
to take longer to respond to reductions  
in emissions. To estimate the response time of the 
arctic regions, a dynamic (time-variable) model  
can be used. To illustrate the response time of the 
arctic regions, a hypothetical scenario of a complete  
reduction of emissions (i.e., total global emissions  
= 0 kg y-1) of α-HCH after reaching a steady-state 
condition was considered. An arbitrary endpoint  
of 1 µg m-3 in marine water is being used to illus-
trate the response times of an arctic region vs.  
a temperate one.

Figure 2.33 shows that the marine water in the 
Canadian Archipelago would take more than 13 years 
to decrease the concentration to less than 1 µg m-3.  
It also shows that in the region with the highest  
emissions, East Asia, the steady-state marine  
concentration is 7 µg m-3, but the predicted time  
to decrease to less than 1 µg m-3 is only 4.2 years.  
This pattern shows both the vulnerability in arctic 
regions and the necessity for ongoing, long-term  
monitoring programs. In practice, the total cessation  
of emissions of commercial chemicals is unlikely. 
Even chemicals such as DDT are still in use today 
because of its value in reducing malaria rates in  
tropical countries. As discussed in Chapter 1,  
usage may actually increase.

DRT and emission reduction strategies

Chemicals of commerce, like those used in industry 
and agriculture, are a necessary and often beneficial 
part of business or of health and safety. Taking 
information such as no-effect or defined effect 
concentrations into account, it is possible to use  
a global model to suggest a cap on the annual 
emissions in various parts of the world, depending  
on the efficiency of transport to a vulnerable area. 
This can be illustrated using the Canadian 
Archipelago as an example of a vulnerable  
region given the human and wildlife population 
living there.

Selecting an endpoint or a maximum concentration  
is detailed in other publications (Arnot et al. 2006) 
and is beyond the present scope of this discussion. 
Here, for purely illustrative purposes, an endpoint  
of 1 µg m-3 α-HCH in marine water in the Canadian 
Archipelago is selected. The existing usage data  
indicate that 13 BETR-World regions historically 
use/produce this chemical (Toose et al. 2004).  
Using a unit emission from each of these 13 regions, 
a concentration in the marine water is expected to  
be 4.44 x 10-7 µg m-3. Assuming that regions take  
on equal responsibilities in arctic contamination 
(though this point is clearly open to debate), each 
region is assigned a contribution of a maximum  
of 1/13 of 1 µg m-3 in concentration or 13,800 kg  
in the marine waters of the Canadian Archipelago 
(volume = 1.797 x 1014 m3). 

Table 2. 6 shows that for a target region in the 
Canadian North, the maximum target emission  
in East Asia is calculated to be about 20 times  
that of the Canadian Provinces and 2 times that  
of the United States (column 4). The actual average 

Predicted marine water decontamination concentrations of α-HCH in the Canadian Archipelago and East Asia from steady-state with no  
global emissions. 

FIGURE 2.33 

0.0001 

0.001 

0.01 

0.1 

1 
0 5 10 15 20 25 30 

Simulation Year 

East Asia

Canadian Archipelago
 

10 

Co
nc

en
tr

at
io

n 
(µ

g 
m

-3
) 



76 Persistent Organic POllutants in canada’s nOrth

emission rate in East Asia is 80 times higher than  
the Canadian Provinces and 20 times higher than  
the United States (column 5).

To limit the concentration in arctic marine waters, 
international actions could be taken to achieve a 
redistribution of global emissions, but the nature of 
this redistribution would presumably be the subject 
of international negotiations and would include 
consideration of local effects. This example of 
α-HCH is, of course, largely irrelevant to the real 
current situation because it is an unwanted 
by-product of lindane production. A more realistic 
example would be for DDT, which has value for 
malaria control. Any redistribution would presu-
mably take into account the relative needs for this 
substance in source regions. 

This approach of assigning acceptable emissions  
or loadings on a global scale is entirely analogous  
to the Total Maximum Daily Loading (TMDL) 
concept that is routinely applied by the United States 
Environmental Protection Agency’s Clean Water  
Act (USEPA 2010b) when regulating water quality  
as it is impacted by a number of sources. The Clean 
Water Act also provides a framework for stakeholders 
to trade unused contributions to the maximum 
loading. Whether or not this concept can be applied 
globally remains to be seen. What is certain is that 
regardless of whether total bans or more selective 

partial bans are to be implemented, global scale  
mass balance models describing chemical sources 
fate and transport in all relevant media can support 
the development of such proposals and the  
justifications for such actions. 

In this section we have argued that global scale mass 
balance models can play a significant role in 
developing an improved understanding of the fate 
and transport of the wide variety of chemicals of 
actual and emerging concern. This quantitative 
understanding can contribute to international 
negotiations to reduce the impacts of long-range 
transport. Models are most valuable when applied 
with complementary monitoring programs, i.e., 
modeling and monitoring should be viewed as 
mutually supportive. We assert that no single model 
can satisfy all present demands, thus an optimal 
strategy is to foster a suite of models in the 
expectation that the most useful will emerge  
by a process of “natural selection”. The Distant 
Residence Time concept can, we believe, play a 
valuable role in guiding global modeling efforts  
and presenting findings in a relatively simple and 
understandable manner. Models can thus encourage 
the international regulation of contaminants in a 
globally transparent framework. The results can  
be used to assess the efficiency of transport, 
responsibilities for region to region contamination, 

Table 2.6.  Calculation of maximum emissions by region, based on the efficiency of transfer of α-HCH to the Canadian Archipelago using  
an endpoint of 1 µg m-3 in marine water, compared to average annual emissions.

Unit emission
Total 
Marine Load

Target Marine Load
Target
Max emission

50 year 
average emission* 

AvgE
TargetE

Kg y-1 Kg Kg Kg y-1 Kg y-1

Canadian Provinces 1 4.26x10-2 1.38x104 3.25 x105 7.18 x105 2.21

United States 1 4.04 x10-3 1.38x104 3.42 x106 2.79 x106 0.82

Caribbean 1 7.91 x10-4 1.38x104 1.75 x107 5.99 x106 0.34

Central America 1 6.61 x10-5 1.38x104 2.09 x108 2.67 x106 0.01

Argentina Chile 1 2.09 x10-5 1.38x104 6.62 x108 1.49 x105 0.0002

Europe 1 5.02 x10-3 1.38x104 2.75 x106 8.37 x106 3.04

Middle East 1 1.02 x10-3 1.38x104 1.36 x107 8.98 x106 0.66

Russia 1 2.27 x10-2 1.38x104 6.10 x105 6.46 x106 10.59

East Asia 1 2.01 x10-3 1.38x104 6.87 x106 5.85 x107 8.52

Oceania 1 4.01 x10-5 1.38x104 3.45 x108 7.43 x104 0.0002

Northern Africa 1 1.05 x10-3 1.38x104 1.32 x107 1.08 x107 0.82

Southern Africa 1 3.95 x10-5 1.38x104 3.50 x108 7.43 x104 0.0002

Asian North Pacific 1 4.77 x10-4 1.38x104 2.90 x107 5.68 x105 0.02

Total 1 7.98 x10-2 1.80x105 1.65 x109 1.06 x108 0.06

Marine Conc. µg m-3 4.44 x10-7 1

* from Li et al. (2000)
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assign vulnerabilities and possibly design a global 
scale strategy to assign tolerable rates of chemical 
usage and emission.

2.3.4.2. Dynamic models

Dynamic air quality simulation models can be 
broadly characterized by the manner in which the 
fate and transport of pollutants within the air are sim-
ulated. Models of physical processes whose equations 
are stated relative to a volume of air that follows the 
dispersing material during transport downwind can 
be referred to as Lagrangian models. Those whose 
equations are stated relative to a volume of air fixed 
in space, through which the air moves, can be 
referred to as Eulerian models. Both types of models 
are powerful tools to mathematically describe the 
environmental behaviour of POPs in multi-compart-
ments (atmosphere, oceans, lake waters, soils etc.), 
through physics, chemistry and dynamics, and pro-
vide numerical assessments of POPs transport and 
their budget in environments. 

Lagrangian models describe atmospheric transport  
by calculating the transformation of a chemical-laden 
air parcel during its movement in the atmosphere 
over time. These models can be run both forward and 
backward in time. The Lagrangian type models that 
have been used to simulate POPs atmospheric trans-
port and source-receptor relationships include 
FLEXPART (Eckhardt et al. 2009), developed by the 
Norwegian Institute for Air Research, and HYSPLIT-
POPs (Hybrid Single Particle Lagrangian Integrated 
Trajectory model) (Cohen et al. 2002), developed  
by the National Oceanic and Atmospheric 
Administration (NOAA) of the USA. The atmo-
spheric dispersion model, Modèle Lagrangien de 
Dispersion de Particules d’ordre zéro (MLDP0),  
was developed and has been in use at the Canadian 
Meteorological Centre (CMC) of Environment 
Canada for several years. The model was initially 
designated to support environmental emergency 
response activities. An effort is currently underway  
in Environment Canada to upgrade the MLDP0 to 
enable it to be applied in modeling atmospheric 
transport of toxic chemicals and other air pollutants.

Lagrangian models are suitable for examining the 
dispersion from a single source, which it represents  
as a large number of parcels that are advected with 
the wind field. The main advantage of Lagrangian 
models is that unlike with Eulerian models, there  
is no numerical diffusion. Furthermore, in Eulerian 
models, a tracer released from a point source is 
instantaneously mixed within a grid box, whereas 
Lagrangian models are independent of a compu-
tational grid and have, in principle, infinitesimally 

small resolution. Thus, they are fast and easily 
manipulated. This type of model provides a 
framework of temporal trend and fate of toxic 
chemicals but it treats heterogeneous and complex 
atmospheric environments as a homogeneous 
compartment. In addition, such models do not 
presently cover surface exchange and, hence,  
do not take into account secondary sources  
(e.g., re-emission to air from soils, oceans).

An Eulerian model is suitable for modeling a situation 
with many distributed sources, as it carries concen-
tration values at every point on a grid. Atmospheric 
transport in Eulerian models is considered as fluxes 
between grid cells. Models of this type can include 
dynamic evaluation of the inter-media exchange with 
allowance for the variability of types of underlying 
surface and meteorological conditions (also called 
multimedia chemical transport models–MCTMs). 
Typical examples of such models are MPI-MCTM 
(Lammel et al. 2001, Semeena and Lammel 2003), 
and MSCE-POP (Gusev et al. 2005). Environment 
Canada has also developed this type of model. These 
are the Multicompartment Environmental Diagnosis 
and Assessment (MEDIA) model (Koziol and 
Pudykiewicz 2001, Zhang et al. 2010a, Zhang et al. 
2008b), GEM/POPs (Gong et al. 2003), and the 
Canadian Model for Environmental Transport of 
Organochlorine Pesticides (CanMETOP) (Ma et al. 
2003, Zhang et al. 2008b). Both MEDIA and 
CanMETOP were coupled with air/soil, air/water,  
and air/snow (ice) exchange. The differences between 
the MEDIA and CanMETOP models are that the two 
were solved with different computational schemes 
and parameterizations, and used different soil mod-
ules. Application of the CanMETOP in numerical 
simulations of atmospheric transport and deposition 
of penta-BDE is provided in section 2.3.4.3.  
Figure 2.34 provides a schematic view of major 
atmospheric, physical, and chemical processes  
incorporated in atmospheric transport models for 
POPs, such as the CanMETOP and MEDIA.

Detailed horizontal and vertical structures of the 
atmosphere can be taken into consideration in a 
POPs atmospheric transport model. For example,  
the horizontal resolution of the CanMETOP spans 
from 5 km2 (urban scale), 24 km2 (regional scale),  
to a 1o x 1o latitude/longitude (global scale). In the 
vertical, the model separates the atmosphere as (1) 
the surface boundary layer (SBL, 0–100 m from the 
surface) where atmospheric turbulence dominates 
local momentum, heat, concentration fluxes and 
vertical mixing which are always in equilibrium with 
underlying surface conditions; (2) the atmospheric 
boundary layer (ABL, 100–1000 m from the surface) 
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where both large-scale atmospheric motions and 
local turbulence activities act together to determine 
horizontal and vertical movement of a toxic chemical; 
and (3) the free atmosphere (above 1000 m from the 
surface) where large scale atmospheric motion plays 
a major role in the long-range atmospheric transport 
of POPs. 

These features enable the Eulerian type of POPs 
atmospheric transport models to provide a sufficiently 
detailed overview of POP fate in the environment  
so as to evaluate contamination levels and source-
receptor relationships as well as examine trends and 
projections of POP contamination. They also provide 
details (up to hourly and diurnal changes in air 
concentration) of episodic atmospheric transport 
events of POPs. This information is useful in the 
negotiation process for inclusion of POP candidates  
in international legislations as the models can provide 
information on the ability of substances to transport 
over long distances and as well as supportive evidence 
of their persistence in the environment. Figure 2.35 
illustrates the superimposed snapshots of the mean 
daily lindane air concentration, modeled at the height 
of 5245 m (upper panel), once every two days during 

the period of an atmospheric transport event from 
China to the Arctic from March 30, 1997 to April 10, 
1997. This is overlaid by the mean of the winds, 
averaged over the same period and at the same height, 
simulated by the MEDIA model. The lower panel of 
Figure 2.35 shows the vertical profiles of the daily air 
concentration crossing 30°N to 90°N on April 9, 1997 
from the surface to 5245 m, averaged over 110°E to 
140°W, which is the area covering the major East Asia  
source region, the North Pacific Ocean, and a large 
area of the Arctic. The figure is also overlaid by  
the vector winds, derived from the meridional wind 
component (v, m s-1) and the vertical velocity (m s-1) 
(Zhang et al. 2010a). 

The figure shows that, although the chemical was 
emitted from contaminated soils, the presence of  
high air concentrations of this insecticide at relatively 
high latitudes suggests that the free atmosphere is an 
important pathway for atmospheric transport of toxic 
chemicals to the Arctic due to stronger winds and 
weaker dispersion of chemicals. 

The nature of Eulerian models enables them to be 
applied to distinguish the contribution of individual 
sources of POPs from different locations to the 

Schematic illustration of major atmospheric, physical, and chemical processes and features in the CanMETOP model. SBL for surface 
boundary layer and ABL for atmospheric boundary layer. 

FIGURE 2.34 

Removal due to
OH radical Advection

Sorption on
cloud

Air/snow ( ice )
exchange

Deposition
Absorption

Gas / particle
partition

Turbulent
mixing

Water

Volatilization

Wet
depositionDry

deposition

Emission

Soil
Diffusion

Leaching

F
re

e
 a

tm
o
sp

h
e
re

1
0

0
0

-1
2

0
0

0
m

  
 S

B
L
  
  
  
  
  
  
  
  
 A

B
L

0
-1

0
0

m
  

  
  

 1
0

0
-1

0
0

0
m



CHAPTER 2   |   PRoPERTiEs, souRCEs, GlobAl FATE And TRAnsPoRT 79

La
tit

ud
e

Longitude

c 
(p

g 
m

-3
)

Latitude (N)

He
ig

ht
 (m

)

30                          40                          50                         60                          70                          80                          90

90

80

70

60

50

40

30
110 120 130 140 150 160 170 180 190 200 210 220

5 20 50 100

Mar. 30

Apr. 2 Apr. 5

Apr. 8

Apr. 10

034

019

009

002

5245

2995

745

70

0

20

5

0.3

Apr. 9

Modeled mean daily lindane air concentration and the vertical profiles at the height of 5245 m. Upper panel: modeled daily lindane air 
concentration (pg m-3) at 5245 m height on selected days over the period March 30 – April 10, 1997. The figure also shows mean vector winds 
over the same period and height. The bars at the lower left give wind vectors in knots (Note that 002 means 2 knots). Lower panel: vertical 
cross section of MEDIA modeled mean daily lindane air concentration (pg m-3) from the surface to 5245m height on April 9 1997, averaged 
over longitude 110°E to 140°W. The figure also shows cross-section of daily mean vector winds by derived from meridional wind and vertical 
velocity, averaged over the same region and over the same period. 

FIGURE 2.35 

environmental fate of POPs at receptors. One such 
example was presented in section 2.3.4.3 where the 
influence of penta-BDE emitted from different 
continental sources on PBDE contamination and 
loading in the Canadian Arctic was highlighted. 

2.3.4.3.  Modeled atmospheric transport  
and deposition of PBDEs to  
the Canadian Arctic

The presence of BFRs in the Arctic has been 
attributed to the long-range transport from their 
sources in industrialized countries, e.g., Western 
Europe and eastern North America (de Wit et al. 
2010). It has been estimated that the lower-bromi-
nated congeners do have a long-range transport 
potential and can be delivered to a remote pristine 
region (Wania and Dugani 2003). In order to further 
identify the major atmospheric pathways and the 
sources of PBDEs to Canadian Arctic, Environment 
Canada’s global atmospheric transport model for 
persistent toxic chemicals CanMETOP has been used 
to simulate the atmospheric transport, source receptor 

relationships, and multi-compartment fate of PBDEs 
in the Arctic. The model is driven by a recently 
developed global PBDEs 1o x 1o latitude/longitude 
gridded emission inventory with meteorological/
geophysical data (winds, air temperature, sea ice 
concentration, precipitation, etc.) for 2005. Special 
attention was paid to penta-BDE because the United 
States (US) has become the major emission source of 
penta-BDE after its ban in the European Union (EU) 
in 2004 (de Wit et al. 2010). This section describes 
the main findings from this modeling study on major 
global emission sources contributing to PBDE 
contamination in the Canadian Arctic through  
long-range atmospheric transport. 

Table 2.7 lists the penta-BDE emissions to air from 
10 countries based on currently available information 
of penta-BDE emissions in 2005. Air emission from 
these 10 countries accounts for 87% of the total 
global amount of penta-BDE emissions (820 t y-1), 
and the United States is the largest source  
of penta-BDE emissions.
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Table 2.7.  Penta-BDE air emissions for top 10 countries (Total global penta-BDE air emissions was 820 t in 2005).
Country Emission (t) % of total global emission

United States 540.0 65.6

Canada 58.00 7.05

China 42.18 5.12

Germany 14.27 1.73

Russia 13.35 1.62

India 10.53 1.28

Italy 10.36 1.26

United Kingdom 10.36 1.26

France 10.20 1.24

Japan 9.22 1.12

Total 718.46 87.30

To assess the impact of global sources on penta-BDE 
contamination to the Canadian Arctic, multiple 
simulations were conducted by including or 
excluding different penta-BDE sources. Output  
data from the different scenario model simulations 
were used to elucidate and identify major sources, 
atmospheric pathways, and the fate of penta-BDE  
in the Canadian Arctic. Preliminary results for the 
contribution of the air emissions from major source 
regions to the total deposition (dry deposition and 
wet deposition, ng m-2) of penta-BDE to Canada are 
illustrated in the present case study. The modeling 
scenario assessments consisted of following these 
five model scenario simulations:

1. with all sources in the globe

2. with the US and Canada sources only

3. with China sources only

4. with India sources only

5. with European and Russian sources only

The modeled air concentration derived from scenario 
1 was compared with weekly monitored data at 
Alert. Modeled air concentrations closely reflected 
the weekly changes in measured BDE-99 (correla-
tion coefficient of r = 0.63) in 2005. However, the 
model underestimated air concentrations, likely due 
to the assumption of zero background air 
concentrations across the Arctic as well as the 
underestimation of emissions in the emission 
inventory (Figure 2.15 and Table 2.7).

We define the region north of 62oN as the Canadian 
Arctic receptor and the north of 80oN as the 
Canadian high Arctic receptor. To highlight the 
contribution of the total deposition from each of  
the four source regions to the two receptor regions  

in the Canadian Arctic, we calculated the ratio of  
the total deposition from each source (scenarios 2–5) 
to that from global emission sources (scenario 1). 
Figure 2.36 presents the relative contribution of 
different sources to the two Canadian Arctic 
receptors. The US and Canada sources of penta-BDE 
made the largest contribution at 45% towards the 
penta-BDE loadings to the Canadian Arctic, followed 
by China at 26%, Europe and Russia at 18%, and 
India at 11%. In the case of the Canadian high Arctic, 
the US and Canada emissions of penta-BDE again 
were the largest contributor to the toxic 
contamination to the Canadian high Arctic  
and the rest of con-tributors followed the same 
sequence as that to the Canadian Arctic. 

Monthly total deposition (dry and wet, pg month-1)  
of penta-BDE to the Canadian high Arctic are 
illustrated in Figure 2.37. The monthly loadings are 
consistent with the relative contributions of major 
emission sources, as shown by Figure 2.37, 
indicating that the US and Canada were the largest 
source of penta-BDE in the Arctic on a monthly 
basis, followed by China, Europe and Russia, and 
India. Largest loadings are found in the summertime, 
which is consistent with higher air concentration of 
penta-BDE at Alert in summer. These results reveal 
the different atmospheric pathways of the pollutants  
from Eastern Asia and North America entering  
the Canadian Arctic. 

A number of atmospheric transport modeling and  
trajectory calculations (Bailey et al. 2000, Zhang  
et al. 2010a, Zhang et al. 2008b) have revealed  
trans-Pacific transport of toxic chemicals from 
Eastern Asia to the west part of the Canadian Arctic 
following prevailing westerly winds crossing the 
North Pacific Ocean, especially in the springtime. 
During the spring period, the atmospheric circulation 
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from Northeast Asia to Northwest Canada is forced 
by a ridge of high pressure, known as the North 
Pacific high pressure (NPHP) system, centered  
near the Bering Sea and Alaska region (Figure 2.38). 
The NPHP is a semi-permanent high pressure system  
in the North Pacific Ocean. It becomes strongest  
in the Northern Hemispheric summer and is 
displaced towards the equator during the winter. 
When it becomes stronger in the springtime and 
moves towards the east, it directly exposes the Arctic 
to Asian pollutants. Given that the atmospheric high 
pressure circulates the air mass clockwise, the south-
erly winds on the west part of the NPHP then turn 

the air to the north during its eastwardly transport 
pattern across the North Pacific. However, because 
the southerly winds seldom extend to the high Arctic, 
especially the Canadian high Arctic, Asian emissions 
of POPs contribute less to the Canadian high Arctic.

Previous investigations have demonstrated that Europe 
and North America are major source regions of POPs 
to the Canadian high Arctic (Halsall et al. 1997, Wang 
et al. 2010b, Zhang et al. 2010a). In the case of the 
data from 2005 of penta-BDE emissions, the Eastern 
US was still a major source of penta-BDE, as shown 
by Figure 2. 28 and Table 2.7. The eastern seaboard  
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Relative contribution of penta-BDE from different sources to Canadian Arctic (left panel) and Canadian high Arctic (right panel). US/CA–the 
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Monthly total (dry + wet) deposition of penta-BDE to the Canadian high Arctic (pg month-1). Global emissions; US/CA–the United States and 
Canada; Europe including Russia.
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of North America, a major atmospheric transport path-
way of POPs from the Eastern US to the Canadian 
high Arctic, is affected by southerly wind flows from 
the west of Azores-Bermuda high over the North 
Atlantic Ocean (Zhang et al. 2008b). 

2.3.5. Oceanic transport of POPs
Contributors: James Armitage, Terry Bidleman, Paul Helm,  
Liisa Jantunen, Henrik Kylin, Yi-Fan Li, Robie Macdonald

2.3.5.1. Introduction

Long-range oceanic transport (LROT) has been 
studied for decades although less frequently in  
the context of POPs. For example, elucidation  
of circulation pathways from temperate oceans  
to the Arctic, and within the Arctic Ocean, has been 
followed with radionuclides (Alfimov et al. 2004, 
Smith et al. 1998), nutrient ratios (Carmack et al. 
1997, Jones et al. 1998, Jones et al. 2003) and lead 
(Gobeil et al. 2001). Evidence is now accumulating 
to show that some persistent organic chemicals are 
also subject to substantial LROT. This was first 
demonstrated for HCHs, which over time have 
arrived in the Arctic Ocean by a combination of 
atmospheric and oceanic transport. In particular, 

β-HCH is more subject to oceanic transport than 
α-HCH because of its greater tendency to partition 
from air to water (Li and Macdonald 2005, Li et al. 
2002, Li et al. 2004). Global-scale fate and transport 
models have been parameterized for other persistent 
and relatively water-soluble compounds; e.g., PFCAs 
and PFSAs (Armitage et al. 2009a, b, Armitage et al. 
2009d, Prevedouros et al. 2006, Wania 2007) as well 
as current-use pesticides (Matthies et al. 2009). These 
tools can also be used to derive integrated metrics  
of long-range transport potential (e.g., Arctic 
Contamination Potential) which characterize overall 
contaminant delivery to the Arctic ecosystem and can 
also elucidate the relative importance of atmospheric 
and oceanic pathways e.g., (Brown and Wania 2008, 
Gouin and Wania 2007, Wania 2007). 

This section begins with an overview of processes  
that limit the ability of chemicals to be transported 
long distances through the ocean. For example, 
partitioning between the particle and dissolved phases, 
particle sinking rates, deep-water formation and 
chemical/microbial stability (Section 2.3.5.2). 
Monitoring of perfluorinated chemicals in seawater 
and LROT is discussed in section 2.3.5.3. Following  
is a presentation of the Arctic Mass Balance Box 

Schematic view of the North Pacific high pressure system illustrated by the mean sea level pressure (MSLP, hPa, averaged from 2005 through 
2008). Black arrows indicate wind directions and the large arrow indicate the atmospheric pathway of toxic chemicals from Asia to the 
Canadian Arctic. Original image was collected from the National Oceanic and Atmospheric Administration (NOAA). 
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Model (AMBBM) of transport and fate of HCHs  
in the Arctic Ocean, previously applied to α-HCH  
(Li and Macdonald 2005, Li et al. 2004), it is  
updated to include β-HCH and presented in section 
2.3.5.4. Finally, a detailed investigation of spatial 
variability of α-, β-, and γ-HCHs in the Canadian 
Archipelago during the summer of 1999 is  
discussed in section 2.3.5.5).

2.3.5.2.  Potential limitations to long-range 
oceanic transport

Chemicals entering coastal waters in temperate 
latitudes are subject to various fate processes which 
influence the efficiency of LROT. With respect to 
contamination of the Arctic Ocean, the following 
processes are briefly discussed here.

– Degradation 

– Particle settling

– Deep-water formation (vertical mixing)

– Subduction/exclusion within the Arctic Ocean

–  Horizontal circulation patterns within the  
Arctic Ocean. 

Degradation

Hydrolysis (neutral, base-catalyzed) is a key potential 
abiotic reaction pathway in the marine environment. 
Chemical classes with hydrolysable functional groups 
include halogenated aliphatics, organophosphate 
esters, carboxylic acid esters, amides, and carbamates 
(Larson and Weber 1994). HCHs, a relatively well-
studied group of POPs are also susceptible to 
hydrolysis, but with degradation kinetics highly 
dependent on ambient conditions. For exam-ple, 
estimated hydrolysis degradation half-lives of 
α-HCH and γ-HCH at seawater pH (8.1) are 64– 
110 years at 0 oC and less than a year at 25 oC 
(Harner et al. 1999b, Ngabe et al. 1993). Thus, 
degradation in tropical and subtropical oceans could 
limit their LROT. Hydrolysis of β-HCH is much 
slower, and this isomer appears to be more efficiently 
transported via ocean circulation (section 2.3.5.4). 
Other potential reaction pathways include photo-
chemical reactions occurring at the air-water 
interface, in the surface microlayer, and also  
in the bulk water column to the euphotic depth. 
Biodegradation in the water column is also possible 
given the presence of microbial communities in the 
bulk water column and the surface microlayer and 
may be far more effective than abiotic reaction 
pathways. For example, biodegradation half-lives  
of HCHs in the Arctic Ocean were estimated to  
range from 5.9–23.1 years (Harner et al. 1999b). 

By definition, POPs tend to be resistant to 
degradation as reflected by the estimated half-lives  
in water summarized in Table 2.8. Lower tempera-
tures can substantially reduce abiotic reaction rate 
constants, depending on the sensitivity of the reaction 
(typically characterized by an activation energy). 
This temperature dependence can be estimated using 
the Arrhenius expression, which can be used to 
quantify the relative change in rate constant as a 
function of temperature. The relationship between 
temperature and biodegradation rate may exhibit  
a similar trend (Macdonald et al. 2005) but this  
effect is possibly obscured by the type of 
microorganisms present in different ecosystems  
(e.g., microorganisms in cold waters may be well-
adapted to these conditions and still able to maintain 
efficient metabolism). Note that these half-lives are 
applicable to the freely-dissolved (i.e., bioavailable) 
fraction only; the mass fraction of the chemical 
sorbed to particulate and dissolved organic carbon 
(POC and DOC respectively), are assumed to be 
shielded from reactions.

Based on the half-lives presented in Table 2.8, 
degradation in the water column is not likely to be  
a key fate process for most POPs entering aquatic 
systems with short residence times (e.g., rivers). 
Even in aquatic systems with long residence times 
(e.g., Baltic Sea), modeling studies indicate that 
degradation in the water column represents only  
a minor sink in comparison to other fate processes 
such as revolatilization, sediment deposition and 
sediment burial (Armitage et al. 2009c, Breivik  
and Wania 2002a). For non-volatile compounds  
with low affinity for suspended solids however, 
degradation in the water column during oceanic 
transport could be significant. For example, assuming 
an average current velocity of 1–5 cm s-1, the time 
required to travel a distance of 1,000 km ranges  
from 230–1,150 days. Since a chemical released  
into coastal waters at 45oN must travel at least  
2,000 km to reach the Arctic Circle (66oN), it is  
clear that degradation in the water column can  
act as a substantial barrier to LROT. 

Particle settling

Sorption to particular organic carbon in the water 
column and subsequent deposition to sediments is  
an important fate process for many POPs due to their 
hydrophobic nature (e.g., high organic carbon-water 
partition coefficients, KOC). In the context of ocean 
transport, this process is manifested as the transfer  
of contaminant mass from the mixed surface layer  
(0–200 m) to the deeper ocean, which is generally 
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considered a permanent sink (Dachs et al. 2002, 
Scheringer et al. 2004). Following Lohmann et al. 
(2006), the flux of contaminants out of the mixed  
surface layer (FSINK, kg m-2 y-1 ) can be calculated  
as follows: 

FSINK = Ci,POCFPOC Eq. 13

where Ci,POC is the concentration of chemical in par-
ticulate organic carbon (kg i kg POC-1) and FPOC  
is the settling rate for POC (kg POC m-2 y-1). 

Settling rates are highly variable spatially and 
temporally as they are strongly dependent on 
phytoplankton biomass (primary productivity). For 
example, average settling fluxes for ocean waters 
spanning 30–45oN and 45–60oN were estimated to  
be approximately 50 mg OC m-2 d-1 (range: 12–545) 
and 120 mg OC m-2 d-1 (range: 45–890) respectively 
during the fall of 1998 (Dachs et al. 2002). Using 
these settling rates and empirical data on 
concentrations of PCB 28, 52, 101, 118, 138, 153  
and 180 in the water column, Lohmann et al. (2006) 

estimated settling fluxes ranging from 520–8,900 kg 
y-1 for these PCBs across the entire Atlantic Ocean. 
The impact of this settling flux on the efficiency of 
long-range oceanic transport is somewhat obscured 
by the fact that these compounds are semi-volatile 
and therefore multimedia chemicals. For example, 
particle settling in regions of high primary 
productivity can lead to enhanced atmospheric 
deposition which then compensates for the depletion 
of the chemical in the mixed surface layer to some 
extent (Dachs et al. 2002). 

Assessing the influence of particle settling on  
LROT strictly as a function of hydrophobicity can  
be simplified if the chemicals are assumed to be 
perfectly persistent and non-volatile, i.e., degradation 
and air-surface exchange is neglected. Adopting this 
approach and applying the OECD Overall Persistence 
(POV) and LRTP Tool (OECD 2006, Wegmann et al. 
2009), the Characteristic Travel Distance (CTD) in 
water and the half-life due to particle sinking and 
deep-water formation (see next section) as a function 

Table 2.8.  Estimated degradation half-lives in water at 25 oC for a selection of POPs1

Compound class Estimated degradation half-life in water* (d) Reference or source of information

PCBs
20–2,000; 
60–10,000 at 7oC;

Mackay et al. (2006)
Sinkkonen and Paasivirta (2000)

PAHs 7–70 Mackay et al. (2006)

PCDDs & PCDFs
20–2000; 
170–8000 at 7oC;

Mackay et al. (2006)
Sinkkonen and Paasivirta (2000)

HCB 2000 Mackay et al. (2006)

PeCBz 194–1250 Zarfl et al. (2011)

DDT, DDE 230–2,000 Mackay et al. (2006)

cis- & -trans-chlordane ≥180 EPI Suite; U.S. EPA (2009)2

chlordecone ≥180 EPI Suite; U.S. EPA (2009)2

dieldrin ≥180 EPI Suite; U.S. EPA (2009)

aldrin ≥180 EPI Suite;U.S. EPA (2009)

endrin ≥180 EPI Suite; U.S. EPA (2009)

heptachlor ≥180 EPI Suite; U.S. EPA (2009)

mirex ≥180 EPI Suite; U.S. EPA (2009)

α-HCH 145–710; 1,970–6,170‡ Zarfl et al. (2011)
‡ at 0oC Harner et al. (1999b)

γ-HCH 30–300 Zarfl et al. (2011)

α-endosulfan >180 EPI Suite; U.S. EPA (2009)

Hexabromobiphenyl >180 Zarfl et al. (2011)

Hexabromocyclododecane 60 EPI Suite; U.S. EPA (2009)

BDE47 (Br4) ≥180 EPI Suite; U.S. EPA (2009)

BDE99 (Br5) ~150 Zarfl et al. (2011)

PFOS ≥180 Zarfl et al. (2011)

1 at 25 oC unless otherwise indicated 
2 Based on the Level III fugacity model output in EPI Suite V4.0
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of log KOC were calculated and are presented in  
Figure 2.39. CTD represents the distance travelled 
from the source, at which point the concentration of 
chemical has fallen to 1/e (i.e., 37%) of the original 
value (Bennett et al. 1998, Beyer et al. 2000). The 
default current velocity in the OECD POV and LRTP 
Tool is 2 cm s-1 and the particulate organic carbon 
settling rate is 0.045 kg OC m-2 y-1 (OECD 2006), 
corres-ponding to 125 mg OC m-2 d-1. This POC 
settling rate is similar to values in Dachs et al. (2002). 
Regardless, these model results that are evaluative  
in nature and are best interpreted in relative terms. 

The CTD in water are in excess of 40,000 km for 
chemicals with log KOC ≤ 4.0 and decline to 160 km 
once the log KOC ≥ 7.5. For low log KOC chemicals, 
the CTD is controlled by deep-water formation since 
the fraction of the total mass in the water column 
sorbed to POC is negligible. As log KOC increases, the 
relative importance of particle sinking increases until 
it dominates the overall loss term. In this model, the 

transition between the dominance of particle sinking 
over deep-water formation occurs at around log KOC 
= 4.5, dictating the shape of the curve relating CTD 
to log KOC shown in Figure 2.39. 

The results presented in Figure 2.39 can be more 
broadly understood if the mass fraction of chemical 
sorbed to POC (%) as a function of log KOC as well 
as the concentration of POC in the water column,  
is also illustrated, as in Figure 2.40. This fraction  
can be calculated from the concentration of POC  
and dissolved organic carbon (DOC) in the water 
column and the POC-water and DOC-water parti- 
tion coefficients. The range of reported values  
of concentrations of POC in global ocean surface  
waters is indicated as well (Duforêt-Gaurier et al. 
2010). The concentration of DOC in the water 
column was assumed to be zero, equal to POC,  
and 5 times POC whereas the sorption capacity  
was assumed to be approximately one-fifth of  
POC (Burkhard 2000, Seth et al. 1999).
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Consistent with the model output of the OECD POV 
and LRTP Tool, the mass fraction of chemicals sorbed 
to POC is low when the log KOC ≤ 4.0 at all concen-
trations of POC in the water column. Given that the 
global average concentration of POC in the water 
column is 0.05 mg L-1 (Duforêt-Gaurier et al. 2010), 
it is apparent that particle settling is not likely the 
most important process limiting LROT in most ocean 
regions of the world unless the affinity for POC is 
extremely high (e.g., log KOC > 7). In the context  
of LROT to the Arctic Ocean, the North Atlantic  
is worth considering specifically because relatively  

high concentrations of POC and DOC occur in the 
water column of this region, averaging around 0.2– 
0.3 mg L-1 and 0.6–0.7 mg L-1 respectively in summer 
according to recent estimates (Carlson et al. 2010, 
Duforêt-Gaurier et al. 2010). With these water column 
characteristics, the estimated fraction sorbed to POC 
for chemicals with properties similar to highly chlori-
nated PCBs (i.e., log KOC of approximately 5.5–7.0) 
ranges from approximately 10–50%. For ionizing 
chemicals like PFCAs and PFOS however, which 
have apparent log organic carbon-water distribution 

Mass fraction of the chemical sorbed to POC in the water column (%) as a function of log KOC and concentration of POC in the water column 
under different assumptions about the concentration of DOC. Blue highlighting on x-axis indicates approximate range of concentrations of POC 
in near-surface ocean waters reported in Duforêt-Gaurier et al. (2010). 
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ratios (log DOC) in the range of 2.0–4.5 (Higgins and 
Luthy 2006), particle settling is a far less efficient 
barrier to LROT (sorbed fraction < 1%).

Deep-water formation (vertical mixing)

Exchange between the mixed surface layer and deeper 
layers in the open ocean can occur due to turbulence 
between stratified water layers (diapycnal mixing) 
and also, in some regions as part of the global  
“conveyor belt” circulation pattern (Stewart 2008). 
Upwelling and downwelling events in coastal waters 
also promote vertical exchange. Vertical eddy diffu-
sivities related to diapycnal mixing in the open ocean 
are in the range of 10-5 m2 s-1 (Stewart 2008). The 
mass transfer coefficient (MTC) describing vertical 
exchange in the OECD POV and LRTP Tool (OECD 
2006) was based on studies with inert tracers which 
suggest an average residence time of approximately 
100 years in the mixed surface layer due to vertical 
mixing. This parameterization follows the approach 
adopted for GloboPOP, a global-scale fate and trans-
port model (Wania and Mackay 1995). Assuming a 
diffusion path length half of or equal to the assumed 
depth of the mixed layer (200 m), the vertical diffu-
sivities corresponding to the MTCs in GloboPOP are 
approximately 10-5 m2 s-1, consistent with the value 
cited above. Whereas vertical exchange due to dia-
pycnal mixing is assumed to occur everywhere in  
the ocean, deep-water formation related to the global 
“conveyor belt” is localized to certain regions. With 
respect to LROT to the Arctic Ocean, the key regions 
are the Nordic Seas (approximately 68–80oN, 0–25oE) 
and the Labrador Sea (approximately 50–60oN, 
60–40oW) where deep-water formation rates are an 
estimated 15 Sv (1 Sv = 106 m3 s-1 ) (Isachsen et al. 
2007, Lohmann et al. 2006, Rahmstorf 2002). Deep 
water formed in these regions is assumed to move 
predominantly southward as opposed to continuing  
on into the Arctic Ocean at depth. 

Following Lohmann et al. (2006), the mass flux of 
contaminant associated with vertical exchange/deep-
water formation (FDWE, kg m-2 y-1) can be estimated 
similarly to particle settling, i.e.,

FDWE = 
CW RDWE Eq. 14               A

where CW is the total concentration of the chemical  
in the water phase (kg L-1), RDWE is the rate of vertical 
exchange in the area of interest (L y-1) and A is the 
surface area (m2). 

This process can be important for many classes  
of chemicals, at least on a regional-scale. For 
example, deep-water formation was found to be  
more important than the particle settling flux for 

PCBs in the Norwegian and Labrador Seas; however, 
the particle settling flux dominated overall when 
considering the entire Atlantic (Lohmann et al. 2006). 
Based on the deep-water formation rates estimated 
above for areas in the North Atlantic, approximately 
475 kg y-1 is transported to the deep ocean per pg L-1 
of chemical in the water column. This mass flux is 
independent of the phase distribution of the chemical 
since it is assumed that particles are advected with 
the bulk water. For chemicals with relatively low 
affinity for particles such as PFCAs and PFOS, deep-
water formation in these regions represents a key 
potential loss term and hence a barrier to LROT. 

Subduction/exclusion within the Arctic Ocean

Water enters the Arctic through the Bering Strait 
(North Pacific origin), through the Fram Strait 
between Greenland and Svalbard as well as through  
the Barents Sea (North Atlantic origin) (Jones 2001), 
see Figure 2.22. Research on the stratification and 
composition of the water layers in the Arctic Ocean 
using different tracers (e.g., nitrate:phosphate ratios, 
radionuclides such as I-129) have greatly improved 
the understanding of how horizontal and vertical 
mixing occurs (Carmack et al. 1997, Jones et al. 
1998, Rudels et al. 1996). For example, Jones et al. 
(1998) derived a contour map detailing the percen-
tage of Pacific and Atlantic source water in the 
surface layer (upper 30 m) across the entire Arctic 
Ocean using empirical nitrate:phosphate ratios. These 
data do not support the assertion that contaminants 
entrained in Atlantic water are excluded from the 
most biologically relevant depths. Reported vertical 
profiles of I-129 and Cs-137 transported from 
Northern Europe to the Barents Sea (Smith et al. 
1998) also indicate that contaminants originating 
from inflowing Atlantic water will be present in 
upper surface waters; concentrations of I-129 and 
Cs-137 in the Barents Sea are essentially uniform 
from 2–337 m deep indicating extensive mixing as 
opposed to permanent subduction of North Atlantic 
water in this region. The key conclusion with respect 
to LROT is that while density-driven stratification 
will occur to a certain extent (i.e., top few meters),  
as inflowing Atlantic water interacts with the Polar 
Mixed Layer (PML), Atlantic Water at the surface 
has been extensively modified during transit towards 
the Arctic and will continue flowing into the Arctic 
Ocean at biologically relevant depths (Rudels et al. 
1996). As discussed above however, deep-water 
formation in the Norwegian Sea is likely to be an 
important loss term. This process, along with vertical 
mixing in general, should be considered a dilution 
effect as opposed to exclusion however. 
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Horizontal circulation patterns within the  
Arctic Ocean

While vertical distribution does not appear to be  
a barrier to biological exposure to contaminants in 
the Arctic via LROT, the general circulation patterns 
dictating the horizontal distribution must be consid-
ered. As discussed above, regions dominated by 
waters of Pacific origin can be distinguished from 
regions dominated by water of Atlantic origin using 
the nitrate:phosphate ratio (Jones et al. 1998) and 
indicate limited mixing in the surface layer. The 
Atlantic-Pacific front is generally assumed to be 
located above the Lomonosov Ridge (Macdonald et 
al. 2003). Surface waters (0–200 m) of the western 
Arctic (e.g., Chukchi Sea, Beaufort Sea) are there-
fore dominated by waters of Pacific origin whereas 
surface waters of the eastern Arctic (e.g., Kara Sea, 
Barents Sea) are dominated by waters of Atlantic 
origin (see also section 2.3.5.5), The western and 
eastern basins are termed the North American Arctic 
Ocean (NAAO) and the Eastern Arctic Ocean (EAO) 
in section 2.3.5.4 and in Macdonald et al. (2000). 
Although mixing across the Atlantic-Pacific front  
is not favoured by typical circulation patterns, the  
location of the front can shift under conditions  
associated with a high Arctic Oscillation index 
(Macdonald et al. 2003). 

The significance of these general circulation patterns 
on the horizontal distribution of a contaminant in the 
upper surface waters can be illustrated through 
hypothetical tracer simulations using an ocean 
circulation model, in this case the ANWAP RAIG 
model (Layton et al. 1997). This model was developed 
to assess potential health impacts related to releases  
of radionuclides in the Arctic Ocean. It is a box model 

which divides the surface waters of the Arctic Ocean 
into 15 regions corresponding to major water bodies  
(e.g., Beaufort, Sea, Laptev Sea, Barents Sea). 
Horizontal and vertical water exchanges between  
the regions were estimated using model output from  
a three-dimensional coupled ocean-ice model. Two 
100-y model scenarios were simulated, (i) constant 
inflow of a conservative tracer via the Bering Strait 
only and (ii) constant inflow of a conservative tracer 
via the North Atlantic only. The surface water 
concentrations in all regions at year 100 relative  
to the concentration in the highest region were  
then calculated and are presented in Figure 2.41  
and Figure 2.42. 

As shown in Figure 2.41 and Figure 2.42, the model 
results indicate limited mixing between the two 
major basins (EAO and NAAO). This transport is 
consistent with general circulation patterns and 
demonstrates the distinct domains of influence for 
waters of Pacific and Atlantic origin. Note that 
although the Canadian Archipelago is not explicitly 
included in the ANWAP RAIG model, this region  
is dominated by waters of Pacific origin (Jones et al. 
2003) and will likely have concentrations one-fifth  
to one-tenth of the highest region in Figure 2.41. The 
simplified model results are broadly consistent with 
the empirical distribution of radionuclides released 
into the North Sea from nuclear processing facilities 
in the UK and France (Alfimov et al. 2004) and also 
with more spatially-resolved three-dimensional 
model simulations (Gao et al. 2004, Karcher et al. 
2004). While the finer details of ocean circulation 
within the Arctic cannot be captured by this box 
model (e.g., rapid northerly transport and limited  
dispersion associated with entrainment in the 
Norwegian Coastal Current, and that narrow  

Photo: Crispin Halsall



CHAPTER 2   |   PRoPERTiEs, souRCEs, GlobAl FATE And TRAnsPoRT 89

Relative concentrations of a conservative tracer in the Arctic Ocean following 100 years of inflow via the Bering Strait only.
FIGURE 2.41

Relative concentrations of a conservative tracer in the Arctic Ocean following 100 years of inflow via the North Atlantic only. 
FIGURE 2.42
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coastal currents bringing Pacific water into the  
North Atlantic), it does provide a useful guide  
to the underlying patterns associated with ocean 
transport of persistent, water-soluble contaminants  
in the Arctic Ocean. Most importantly, contaminants 
released into the Atlantic or Pacific Ocean are not 
expected to approach a uniform distribution across 
the Arctic during the period of peak emissions and 
subsequent mass loading due to the transport 
limitation imposed by the general circulation 
patterns. Biological exposure related to LROT  
in the eastern arctic waters, for example, may  
be substantially different than exposure elsewhere  
(i.e., the pattern of exposure associated directly with 
LROT has a strong regional signal). This pattern  
of distribution is distinct from LRAT, which tends  
to result in more uniform deposition fluxes and 
therefore of concentrations/exposure in the  
water column. 

2.3.5.3.  Long-range oceanic transport  
of perfluorocarboxylates  
and perfluorosulfonates

PFCAs and PFOS remain of scientific and regulatory 
interest due to their high persistence in the environ-
ment, substantial historic production, wide range of 
uses, and detection in abiotic and biological samples 
in remote regions. One of the more interesting and 
challenging aspects of understanding the available 
monitoring data is that in addition to emissions 
related to manufacturing and use of these compounds, 
there are several other classes of related compounds 
which degrade in the atmosphere under environmen-
tally-relevant conditions to yield these substances 
(Anderson et al. 2006, Ellis et al. 2004, Martin et al. 
2006, Prevedouros et al. 2006, Young et al. 2007).

Regardless of the origin of PFCAs and PFOS, once 
these compounds enter the marine environment they 
will be subject to LROT to remote regions. The rela-
tive importance and efficiency of this transport 
pathway compared to others can be assessed in sev-
eral different ways. Following Macdonald et al. 
(2000), one approach is to define a boundary repre-
senting the geographical extent of the Arctic Ocean 
and then estimate the mass flux of these compounds 
from measured concentrations in the water column 
outside the boundaries and the estimated rate  
of water flowing across the boundary i.e.,

FSWF = CW RSWF  Eq. 15

where CW is the total water concentration (kg L-1)  
and RSWF is the surface water inflow rate (L y-1). This 
approach was applied by Prevedouros et al. (2006) 
using background concentrations of PFOA from the 
central Pacific Ocean (15–62 pg L-1) (Yamashita et 

al. 2005) and a total inflow rate of 4.9 ± 1.3 Sv (106 
m3 s-1). The corresponding gross inflow is 
approximately 2,000–12,000 kg y-1, well in excess of 
the gross inflow related to the atmospheric transport 
and degradation pathway. The main advantage of the 
approach outlined above is its simplicity and trans-
parency and the ease with which updated estimates 
can be obtained. It is, however, hindered by data 
quality issues (i.e., the suitability and reliability  
of the empirical data used) and the lack of insight 
gained into the distribution of the contaminants once 
in the Arctic Ocean. Regardless, this type of calcula-
tion serves as a reasonable initial approximation for 
assessing the relative importance of oceanic transport. 

Environmental fate and transport models are routinely 
used to assess the relative efficiency as well as 
relative importance of different transport pathways. 
CTD, for example, is a well established metric used 
for assessing LRTP but other metrics have also  
been developed (Scheringer et al. 2004). The main 
advantage of focusing on the estimates of the relative 
efficiency of different transport pathways derived by 
the model (i.e., LRTP metrics) as opposed to the 
relative importance (i.e., gross inflows) is that the 
inevitable uncertainties and debate regarding the 
quality of the emission estimates is avoided since  
all LRTP metrics are independent of the mass of the 
chemical introduced to the system. In addition, all 
calculations are conducted using the same model 
framework and so are directly comparable. Wania 
(2007) applied the GloboPOP model to assess the 
LRTP of PFCAs and a key class of precursors 
(perfluoroteleomer alcohols, FTOHs) using the  
Arctic Contamination Potential (eACP10). This  
LRTP metric is defined as follows (Wania 2003).

eACP10 = 
MR Eq. 16

               ET

where MR is the total mass of contaminant in the 
Arctic minus the mass present in its overlying 
atmosphere and ET is the total mass of contaminant 
emitted to the global environment after 10 years of 
continuous emission. According to Wania (2007),  
the eACP10 of PFCAs emitted directly to coastal 
regions in temperate latitudes and transported in the 
ocean is more than 10-fold higher than the eACP10 
characterizing the long-range atmospheric transport 
and degradation of FTOHs. The main factor inhi-
biting the precursor pathway is not deposition and 
sequestration in lower latitudes but rather the low 
yield of the reaction pathway converting precursors 
to PFCAs in the Arctic. The relatively high transport 
efficiency of PFCAs via ocean transport follows  
from the general considerations previously discussed 
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(i.e., negligible degradation and sorption to settling 
POC). A similar eACP10 characterizing oceanic 
transport would be obtained for PFOS based on its 
physical-chemical properties. One caveat to the 
results obtained using the GloboPOP model (and also 
the OECD POV and LRTP Tool) is that account is not 
taken of the large-scale deep-water formation in the 
Norwegian and Labrador Seas. Furthermore, the 
model segments the globe based on latitudinal  
zones so it is not possible to distinguish between  
the eACP10 of emissions originating in Asia versus  
North American and Europe. Interestingly, output 
from highly resolved ocean transport models suggest 
that radionuclides (Gao et al. 2004, Karcher et al. 
2004) and anionic PFOA (Stemmler and Lammel 
2010) entering the North Sea are predominantly 
transported northward in the Norwegian Coastal 
Current, bypassing the regions of deep-water 
formation identified above. The LRTP of emissions 
from North America are likely to be the most 
susceptible to attenuation by deep-water formation. 

The global fate and transport of PFCAs and PFOS 
have also been assessed using available emission 
estimates (Armitage et al. 2009d, Paul et al. 2009, 
Prevedouros et al. 2006). Model output from these 
applications can therefore be used to gain insight 
into the relative importance of directly emitted 
PFCAs and PFOS in comparison to precursor 
sources (Armitage et al. 2006, Armitage et al. 2009a, 

b, Armitage et al. 2009d, Stemmler and Lammel 
2010, Wania 2007). The spatial resolution of the 
applied models range from 10-zone latitudinal 
segmentation (Armitage et al. 2006, Armitage  
et al. 2009d, Wania 2007), to a 15 o x 15o grid 
(Armitage et al. 2009a, b) to a 1.5–3o x 1.5–3o  
grid (Stemmler and Lammel 2010). 

2.3.5.3.1.  Assessment of key findings on PFAS 
ocean transport 

•  Modelled concentrations of PFOA and PFOS are  
in reasonable agreement with currently available 
monitoring data (see Chapter 3, section 3.2.3.1), 
suggesting that available emission estimates for 
these two compounds are plausible (Armitage  
et al. 2006, Armitage et al. 2009a, Armitage  
et al. 2009d, Stemmler and Lammel 2010).

•  Oceanic transport of directly emitted PFOA and 
PFOS is the dominant source of these compounds 
to the arctic marine environment (Armitage et al. 
2006, Armitage et al. 2009d, Stemmler and 
Lammel 2010, Wania 2007). Particle settling  
and vertical mixing in the open ocean are not  
limiting factors on LRTP.

•  Redistribution of these contaminants from lower 
latitudes to the Arctic Ocean is ongoing and the 
total mass (and average concentration) of PFOA 
and PFOS in the marine environment is expected  
to increase for the next 10–20 years (Armitage  

Photo: Caroline Sevigny/ArcticNet
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et al. 2006, Armitage et al. 2009d, Wania 2007). 
Regulation of PFOS in North America and  
Europe as well as its inclusion in the Stockholm 
Convention will result in lower global average 
concentrations as emissions decrease.

•  Deep-water formation in the North Atlantic was 
estimated to remove approximately 25% of the 
total global emissions of PFOA over the period 
1950–2004, confirming its importance in the  
overall fate and transport of these compound 
classes (Armitage et al. 2009b).

•  Measured concentrations of PFCAs with ≥ 9  
carbons in the open ocean are frequently below 
detection limits preventing a more quantitative  
evaluation of model performance and by extension, 
the reliability of the emission estimates. Modeled 
concentration ratios between the C10:C11 homo-
logues are not consistent with empirical data from 
coastal waters however (Armitage et al. 2009a). 

•  Sequestration in the terrestrial environment,  
particularly soils, is an important determinant  
of LRTP and becomes increasingly effective at  
limiting the LRTP of PFCAs as a function of  
chain length/hydrophobicity. The reduction in 
LRTP due to terrestrial sequestration is sensitive  
to the assumed dissociation constant (pKa) since 
the neutral form of these compounds is semi- 
volatile and therefore counteracts the influence  
of sequestration in terrestrial organic carbon  
pools (Armitage et al. 2009a).

•  Inter-annual variability in ocean current velocities 
and flow pathways has a substantial influence on 
the gross and net mass fluxes of PFOA across the 
arbitrarily defined boundaries of the geographical 
extent of the Arctic (Stemmler and Lammel 2010). 
While the variability associated with changes in 
the emission function over time ultimately drives 
the concentration field within the Arctic Ocean,  
climatology has a more important influence than 
previously recognized. The effect of the variability 
in positive net mass inflows on modeled trends in 
PFOA concentrations across the Arctic Ocean over 
time in comparison to output from other models 
has not been rigorously assessed. 

2.3.5.4.  Historical β-HCH budget  
in the Arctic Ocean

2.3.5.4.1. Introduction

Hexachlorocyclohexane (HCH), a cheaply produced 
OCP, entered into widespread use during the 1940s. 
Two formulations have been produced: technical 
HCH, which contains five stable isomers (α: 60–70%, 

β: 5–12%, γ: 10–12%, Δ: 96–10% (Kutz et al. 1991), 
and lindane (> 99% γ-HCH), which is the insecti-
cidal form. The production and use of technical HCH 
increased with time following its introduction in the 
1940s until it was abandoned for agricultural use by 
China in 1983 and by India and the former Soviet 
Union in 1990. Synchronous decreases in α-HCH 
concentrations in arctic air following these step 
decreases in usage and emissions (Li and Bidleman 
2003, Li et al. 1998) clearly demonstrate that LRAT 
provides rapid dispersion of α-HCH from its source 
regions (mainly in Asia) into the Arctic.

Given the transient release history of HCH, the 
construction of mass balance budgets, especially  
for a sequence of years, helps develop an under-
standing of how this chemical loaded into the  
Arctic Ocean, what its fate has been, and how  
the Arctic Ocean responded to the withdrawal  
of atmospheric loadings. Furthermore, comparison  
of model results with time-series data collected 
during the past two decades helps identify knowledge 
gaps critical to the prediction of future trends of 
HCH and other chemicals.

The Arctic Mass Balance Box Model (AMBBM)  
(Li et al. 2004), created specifically to view the  
Arctic Ocean as a receptor of HCH, has three major 
modules—one dealing with air concentration, a 
second with river loadings to the Arctic Ocean,  
and a third that considers ocean transport and 
transformation. Model output at annual resolution 
includes air and water concentrations in the Arctic, 
loading and removal of HCH from the Arctic Ocean, 
and cumulative burden in the Arctic Ocean from the 
first year of entry (1945) to the present. Results for 
α-HCH were presented in Li et al. (2004) and Li and 
Macdonald (2005). The model results compared well 
with published data showing that the α-HCH burden 
in the Arctic Ocean started to accumulate in the early 
1940s and reached the highest value of 6,670 t in 
1982, one year before China banned the use of 
technical HCH. Since that time, the burden of α-HCH 
in arctic waters decreased quickly by approximately 
270 t y−1 during the 1990s, and amounted to an 
approximate estimate of 1,550 t in 2000. The model 
implies that complete elimination of α-HCH from 
arctic waters would require another two decades.  
The total loading of 27,700 t between 1945 and  
2000 accounts for approximately 0.6% of total  
global α-HCH emissions. 

β-HCH is the predominant chemical form of HCH 
which is concern for top aquatic predators because  
it biomagnifies and apparently resists degradation. 
Surprisingly, this isomer behaves very differently 
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from α-HCH in terms of its distribution in the 
northern hemispheric surface ocean. Even though 
β-HCH partitions much more strongly into cold water 
than α-HCH, it did not accumulate in the same way 
under the pack ice of the Arctic Ocean, as might be 
expected from the similar emission histories for these 
two chemicals (Li et al. 2002). Instead, β-HCH was 
rained out or partitioned into North Pacific surface 
water where it subsequently entered the western Arctic 
Ocean via currents passing through the Bering Strait. 
An important lesson is that, even for seemingly similar 
environmental contaminants like the HCHs, the 
environmental pathways must be understood 
comprehensively for each individual compound  
(Li et al. 2002).

As was the case for α-HCH, a sequential historical 
β-HCH budget for the Arctic Ocean from its 
introduction in the 1940s, provides insight into  
the pathways taken by this chemical, identifies  
gaps in our knowledge, and allows for the prediction 
of future trends. Here, we use known chemical 
properties of β-HCH, together with the AMBBM,  
to determine the historical evolution of the budget  
of β-HCH in the Arctic Ocean, starting in the 1940s 
when technical HCH was first used.

2.3.5.4.2.  Physical and chemical properties  
of α- and β-HCH

Properties affecting the partitioning and degradation 
of α- and β-HCH provide crucial input to the model 
and are summarized in Table 2. 9. The Henry’s law 
constant (H, Pa m3 mol-1), liquid-phase vapour 
pressure (PL, Pa ) and octanol–air partition coefficient 
(KOA) are strong functions of temperature while the 
octanol-water partition coefficient (KOW) depends 
weakly on temperature. Thermodynamically 
consistent “Final Adjusted Values” (FAVs)  
(Section 2.1.3) for properties of PCBs and pesti- 

cides at 25oC are given in Annex Table A2-1, A2-2 
and A2-3 (Xiao et al. 2004). Table 2.9 gives FAVs  
of H, PL, KOA and KOW at 0°C for α- and β-HCH,  
and FAVs of parameters for calculating the 
temperature dependence from log (property)  
= m/T + b. Organic carbon–water partition 
coefficients (KOC) have been reported only at 
20–25°C; however, these values should not be  
much different from those for 0°C since KOW  
appears to vary only slightly with temperature  
for organochlorines (Bahadur et al. 1997).

Temperature affects the base-catalyzed hydrolysis of 
α- and γ-HCHs through the second-order hydrolysis 
reaction and also because the dissociation of water  
is controlled by temperature (Ngabe et al. 1993).  
The estimated half-life of α-HCH in seawater at  
0oC and pH 8.1 is 64 y) using the Ngabe et al. (1993)  
rate constant. No rate constant is available for 
β-HCH, but the hydrolysis is much slower than for 
α-HCH. Cristol (1947) reported no degradation of 
β-HCH in 0.005M sodium hydroxide in 72 hours, 
conditions that hydrolyze α-HCH in a few minutes.  
A hydrolysis half-life of 100 years for β-HCH was 
assumed in the model. 

Half-lives due to microbial degradation have been 
estimated as 5.9 ± 1.2 years for the (+)-α-HCH,  
22.8 ± 4.7 years for the (–)-α-HCH, and 18.8 ± 10.1 
years for γ-HCH (Harner et al. 2000a, Harner et al. 
1999b). The half-life of α-HCH in the atmosphere 
due to OH radical reaction is estimated as 83 days 
using a second-order rate constant k = 1 x 10-13 cm3 
s-1 at 4 oC and 24 hour average [OH] = 9.7 x 105 

(Brubaker and Hites 1998). No microbial or OH 
radical degradation rates are available for β-HCH.  
A 20 year half-life for microbial degradation of 
β-HCH was assumed in the model, similar to 
microbial degradation half-lives of (-)α-HCH  
and γ-HCH, but it may be longer.

Table 2.9.  Properties of α- and β-HCH affecting partitioning and fate in the Arctic1

Property
Log H 0oC
(Pa m3 mol-1)

Log PL 0oC
(Pa)

Log KOA

0oC
Log KOW

0oC
Log KOC

20-25oC

Hydrolysis
0oC
t1/2 (y)

microbial deg.
Arctic Ocean 
t1/2 (y)

gas-phase
OH reaction
t1/2 (d)

α-HCH
-1.09
m = -3099
b = 10.26

-1.69
m = -3497
b = 11.12

8.46
m = 3235
b = -3.39

4.02
m = 266.2
b = 3.04

3.25-4.10

(b)

64

(c)

6-23

(e)
83 (f)

β-HCH
-2.519
m = -3541
b = 10.444

-2.38
m = -3563
b = 10.67

10.10
m = 4391
b = -5.98

4.17
m = 847.5
b = 1.07

3.36-3.98
(b)

β >> α (d)
100 y used

unknown
20 y used

unknown

1 H, PL, KOW, KOA, and parameters for log (property) = m/T + b are the thermodynamically consistent “Final Adjusted Values” (Section 2.1.3), Xiao et al. (2004) ;b) Mackay et al. (2006), c) Using 
second-order rate constants (Ngabe et al. 1993) and seawater pH = 8.1; d) No reaction in 0.005 M sodium hydroxide in 72 hours (Cristol 1947); e) Harner et al. (2000a), Harner et al. (1999b),  
6 years for (+) and 23 years for (-) enantiomer of α-HCH; f) Using second-order rate constant k = 1 x 10-13 cm3 s-1 at 4 oC and 24 hour average [OH] = 9.7 x 105 (Brubaker and Hites 1998).
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Global annual β-HCH (red line) emissions (in kt) from 1940 to 2000 (Li et al. 2003b). Global annual α-HCH (blue line) emissions are also 
shown for comparison (Li et al. 2000). 

FIGURE 2.43

2.3.5.4.3.  Global emissions and monitoring  
for α-HCH and β-HCH in the arctic  
air and water

Global emissions of β-HCH are assumed to derive 
entirely from the technical formulation (β: 5–12%) 
and therefore parallel those of α-HCH (Figure 2.43), 
which also derives from the technical formulation. 
The total emissions to the atmosphere during the  
60 years between 1945 and 2000 were 4,300 kt for 
α-HCH (Li et al. 2000) and 230 kt for β-HCH  
(Li et al. 2003b). Monitoring data for α-HCH and 
β-HCH, which are relatively sparse for the Arctic,  
are summarized in Annex Table A2-6 and Table A2-7.

2.3.5.4.4.  Scenarios for the AMBBM applied  
to β-HCH

Two scenarios for the air concentrations of β-HCH  
in the Arctic have been used in the AMBBM study. 
In the first scenario, we assume that air concentration 
of β-HCH in the Arctic follows the global emission 
history (Figure 2.43) as a direct response to LRAT.  
In the second scenario, the assumption is that air 
concentration of β-HCH in the Arctic is controlled 
entirely by air-sea partitioning based on the β-HCH 
residue in the surface Arctic Ocean. 

In scenario 2, the net exchange direction of β-HCH 
between air and sea is controlled by the relative 
fugacities (partial pressures) of surface water and  
air. The water/air fugacity ratio (FR) is given by 

McConnell et al. (1993), see equations 10, 11 and  
12 in section 2.3.3.2. We therefore assume that a  
state of equilibrium was established for β-HCH 
between air and seawater in the North American  
Arctic Ocean (NAAO) as early as 1945 and that  
air concentrations of β-HCH (CA) can be calculated 
from Eq. (13) provided the water concentration in  
the NAAO is known.

Su et al. (2006) tested this hypothesis by calculating 
FR, assuming CW = 0.25 ng L-1 and median CA ranging 
from 0.86–0.30 pg m-3 at Valkarkai (VKK) and Point 
Barrow (PTB). Resulting estimates of FR were 1.4  
and 0.50 at PTB and VKK respectively; that is, the  
net volatilization and deposition at these two sites. 
Elevated concentrations of β-HCH in air at PTB could 
be partly explained by outgassing from the nearby 
ocean. However, advective inputs from external 
sources other than outgassing from seawater also 
likely contributed to high β-HCH in VKK air  
(Su et al. 2006).

2.3.5.4.5. Input data

Historical β-HCH loadings to the Arctic Ocean via 
Siberian rivers (Figure 2.44) were assumed to be 
one-fifth of the α-HCH loadings for 1945–1995  
(Li et al. 2004), and were extended to 2005 using 
data from Carroll et al. (2008). Higher fluxes of 
β-HCH (and α-HCH) are associated with the 1960s 
and 1970s when technical HCH was extensively  
used in the former Soviet Union.
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β-HCH loading to the Arctic Ocean from Russian rivers between 1945 and 2000. The total β-HCH loading to the Arctic Ocean from Russian 
rivers between 1945 and 2000 is 530 t (β-HCH usage in the former Soviet Union was estimated as 59 kt). Estimations from measurement data 
are also presented for comparison. The data for blue squares was calculated as 1/5 of the α-HCH data presented in Li et al. (2004), and those 
with green triangles were calculated by using the data from Alexeeva et al. (2001), Carroll et al. (2008), Kimstach and Dutchak (2004). 

FIGURE 2.44
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Estimated historical water concentration of β-HCH in the Mackenzie River from 1945 to 2000 (the red line). Annual fluxes of β-HCH  
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figure. The total β-HCH loading between 1945 and 2000 was estimated at 35.8 t from all arctic rivers outside Russia.
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Concentrations of β-HCH in water of Bering (top panel, Sources of monitoring data Annex Table A2-7) and in water of the North Atlantic Ocean 
(bottom panel). 

FIGURE 2.46
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For the North American and Scandinavian rivers, the 
loading history (Figure 2.45) was reconstructed by 
assuming atmospheric equilibrium such that β-HCH 
loadings are equal to one-fifth of the α-HCH load-
ings (Li et al. 2004).

There are very few historical data on surface water 
concentrations in the Bering Sea and western Arctic 
Ocean for estimating β-HCH loadings to the Arctic 
Ocean via the Bering Strait. Thus the trends in  
Figure 2.46 were estimated by assuming that both 
β-HCH concentrations and loadings were equal to 
one-fifth of the α-HCH loadings (Li et al. 2004).  
The same treatment was made for the concentrations 
of β-HCH in the North Atlantic Ocean, based on 
which the β-HCH loadings to the Arctic Ocean  
from the North Atlantic Ocean was calculated.

2.3.5.4.6. Model results—air concentrations

In the first scenario described above, β-HCH 
concentration in arctic air mirrors the temporal trend 
of β-HCH usage, exhibiting peaks in 1974 and 1980 
(Figure 2.47a). The second scenario, however,  
shows a peak 1986 and generally much smaller 
concentrations than those found in Scenario 1  
(Figure 2.47b). Figure 2.47 demonstrates good 
consistency between modeled results and  
monitoring data for both scenarios.

It is interesting to note that the difference of β-HCH 
budgets in the Arctic Ocean for the two different sce-
narios is minor (Table 2.10). The dominant loading of 
β-HCH to the Arctic Ocean was ocean currents, 70.7% 
for Scenario 1 and 76.7% for Scenario 2; and gas 
exchange was the minor portion, 2.4% for Scenario  
1 and 1.1% for Scenario 2. Thus, in the rest of the  
discussion, we present the results for Scenario 1 only.
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The concentrations of β-HCH in the Arctic (red lines) for a) Scenario 1: β-HCH concentration in air follows the global emission history  
(Figure 2.43) and b) Scenario 2: β-HCH concentration in air (solid red line) is controlled by air-sea exchange in the upper Arctic Ocean.  
The annual global emissions between 1940 and 2000 (dashed blue lines) and measurements (green hexagons) in arctic air are presented for 
comparison. The monitoring data are from the Canadian Alert Station (Annex Table A2-6).

FIGURE 2.47

Table 2.10.  Comparison of the budgets of β-HCH for two scenarios 
Scenario 1 Scenario 2

Pathway Loading (%) Removal (%) Loading (%) Removal (%)

Gas exchange 2.4 0.4 1.1 1.6

Ocean Currents 70.7 35.3 76.7 36.9

Microbial degradation 0.0 36.9 0.0 36.7

Hydrolysis 0.0 7.2 0.0 4.7

Deeper water 0.0 17.6 0.0 17.5

Ice export 0.0 2.6 0.0 2.6

Rivers 22.3 0.0 21.5 0.0

Rain 3.6 0.0 0.6 0.0

Snowmelt 0.9 0.0 0.2 0.0

Particle deposition 0.0 0.0 0.0 0.0
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2.3.5.4.7. Water concentrations

Based on the above inputs, we find that concentra-
tions of β-HCH are higher in the North American 
Arctic Ocean (NAAO) than in the Eastern Arctic 
Ocean (EAO) (Figure 2.48 and Figure 2.49).

Sparse measurements of vertical profiles for  
α-HCH in the Arctic Ocean show that concentration 
decreases rapidly with depth, in the upper 200 m, in 
the Canada Basin (Hargrave et al. 1988, Jantunen and 
Bidleman 1996, Macdonald et al. 2000, Macdonald 

et al. 1997) and we may assume that β-HCH exhibits 
a similar profile but at lower concentrations. In  
contrast, the vertical distribution of α-HCH in the 
EAO appears relatively uniform in the upper 200 m 
of the water column. A comparison of the model 
output for surface-water concentrations of β-HCH 
with observational data (Figure 2.48 and Figure 2.49) 
indicates that the model produces substantially higher 
concentrations with the caveat that observational  
data are exceedingly sparse in time and space.
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2.3.5.4.8.  β-HCH burdens and loading in arctic 
waters from 1945 to 2000

Starting in the 1940s, the burden of β-HCH in the 
Arctic Ocean increased monotonically, reaching  
the highest value (816 t) in 1982, after which it 
decreased rapidly (Figure 2.50). By 2000, the burden 
of β-HCH in the top 200 m of the Arctic Ocean had 
declined to 280 t, or about one-sixth of the burden  
of α-HCH (approximately 1,560 t) (Li et al. 2004). 

Between 1945 and 1990, ocean currents provided the 
highest β-HCH loadings to the Arctic Ocean followed 
by river inputs (Figure 2.51; top panel), whereas  
degradation due to microbes and hydrolysis was the 
dominant removal pathway followed by ocean currents 
flowing out of the Arctic (Figure 2.51; bottom panel). 
It must be stressed that the microbial degradation path-
way is highly uncertain for β-HCH, since it is based 
on no experimental evidence. A half-life of 20 years 
was assumed in the AMBBM, similar to the half-lives 
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for microbial degradation of (–)α-HCH and γ-HCH in 
the EAO (Harner et al., 2000, Harner et al., 1999), but 
considering that the hydrolysis rate of β-HCH is much 
slower than for α- and γ-HCH, the microbial degrada-
tion rate β-HCH may also be much slower.

For α- and β-HCH, the patterns and relative 
strengths of the removal pathways are similar 
(Figure 2.52). In contrast, the loadings are very 
different. For example, for the entire period between 
1945 and 2000, ocean currents (71%) and river 
currents (22%) dominate the entry of β-HCH into 
the Arctic Ocean, while for α-HCH, it is gas 
absorption (50%) and ocean currents (34%). 

The AMBBM results presented here for the NAAO 
for 1980, 1985 and 1995 compare well with the 
budget proposed by Li et al. (2002) (Annex  
Table A2-8). However, due to a poor estimate  
for the water budget of the NAAO in the budget  
in Li et al. (2002), loading of β-HCH from the EAO 
was not included. It should also be noted that the 
estimate for β-HCH loading through snowmelt based 
on β-HCH concentrations in air is larger than the 
estimate made by Li et al. (2002), where β-HCH 
concentrations in snowpack were used.
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2.3.5.4.9. Conclusions

The model confirms the hypothesis made by Li et al. 
(2002) that differing pathways involved in the entry  
of α- and β-HCH into the Arctic Ocean govern the 
observed distributions in that ocean. Furthermore, the 
model implies that differences in the input functions 
over time have been more influential in altering the 
trends of these two isomers than have been the output 
functions. However, the output estimates are based on 

the assumed similarity of microbial degradation rates 
of the HCH isomers, which may not be the case. 
Further research into degradation pathways would lead 
to improved model estimates. One implication is that 
for gases that strongly partition into water, the aquatic 
pathways are crucial to understand—including ocean 
currents and rivers. However, this is clearly not a 
linear process in that the atmospheric pathway has 
been very important for β-HCH despite its potential  
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to partition into rainwater and surface ocean water 
before arriving within the Arctic. We propose that the 
difference between α- and β-HCH in their capacity  
to reach the Arctic Ocean is governed almost entirely 
by the rate of medium transport (air, water) compared 
to the residence time within each medium. 

Given the very simple approach of box modeling, the 
annual resolution developed between 1945 and 2000 
matches well with the sparse set of air and water 
observations of β-HCH made during the 1990s. 
Cumulative loadings and removals over a 50-year 
period resulted in a β-HCH burden of approximately 
500 t in the Arctic Ocean during the early 1990s. Time 
trends for β-HCH also match reasonably well with the 
trends observed in ringed seals from Ulukhaktok 
(Addison et al. 2009). See Chapter 4, section 4.2.1.3.

2.3.5.5.  Spatial distribution and pathways of 
α-, β- and γ-HCHs in surface water of 
the Canadian Archipelago during 1999

2.3.5.5.1. Introduction

Measurements taken predominantly in the NAAO 
from the mid–1980s to the present by various investi-
gators (Annex Table A2-7), have revealed that the 
upper interior ocean in the western Arctic contains  
a dynamic reservoir of HCH stationed between the 
Bering Sea and the Canadian Archipelago. HCH has 
been lost from this reservoir (see section 2.3.5.4) 
through degradation and outflow throughout the 
Archipelago (Li and Macdonald 2005, Li et al. 
2004), with downstream consequences in Baffin  
Bay and the North Atlantic Ocean (Shen and Wania 
2005). With the exception of a few measurements  
of HCH made in 1992– 1993 near Resolute (Annex 
Table A2-7) there are no data from which to evaluate 
how the projected large transport of HCH is pro-
cessed while passing through the vast channels of  
the Archipelago. The Swedish Tundra Northwest 
1999 (TNW-99) expedition provided an opportunity 
for a survey of HCH concentrations and isomeric 
composition in surface water and air across the 
Canadian Archipelago and the estimation of air-water 
gas exchange. This section describes the spatial dis-
tribution and pathways of α-, β- and γ-HCHs in 
surface water in the Archipelago, as observed from 
TNW-99. Air-water gas exchange of α- and γ-HCHs 
during TNW-99 and a 2007–2008 International Polar 
Year (IPY) expedition are covered in Jantunen et al. 
(2008a), Wong et al. (2011) and section 2.3.3  
on air-water gas exchange. 

The TNW-99 expedition was made on the CCGS Louis 
S. St-Laurent from July, 1999 to September, 1999. 
Following a route generally outlined by the sequence  

of stations shown in Figure 2.53, the ship traveled  
from Nuuk, Greenland across the Davis Strait to Iqaluit, 
Canada (stations 1,2) then traversed the Archipelago 
from Hudson Strait (stations 3,4) to Barrow Strait (sta-
tion 9) along a southern route to Tuktoyaktuk (stations 
10,14) and the southern Beaufort Sea (stations 11, 12, 
13, 15). The ship then returned along a northern route  
to Barrow Strait near Resolute Bay (station 19), passed 
Ellef Ringnes Island (stations 21, 22), continued over to 
Devon Island through Jones Sound (station 24), past the 
mouth of Lancaster Sound (stations 25-27), and through 
Baffin Bay and the Davis Strait (stations 28-30). 
Locations are listed in the Supporting Information  
of Bidleman et al. (2007) and shown in the upper half  
of Figure 2.53. Methodology and quality control are 
also detailed in that paper.

2.3.5.5.2.  Spatial distributions in surface water  
and depth profiles

Surface water concentrations (ng L-1) of HCHs in the 
southern Beaufort Sea and Archipelago ranged from 
1.1–5.4 (α-HCH), 0.056–0.16 (β-HCH) and 0.19– 
0.45 (γ-HCH). The tendency toward higher concentra-
tions and higher ratios of α-HCH/γ-HCH in the southern 
Beaufort Sea and western Archipelago, and lower ones 
in the central-eastern Archipelago is a dominant feature 
of these data (Figure 2.54). Enantiomer fractions (see 
section 2.3.6.1), EF = (+)/[(+) + (–)], of α-HCH ranged 
from 0.432–0.465, indicating preferential degradation  
of the (+) enantiomer. EFs were lowest in the southern 
Beaufort Sea and increased across the Archipelago from 
west to east (Figure 2.54). Linear regressions vs. longi-
tude were significant (p < 0.001 to 0.003) for α-HCH, 
β-HCH, γ-HCH, EF of α-HCH and α-HCH/γ-HCH, 
but not for α-HCH/β-HCH. Regressions vs. latitude 
were significant (p < 0.001 to 0.049) for α-HCH, 
γ-HCH, EF of α-HCH and α-HCH/β-HCH. 

Principal component analysis (PCA) using the variables 
α-HCH and γ-HCH concentrations, α-HCH EF, latitude 
and longitude, resulted in the first two principal compo-
nents accounting for 71% and 16% of the variance 
(Figure 2.55). Samples were clustered into four main 
groups, representing (1) the Davis Strait and lower 
Baffin Bay (stations 1–6), (2) upper Baffin Bay and 
Lancaster Sound (stations 25–28), (3) central, north and 
west Archipelago (stations 9, 17–14), and (4) the south-
ern Beaufort Sea (stations 10–15). Transition stations 
7,8, 16, 29 and 30 fall in between these groups. The 
variables plot (vectors in Figure 2.55) shows that 
α-HCH is most strongly associated with longitude  
and γ-HCH with latitude. 

Surface water concentrations of α-HCH, β-HCH  
and γ-HCH in the central and north Archipelago  
stations 7–9,19–24 ranged from 2.8–4.8 ng L-1, 
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Trends of HCHs in surface water with longitude across the Archipelago. Panels A, B and C, green diamonds: concentrations (ng L-1) of α-HCH, 
β-HCH and γ-HCH, respectively. Panel A, red diamonds and right scale: enantiomer fractions of α-HCH. Panel D, green diamonds: ratios of 
α-HCH/γ-HCH.

FIGURE 2.54 
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0.075–0.12 ng L-1, and 0.29–0.41 ng L-1, respec-
tively. Two investigations of HCHs in Barrow Strait 
during 1992–1993 found average α-HCH concentra-
tions of 3.6–4.7 ng L-1 and γ-HCH concentrations of  
0.44–0.52 ng L-1 (Falconer et al. 1995, Hargrave  
et al. 1997). Falconer et al. (1995) found no vertical 
gradients of either HCH isomer between 2–100 m 
and an average EF (0.481) higher than that measured 
during TNW-99. Hargrave et al. (1997) noted that 
surface water concentrations varied seasonally, with 
higher values in winter and early spring and lower 
ones in late summer. 

Although no significant differences were seen 
between average concentrations at 1 m and 50 m, 
those at 1 m tended to be slightly higher during the 
periods of ice cover and equal to or slightly lower 
than the 50 m concentrations recorded during the 
summer. Lower concentrations of α-HCH (1.1– 
3.1 ng L-1), β-HCH (0.056–0.12 ng L-1) and γ-HCH  
(0.19–0.27 ng L-1) and EFs of α-HCH (0.441–0.463) 
in the eastern Archipelago can be compared with  
1.1 ng L-1, 0.07 ng L-1 and 0.2 ng L-1 and EF =  
0.450 reported for the Northwater Polynya (Northern 
Baffin Bay, 76–79oN, centred on 74oW) in 1998 
(Hoekstra et al. 2003). Measurements in Hudson  
Bay during 2007 were lower, averaging 0.63 ng L-1 
α-HCH and 0.18 ng L-1 γ-HCH, and the EF  
of α-HCH was 0.447 (Wong et al. 2011).

Concentrations of HCHs in surface waters surround-
ing the Archipelago are summarized in Annex  
Table A2-7 and in Bidleman et al. (2007) and follow 
the order: Beaufort Sea > northern Canada Basin 
from 80o-90oN and Lincoln Sea between Ellesmere 
Island and Greenland > East Greenland Current  
and North Atlantic between 42.85° to 42.92°N and  
42.33° to 56.50°W. Average EFs of α-HCH in the 
Northern Canada Basin in 1994 were 0.470 ± 0.009, 
while those in the North Atlantic in 1998 from  
36 to 53oW were 0.466 ± 0.007. 

Depth profiles were not taken during TNW-99, but 
were obtained at the Ice Island in 1986 (Hargrave et 
al. 1988), in the southern Beaufort Sea in 1992–93 
(Carmack et al. 1997, Jantunen and Bidleman 1995) 
and across the arctic basins in 1994 (Carmack et al. 
1997, Jantunen and Bidleman 1996, Macdonald  
et al. 2000). Profiles (shown for α-HCH, insets  
in Figure 2.53) show fairly constant or weakly  
decreasing concentrations in the upper 100 m and 
steeper gradients between 100–300 m. Below is a 
description of water and HCH transport pathways 
through the Archipelago and discussion of processes 
that may lead to the changes in concentrations and 
EFs en route. 

2.3.5.5.3. Water pathways 

Annually, 1.32 x 105 km3 of water exits the Arctic 
Ocean, 24% through the Archipelago, 72% via the 
East Greenland Current and 4% by ice export (Li  
et al. 2004). The many water pathways through the 
Archipelago vary in magnitude and include complex 
internal circulations because the channels are wide 
(Melling 2000). Their mean surface currents have 
been outlined very simply in Figure 2.53. Total flow 
through Canadian Archipelago channels has been 
estimated between 0.7–1.7 Sv (Melling 2000). 
Surface water from the Beaufort Sea enters the 
Archipelago on the west and northwest sides. The 
surface mean flow passes through the Archipelago, 
likely taking several years to make the transit, under-
going mixing and recirculation, and exits to the east 
into Baffin Bay and Davis Strait, mainly through 
Hudson Strait (stations 3 and 4), Lancaster Sound 
(stations 26 and 27) and Jones Sound (station 24). 
Drainage also occurs from the north via the Nares 
Strait between Ellesmere Island and Greenland, 
entering the Northwater Polynya. 

Water within the Archipelago is strongly stratified, 
showing a seasonally mixed surface layer which 
varies from 15–50 m depth (Hargrave et al. 1997) 
separated from deeper water by a halocline. To the 
west of the central Archipelago sills, arctic waters of 
predominantly Pacific origin occupy the upper ocean 
(approximately 0–225 m) with Atlantic Layer water 
dominating below (Figure 2.53) (Macdonald et al. 
1989). See also discussion in section 2.3.5.2. The 
Pacific mode water, centred at a salinity of 33.1, is 
produced from Bering Sea inflow to the Chukchi Sea 
through cooling and ice formation whereas the 
Atlantic Layer, which is identified by a temperature 
maximum at salinity of approximately 34.8, has 
transported cyclonically around the Arctic with a 
delay of 15 or more years after passing through Fram 
Strait (Gobeil et al. 2001). The bottom topography 
features a shallow sill (at approximately 125 m) at 
Barrow Strait (Figure 2.53), which effectively pre-
vents deeper Atlantic Layer water from penetrating 
further east. Surface water from North Atlantic and 
arctic (East Greenland Current) sources enters 
through the east side of Davis Strait and branches; 
some flowing northward into Baffin Bay and some 
recirculating and exiting on the west side of Davis 
Strait (Figure 2.53). Flow coming along the west  
side of Nares Strait (sill depth of approximately  
200 m) branches at the major exits to the Archipelago 
(Jones and Lancaster Sounds) with a mixture of this 
water and Baffin Bay water penetrating westward 
along the north side of these channels (Figure 2.53).
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2.3.5.5.4. HCH pathways

Drainage of the Arctic Ocean via the Archipelago and 
East Greenland Current accounts for 24% and 72% 
of total water export, respectively. Because of the 
higher α-HCH concentrations in surface water, which 
dominates the Archipelago throughflow, loss from 
this outflow accounts for 16% and the East 
Greenland Current accounts for 12% of the 566 
tonnes removed annually from the upper 200 m of 
the Arctic Ocean. The remainder is lost by microbial 
breakdown (47%), transfer to deeper water (10%), 
hydrolysis (8%), volatilization (5%) and ice export 
(2%) (Li et al. 2004). The estimated removal budget 
is similar for β-HCH (Section 2.3.5.4).

A satisfactory explanation of the trends shown in 
Figure 2.54 should take into account the attenuation 
in HCH concentrations and the rise in EFs of α-HCH 
from west to east. Consideration of hydrolysis 
(Harner et al., 1999, Harner et al., 2000, Ngabe et al., 
1993), particle sinking (Hargrave et al. 1997, Harner 
et al. 1999b) and volatilization (Hargrave et al. 1997, 
Jantunen et al. 2008a) indicate that these are too slow 
to account for the observed decrease in HCH concen-
trations. Also, of the above processes, only microbial 
degradation has the capability of altering EFs. 
Preferential degradation of (–)α-HCH has been 
reported in surface water of the Bering and Chukchi 
seas (Jantunen and Bidleman 1996, Jantunen and 
Bidleman 1998), but degradation over the remainder 
of the NAAO (Falconer et al. 1995, Jantunen and 
Bidleman 1996, Moisey et al. 2001) and EAO 
(Harner et al. 1999b, Harner et al. 2000b) favours  
the (+) enantiomer. Thus, further degradation of (+)
α-HCH as water moves through the Archipelago 
should lower, not raise, the EFs. The west-to-east 
trends in Figure 2.54 are explained by the variation 

in the Beaufort Sea end member, and dilution of 
Beaufort water with other end members having lower 
HCH concentrations and higher EFs.

The surface water properties in the shelf area of the 
southern Beaufort Sea are strongly influenced by sea-
sonality in ice cover and fresh water input from the 
Mackenzie River (Carmack and Macdonald 2002).  
It would thus not be surprising if surface water HCH 
concentrations and EFs vary seasonally and annually, 
although such variation has not been well docu-
mented. The concentration of α-HCH in the 
Mackenzie River was 0.1–1.3 ng L-1 in the early 
1990s (Li et al. 2004) such that Beaufort Sea surface 
water, as represented by stations 11 and 12  
(4.9–5.4 ng L-1), would exhibit the dilution observed 
at the nearshore stations off Tuktoyaktuk and Cape 
Bathurst (stations 10, 14, 15; 3.9–4.4 ng L-1) if mixed 
with 15–25% river water. Indeed, such a plume was 
observed by satellite imagery during August 1999 
(Macdonald, R., Fisheries and Oceans Canada, per-
sonal communication). During the 1997–98 SHEBA 
experiment in the Beaufort Sea, the concentrations  
of α- and γ-HCHs in the upper water column 
decreased by 4–7 fold as the ship drifted across the 
southern Beaufort to the Chukchi Cap, where high-
concentration interior water mixed with water 
advected from the Bering Sea (Macdonald et al. 
1999). EFs in surface water of the southern Beaufort 
Sea averaged 0.436 ± 0.003 during TNW-99, but 
have varied in the past. In 1993, EFs at Station A1 
(inset in Figure 2.53 shows the location and depth 
profile of α-HCH concentrations) were 0.489 in the 
upper 50 m and decreased to 0.353 over the next  
100 m (personal communications with Macdonald, 
R., Fisheries and Oceans Canada, and Jantunen, L., 
Environment Canada). A pulse of Beaufort surface 
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water, containing lower-than-usual HCH concentra-
tions and higher EFs may have entered the 
Archipelago in earlier years and worked its way east 
to appear in the eastern Archipelago in 1999. Indeed, 
the EF at Barrow Strait was 0.489 in 1992 (Falconer 
et al. 1995). Such a scenario could account for the 
Figure 2.54 trends, but this cannot be verified.

Advection of water from Baffin Bay westward into 
the Archipelago is depicted in Figure 2.53. Water  
in the currents along the western margin of Baffin 
Bay derives partly from the Bering Sea via the 
Archipelago outflow through Nares Strait and Jones 
Sound, and partly from the North Atlantic and Arctic 
Ocean outflow at Fram Strait, which penetrates past 
Davis Strait via the West Greenland Current and 
recirculate in Baffin Bay. Nutrient tracer studies 

indicate that water of Pacific origin dominates in the 
upper bay, while a mix of Atlantic and Pacific waters 
is found in the lower bay and Davis Strait (Jones et 
al. 2003, Tremblay et al. 2002). Spatial trends of 
α-HCH and γ-HCH in the eastern Archipelago are 
considered to be the mix of three end members: (1) 
Nares Strait, (2) Beaufort Sea, west and north 
Archipelago, and (3) North Atlantic water entering 
through Davis Strait. With the view that properties  
of these three end members are likely to be variable, 
a combination of properties was sought which  
would best predict observed α-HCH and γ-HCH 
concentrations and EFs in the eastern Archipelago 
(stations 1–9, 19, 20, 25–30). Concentrations and 
EFs for three end members were selected according 
to considerations detailed in Bidleman et al. (2007):  

Measured α- and γ-HCH concentrations and measured and predicted EFs of α-HCH in the eastern Archipelago. Top: measured concentrations 
of α-HCH and γ-HCH in the eastern Archipelago. Small numbers indicate stations (Figure 2.53) circumscribed by conservative mixing lines of 
three end members (large bold numbers): 1 ) Nares Strait water, 2 ) Beaufort Sea – west and north Archipelago water, and 3 ) North Atlantic 
water entering through Davis Strait. Concentrations and α-HCH EFs in these end members are defined in the text and in Table S4 of Bidleman 
et al. (2007). Bottom: Measured (orange diamonds, r2 = 0.49, p = 0.0016) and predicted (green squares, r2 = 0.20, p = 0.069) EFs of α-HCH in 
the eastern Archipelago related to distance from station 1.

FIGURE 2.56 
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for end member (1) α-HCH = 2.4 ng L-1, γ-HCH = 
0.50 ng L-1, EF = 0.47, end member (2) α-HCH =  
4.6 ng L-1, γ-HCH = 0.35 ng L-1, EF = 0.44 and  
end member (3) α-HCH = 0.2 ng L-1, γ-HCH =  
0.03 ng L-1 , EF = 0.47. The upper panel of  
Figure 2.56 shows that the measured concentrations 
in the eastern Archipelago can be circumscribed by  
a triangle which represents conservative mixing  
of these three end members. 

Volume fractions at a station due to mixing of  
waters from three end members can be estimated 
using two chemical tracers (Dorsch and Bidleman 
1982, Zimmermann and Rommets 1974). Using this 
approach and the tracers α-HCH and γ-HCH, the 
volume fractions of water delivered by the three  
end members were obtained. These volume fractions 
were multiplied by end member concentrations and 
EFs to obtain the predicted (+)-α-HCH contributions 
of the end members and the EFs in the water sampled 
at each station. The calculations are detailed in the 
main paper and the supporting information of 
Bidleman et al. (2007). The three end member  
model accounts for the rise in EFs in the eastern 
Archipelago and the predicted EFs range (0.442–
0.470) is within the range of the end member EFs 
and those measured at the eastern stations. However, 
the predicted EFs are relatively constant over most  
of the eastern Archipelago with higher values at the 
two Davis Strait stations, whereas measured EFs 
show a linearly decreasing trend (p = 0.0016)  
with distance from station 1 (bottom panel of  
Figure 2.56).

Over a decade ago, Macdonald et al. (1997) suggested 
that the upper ocean in the Canada Basin was likely 
to become the last refuge for global contamination  
by α-HCH. The set of measurements presented here 
suggest that, in fact, the loading of the Canada Basin 
with HCH sets the stage for a continued release of the 
chemical into the Archipelago where it undergoes 
mixing with Northern Canada Basin and Atlantic 
water during a relatively unimpeded passage back 
into the temperate western Atlantic Ocean. As noted 
above, HCH concentrations in the southern Beaufort 
are subject to variations that occur spatially and 
perhaps seasonally, and this may be true for the other 
end members. Observations from TNW-99 are only  
a snapshot in time, but exemplify the use of HCH 
tracers to follow spatial trends and mixing in the 
Archipelago. Such knowledge provides a basis  
for interpreting similar trends observed in HCH 
concentrations in the biota of the Archipelago 
(Addison et al. 2009, Li and Macdonald 2005, 
Verreault et al. 2005). See Chapter 4, section 4.1.5  
on spatial trends in marine biota.

2.3.6. Chemical tracers 
Contributors: Terry Bidleman and Perihan Kurt-Karakus

2.3.6.1.  Chiral chemicals as tracers of sources 
and air surface exchange 

 A chiral chemical contains an asymmetric center and 
thus can occur in two non-superimposable mirror-
image stereoisomers (isomers that differ only in the 
three-dimensional orientations of their atoms in space). 
These stereoisomers are called enantiomers (or atropi-
somers, for rotational stereoisomers such as PCBs). 
Chiral chemicals are usually produced as racemates 
(equimolar mixture of a pair of enantiomers). Once 
released into the environment, microorganisms will 
preferentially metabolize one of the two stereoisomers 
(stereoselective metabolism) leading to accumulation 
of nonracemic residues in soil and water. For enantio-
mers 1 and 2 of a specific chiral compound, data are 
often expressed as enantiomer fraction, EF = E1/
(E1+E2), where E1 and E2 may refer to the order of 
chromatographic peak elutions, R and S absolute con-
figurations, or (+) and (–) optical signs.

Chiral tracers provide a means of distinguishing 
emissions of microbially processed and unprocessed 
residues. The latter may include currently used  
chemicals or older residues which have been pro-
tected from microbial attack (Bidleman and Falconer 
1999, Eitzer et al. 2003, Garrison 2006,  
Hühnerfuss and Shah 2009).

2.3.6.1.1. Chiral tracers of soil-air exchange

Field-scale studies have shown that when nonracemic 
OCP residues volatilize from agricultural soil, the 
EFs in overlying air are also nonracemic (Bidleman 
1999, Bidleman and Falconer 1999, Bidleman and 
Leone 2004a, Eitzer et al. 2003, Leone et al. 2001, 
Meijer et al. 2003b).

Chlordane was formerly used in the US and Canada 
for both agriculture and structural termite control. 
Chlordanes are enantioselectively degraded in agricul-
tural soils, but are racemic in residential air (Leone et 
al. 2000) and soil near house foundations (Eitzer et al. 
2001). Residues of chlordanes in ambient air tend to 
be closer to racemic in some cities, due to evaporation 
of racemic termiticides, than in rural locations (Gouin 
et al. 2007, Shen and Wania 2005) although this was 
not always the case (Venier and Hites 2007). Residues 
of o,p’-DDT in soil (Wong et al. 2010) and ambient 
air (Wong et al. 2009a) were closer to racemic in 
southern Mexico, where DDT had been more recently 
used, than in the northern part of the country, and 
o,p’-DDD was nonracemic in air at sites in the  
southern US. (Venier and Hites 2007).
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Degradation of PCB atropisomers in soil is often ste-
reoselective (Jamshidi et al. 2007, Kobližková et al. 
2008, Lehmler et al. 2010, Robson and Harrad 2004, 
Wong et al. 2009b) and chiral tracers have been 
exploited for source apportionment of PCBs in urban 
air. Chiral PCBs 95, 136 and 149 were nonracemic  
in soils, but racemic or nearly so in indoor air and 
ambient air of UK cities. This suggested that the 
dominant source of PCBs to ambient air in those 
cities was primary emissions from ventilation of 
indoor air, not secondary emissions from soils as  
previously thought (Jamshidi et al. 2007, Robson  
and Harrad 2004).

Enantioselective analysis is useful for distinguish- 
ing primary from secondary emissions of chiral 
chemicals (Bidleman and Falconer 1999, Hühnerfuss 
and Shah 2009) and may be helpful in tracing 
‘grasshopping’ over large spatial scales. Chlordanes 
were nonracemic in ambient air sampled in 1998–
2001 from two arctic locations and a rural site in 
southern Sweden, but racemic in atmospheric 
deposition collected in background locations during 
the early 1970s (Bidleman et al. 2002, Bidleman et 
al. 2004). Residues of trans-chlordane in laminated 
sediments from a lake in the Canadian Arctic were 
close to racemic in the 1940s and 1950s, and became 
increasingly less racemic from the 1960s to 1990s 
(Bidleman et al. 2004, Stern et al. 2005). Similar 
trends were found for chlordanes in lake and river 
sediments in the US. (Ulrich et al. 2009). These 
findings suggest that primary emissions of racemic 
chlordanes dominated in earlier decades, with 
secondary emissions of nonracemic chlordanes from 
soils playing a larger role in recent years (Bidleman 
and Leone 2004b). Chlordanes arriving via trans-
Pacific transport at mountainous sites in the western 
US were racemic in most cases, with occasional 
events of nonracemic chlordane transport. Racemic 
chlordanes were also found in air samples collected 
at low elevation in Okinawa, Japan. The racemic 
chlordane signatures and trans-/cis-chlordane (TC/
CC) ratios, similar to the composition of technical 
chlordane, suggest that Asian air masses are 
influenced by relatively fresh sources of chlordane 
and/or that limited biotransformation of chlordane 
has occurred (Genualdi et al. 2009b). 

EFs of chiral chemicals in background soils vary 
greatly due to differences in microbial populations 
and other soil properties (Kobližková et al. 2008, 
Kurt-Karakus et al. 2005, Kurt-Karakus et al. 2007, 
Shen et al. 2009). Simulated climate warming 
experiments and studies in forested vs. deforested 

soils showed switching in the enantiomer degradation 
preference of chiral pesticides (Lewis et al. 1998). 
Monitoring stereoisomer proportions of chiral 
chemicals in air may reveal the integrated influence 
of long-term microbial diagenesis in soil (Bidleman 
et al. 2012).

2.3.6.1.2. Chiral tracers of air-water gas exchange

Similar to soil-air exchange processes, chiral 
compounds allow additional information to be 
derived on compound origin and air-water gas 
exchange. Apportionment of an airborne chiral 
chemical between two sources categories can be done 
knowing the enantiomer fraction of the chemical in 
source A (EFA), source B (EFB) and in the air sample, 
resulting from mixing of these sources (EFM) (Harner 
et al. 2000b); i.e., 

percentage from source A= 
 EFM-

 
EFB x 100% Eq. 17

                                          EFA- EFB

When the chemical in background air (source B)  
is close to racemic, EFB is approximately 0.5.  
This situation might occur if source B is from current 
use of a racemic chemical or from air transport  
of an aged residue that has not been subjected  
to microbial degradation. 

The enantiomers of α-HCH have been the most used 
as gas exchange tracers to provide evidence of water-
to-air exchange. Enantioselective degradation by 
microbial processes in oceans and lakes produces 
nonracemic α-HCH (Harner et al. 1999a, Helm et al. 
2000, Law et al. 2001). Volatilization releases non-
racemic α-HCH into the air boundary layer, where  
it mixes with the racemic α-HCH in background air. 

Genualdi et al. (2009b) sampled air in the western 
US at mountain sites above and below the marine 
boundary layer. Nonracemic α-HCH was found in 
regional air masses at the low elevation site, possibly 
due to volatilization from the Pacific Ocean and 
regional soils. The α-HCH was closer to racemic 
during transport events from Asia; EFs in air at 
Okinawa and in Chinese and South Korean soils 
were racemic. EFs were consistently racemic at  
the high elevation site. Nonracemic α-HCH was 
generally found in air sampled from shipboard on  
a transect from the North Pacific to the Beaufort Sea 
(Ding et al. 2007). Lohmann et al. (2009) found 
nonracemic α-HCH in air and surface water of the 
northern North Atlantic and eastern Arctic Ocean. 
EFs of α-HCH in air and surface water declined in 
parallel along a transect in the South Atlantic Ocean 
between 35–70oS (Jantunen et al. 2004).

[           ]
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Increase in α-HCH concentrations in air in the Canadian Archipelago at Resolute Bay during and following ice breakup (red diamonds). The 
rise in air concentrations was accompanied by a decrease in EFs in air from the near-racemic value of 0.496 ± 0.003 to 0.482 ± 0.010, in 
response to volatilization of nonracemic α-HCH from seawater. Green bars are average EFs for the before and after ice breakup periods 
(Jantunen et al. 2008a).
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Shen et al. (2004) deployed passive air samplers from 
Central America to the Canadian Arctic and reported 
concentrations and EFs of several OCPs. EFs of 
α-HCH were close to racemic at inland sites. Greatest 
deviations from racemic occurred on the shore of Lake 
Superior (see above), in the Canadian Archipelago and 
along the eastern and western seaboards of Canada. 
Nonracemic EFs in air at coastal sites in eastern 
Canada were associated with volatilization of 
nonracemic α-HCH from arctic seawater transported 
southward by the Labrador Current. 

Significant correlations between nonracemic EFs in 
air and water were found on transects of open water, 
or where ice had receded, in the Arctic Ocean and 
regional seas. The α-HCH in air was close to racemic 
when traversing ice-covered regions and not 
correlated to EFs in water (Jantunen and Bidleman 
1996, Jantunen et al. 2008b, Wong et al. 2011). The 
α-HCH in air of the central and western Canadian 
Archipelago was racemic during periods of ice cover 
and became abruptly nonracemic at the onset of ice 
breakup. Reduction of EFs in air was accompanied 
by a rise in α-HCH concentrations (Figure 2.57) 
(Jantunen et al. 2008b, Wong et al. 2011). Source 
apportionment analysis, as given above, estimated 
the increase in the central Archipelago at 32%, 
compared to 43% from concentration measurements 
(Jantunen et al. 2008b). 

2.3.6.2.  Isomer and parent/metabolite tracers 
of sources and pathways

Ratios of isomers in multicomponent OCPs (e.g.,  
technical HCH, DDT and chlordane) and breakdown 
products such as DDE can be useful indicators of 
sources and exchange pathways. Whereas 
physicochemical properties are identical for 
enantiomers, they usually differ for isomers and 
parent/metabolite compounds. For example, the order 
of liquid-phase vapour pressures for DDT compounds 
is: p,p’-DDE > o,p’-DDT > p,p’-DDT, and for 
chlordane compounds is: trans-chlordane (TC) >  
cis-chlordane (CC) > trans-nonachlor (TN) (Hinckley 
et al. 1990, Shen and Wania 2005). Henry’s law 
constants for the HCHs decrease in this order:  
α-HCH > γ-HCH > β-HCH (Xiao et al. 2004). Such 
differences result in fractionation during air-surface 
exchange that must be considered when using 
compound ratios for source apportionment.

2.3.6.2.1. Hexachlorocyclohexanes

The most frequently quoted composition of technical 
HCH is: 60–70% α-HCH, 5–12% β-HCH, 10–15% 
γ-HCH and other isomers (Iwata et al. 1993b). 
Breivik et al. (1999) report a wider range for these 
three isomers: 55–80% α-HCH, 5–14% β-HCH, 
8–15% γ-HCH. From the Iwata composition, ratios 
of α-HCH/β-HCH in the range of 4–7 would be 
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expected to result from air transport of the 
unfractionated mixture, and this range is often  
used to discriminate technical HCH vs. lindane  
(pure γ-HCH). Higher ratios in air might result from 
preferential volatilization of α-HCH (Xiao et al. 
2004), its longer atmospheric lifetime from slower 
OH radical reaction (Brubaker and Hites 1998), to 
selective removal of γ-HCH by rainfall scavenging 
and air-to-water exchange (Iwata et al. 1993b, Su  
et al. 2006). Lower ratios imply emissions of lindane 
superimposed on a technical HCH background.

Historically, highest usage of technical HCH 
occurred in Asian countries (Li and Macdonald 
2005), but this changed with the switch to lindane  
in China (1983) and the former Soviet Union (1990)  
(Li and Macdonald 2005) and in India (1997) 
(Primbs et al. 2008c, Zhang et al. 2008a). Recently 
measured α-HCH/γ-HCH ratios in Asian air were 
1.0–2.9 in China and Korea (Primbs et al. 2008b). 
The reported ratio was 0.3–3.8 on the Tibetan Plateau 
(Li et al. 2008, Wang et al. 2010c), 4.5 (mean) in the 
Wolong Nature Reserve (WNR) of Sichuan Province, 
China (Liu et al. 2010b), 0.48 (mean) at Waliguan 
Baseline Observatory (WBO)—a high altitude Global 
Atmospheric Watch (GAW) site—(Cheng et al. 
2007), and 0.11–4.00 at multiple stations across India 
(Zhang et al. 2008a). Ratios of α-HCH/γ-HCH across 
Europe were generally ≤ 1 (Jaward et al. 2004c).

HCHs in air were reported between 2000–2003 at  
six arctic stations: in Canada, Alert (ALT), Kinngait 
(KNG) and Little Fox Lake (LFL), in the US at Point 
Barrow (PTB) Alaska, in Russia at Valkarkai (VKK) 
and in the Norwegian Arctic Ny-Ålesund on Zeppelin 
Mountain (ZPN) (Su et al. 2006). Median ratios of 
α-HCH/γ-HCH were about the same or higher than 
the range for technical HCH at KNG, LFL, VKK and 
PTB (7–13) and lower at ALT and ZPN (3–4), which 
may be more influenced by lindane transport. On an 
expedition in the northern North Atlantic and Arctic 
Ocean, ratios of α-HCH/γ-HCH varied from 0.2–8.3, 
with a mean of 2.8 (Lohmann et al. 2009). Ratios 
α-HCH/γ-HCH in air along a transect from China to 
the Beaufort Sea were compared between 2003 and 
2008 (Wu et al. 2010). In 2008, ratios ranged from 
1.3–4.8 with an average of 2.5 (Wu et al. 2010), and 
were about half those values in 2003 (Ding et al. 
2007). Continued use of lindane in source regions 
after phase out of technical HCH was offered as an 
explanation. In both studies, the ratio showed a 
statistically significant increase from low to high 
latitudes, attributed to selective removal of γ-HCH  
by precipitation washout enroute and volatilization  
of α-HCH from arctic waters (Wu et al. 2010). 

A twelve-year record of weekly atmospheric α- and 
γ-HCH concentrations at Ny-Ålesund (1994–2005) 
and Alert (1993–2004) stations was analysed by 
Becker et al. (2008) using digital harmonic analysis 
(DHR). Concentrations of both isomers declined 
significantly at both stations, and there appeared to 
be little evidence of a lag between the banning of 
lindane in Europe and a decline in concentrations at 
either station. Annual mean ratios of α-HCH/γ-HCH 
varied from 3–7 at Ny-Ålesund and 3–11 at Alert, 
and except for 2001, were significantly lower each 
year at Ny-Ålesund. This may reflect the use of 
lindane in Europe during those years and the 
influence of Eurasian sources at Ny-Ålesund. 
Concentrations of γ-HCH displayed a springtime 
maximum, noted in other studies (Hung et al. 2005). 
Seasonality of α-HCH was shown in elevated 
concentrations in summer with lower levels in  
winter, and most apparent after 2000. An influence  
of Arctic Oscillation (AO) fluctuations was seen  
on α-HCH at Ny-Ålesund but not at Alert, and  
not for γ-HCH at either site. 

2.3.6.2.2. DDT compounds

The “typical” composition of technical DDT 
according to the World Health Organization (WHO 
1989) is 77% p,p’-DDT, 15% o,p’-DDT, 4% p,p’-
DDE and 0.3% p,p’-DDD. However, DDT has been 
manufactured in many countries and the composition 
of these mixtures is generally not known. Spencer 
and Cliath (1972) reported 74.6% p,p’-DDT, 21.1% 
o,p’-DDT, 0.8% p,p’-DDE and 0.07% o,p’-DDE in 
US produced technical DDT. When emission from 
soil is the main source of DDTs in air, proportions  
of p,p’-DDT, o,p’-DDT and metabolite p,p’-DDE  
in air can be predicted from the residue composition 
in soils and relative volatilities of the chemicals. 
Higher volatility leads to preferential emission of 
o,p’-DDT and p,p’-DDE over p,p’-DDT from soils 
(Kurt-Karakus et al. 2008, Kurt-Karakus et al. 2006). 
This information has been applied to interpret soil-air 
fractionation of DDT compounds in Mexico (Wong 
et al. 2010) and in Chinese cities (Liu et al. 2009). 

DDT is metabolized to DDE, DDD and other 
breakdown products. Ratios of p,p’-DDT/p,p’-DDE 
are often used as indicators of “fresh” (> 1) vs. 
“aged” (< 1) sources of DDT (Pozo et al. 2009),  
but these limits are not well defined. Kurt-Karakus  
et al. (2006, 2008) predicted the ratio of p,p’-DDT/
p,p’-DDE in air over soil by multiplying p,p’-DDT/ 
p,p’-DDE in soil by the ratio of liquid-phase vapour 
pressures, which is 0.147 at 20 oC (Hinckley et al. 
1990). A survey of DDT residues in global agri-
cultural and background soils found ratios of 
p,p’-DDT/p,p’-DDE ranging from approximately 
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0.6–4.0 (Kurt-Karakus et al. 2008), which when 
multiplied by 0.147 suggests 0.09–0.60 as an 
expected range of p,p’-DDT/p,p’-DDE from  
soil emissions. Characteristic proportions of DDT, 
DDE and DDD compounds in North American soils 
and predicted ratios in volatilized residues have  
been catalogued (Bidleman et al. 2013).

An examination of DDT signatures at six arctic air-
monitoring stations (mentioned above) was carried 
out by Su et al. (2008). Concentrations of total DDT 
were considerably higher at VKK than at the other 
sites. Median ratios of p,p’-DDT/p,p’-DDE ranged 
from 0.2–0.5 at ALT, KNG, PTB and ZPN, 
suggesting transport of “aged” DDT. Ratios were 
higher (0.8–0.9) at VKK and LFL. Median ratios  
of p,p’-DDT/ o,p’-DDT at LFL and VKK (1.0–1.5) 
were close to that expected for vapour-phase 
technical DDT (1.2), and lower ratios were  
measured at ALT, ZPN and KNG (0.3–0.8).

Analysis of DDT compound concentrations and 
ratios from 1994–2006 at Ny-Ålesund station by 
DHR showed slow long-term decline of p,p’-DDT 
only. The seasonality of concentrations was 
characterized by a winter maximum and summer 
minimum, with p,p’-DDT dominating in summer and 
p,p’-DDE in winter (Becker et al. 2009). Occasional 
high ratios of o,p’-DDT/p,p’-DDT suggested the 
influence of DDT-contaminated dicofol. The fraction 
p,p’-DDT/(p,p’-DDT + p,p’-DDE) in air at Alert 
decreased from 1993-2001, then rose between  
2002-2005, with no significant overall trend from 
1993-2005. In contrast, this fraction in air decreased 
significantly from 1994-2006 at Ny-Ålesund, indica-
ting greater transport of “aged” DDTs in recent years 
(Bidleman et al., 2013).

2.3.6.2.3. Chlordane compounds

Technical chlordane produced in the US contained 
trans-chlordane (TC) and cis-chlordane (CC) in a  
TC/CC ratio of 1.0–1.2 (Jantunen et al. 2000, Mattina  
et al. 1999). The slightly high vapour pressure of TC 
(Hinckley et al. 1990) raises the expected TC/CC ratio 
in equilibrium with technical chlordane to 1.4–1.7 in 
the temperature range 0–25 oC. Technical heptachlor  
is reported to contain 20–22% TC (WHO 2006), thus 
applications of heptachlor may act to increase TC/CC 
in the environment. Ratios of TC/CC in US cities and 
Toronto, Canada, where chlordane was applied as a 
termiticide, ranged from 1.1–1.9 (Gouin et al. 2007, 
Offenberg et al. 2004). TC/CC ratios characteristic  
of “aged” chlordane are generally lower and more 
variable in rural and background air, e.g., 0.72–0.95  
in the Great Lakes region (Gouin et al. 2007, Sun et al. 
2006) and often show a seasonal cycle of lower ratios 

in summer than winter (Gouin et al. 2007). TC/CC 
ratios across North America ranged from 0.1–1.6 and 
were strongly correlated with TC + CC concentrations. 
Higher ratios and concentrations were found near urban 
centers (Shen et al. 2005). 

Median TC/CC ratios were 0.3–0.7 at arctic air 
monitoring stations, and trans-nonachlor (TN) was 
elevated over its proportion in the vapour phase of 
technical chlordane (Su et al. 2008). Although these 
signatures generally indicate “aged” chlordane, stations 
PTB and VKK showed the highest ratios. Moreover, 
events of TC/CC at approximately 1.5 were occasion-
ally observed at PTB and were associated with elevated 
heptachlor concentrations. Thus, PTB may be under  
the influence of recent chlordane emissions. Trends of 
high TC/CC in winter-spring (mean 0.55) and low in 
summer-fall (mean 0.30) were observed at ALT, KNG, 
LFL and ZPN, although this trend was not observed at 
PTB. While TC was depleted during summer, oxidation 
products oxychlordane (OXY) and heptachlor epoxide 
(HEPX) were elevated (Su et al. 2008). The annual 
mean TC/CC ratio declined from 0.72 to 0.45 between 
1984–1998 (Bidleman et al. 2002). It was speculated 
that TC is less stable photochemically than CC, 
resulting in its depletion during summer (Bidleman  
et al. 2002), although there is no experimental evidence 
of this. Summertime TC/CC ratios in air over the 
northern North Atlantic and Arctic Ocean ranged from 
0.04–0.88 and averaged 0.24 (Lohmann et al. 2009).

Time trends of chlordanes in air at Ny-Ålesund 
station between 1994–2005 and including some 
earlier campaigns were examined using DHR (Becker 
et al. 2009). Both isomers declined slightly between 
1994 and 2005, although there was a temporary 
increase in CC between 2000 and 2002. TC was 
marked by distinct winter maxima and summer 
minima and a weaker six-month pattern. In contrast, 
CC showed a stronger six-month (bi-modal) pattern, 
again with winter maxima, but with two more distinct 
“peaks” in spring (March–May) and September–
November. Average annual TC/CC ratios ranged from 
0.12–0.58 in summer and 0.59–0.88 in winter. These 
ranges exclude 2001, when remarkably high TC/CC 
ratios were observed, averaging 1.49 in summer and 
1.03 in winter, although there was nothing unusual 
about their concentrations in that year. The year 2001 
was marked by several events with high TC/CC 
ratios, possibly due to heptachlor use.

2.3.6.2.4. Toxaphene compounds

CHB congeners and enantiomers have been extensively 
studied in biota and sediments as indicators of selective 
metabolism (Kucklick and Helm 2006), but there have 
been few applications as source tracers. CHBs from 
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Profiles of octachlorobornanes B8-531 (P39), B8-1414 + B8-1945 (P40+41), B8-806 + B8-809 (P42) and B-2229 (P44) + a coeluting 
octachlorobornane in the toxaphene technical mixture and environmental samples. Note the depletion of labile compounds P39 and P42 
relative to P40+41 in southern U.S. air and Great Lakes air, but no depletion in arctic air or water.

FIGURE 2.58 
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former toxaphene application are prominent residues  
in agricultural soils of the southern US (Bidleman and 
Leone 2004a, Bidleman and Leone 2004b, Harner et  
al. 1999a, Kannan et al. 2003) and Mexico (Wong et al. 
2010). Toxaphene components span a wide range of 
volatilities, and soil/air fractionation is related to their 
vapour pressures (Bidleman and Leone 2004b, Wong  
et al. 2010). Profiles of octachlorobornanes in these 
soils, normalized to a chromatographic peak containing 
congeners B8-1414 + B8-1945 (Parlar compounds P40 
and P41), show relative depletion of congeners B8-531 
(P39) and B8-806 + B8-809 (P42) and enrichment in  
a peak containing B8-2229 (P44) plus an unidentified 
coeluting octachlorobornane (Bidleman and Leone 
2004a, Bidleman and Leone 2004b, Wong et al. 2010). 
Air and water samples from the Great Lakes region 
show similar depletions and enrichment (Jantunen and 
Bidleman 2003, Muir et al. 2006). B8-531 and B8-806 
+ B8-809 are more labile congeners, lacking the 
alternating endo-exo-endo-exo substitution of chlorines 
around the six-membered ring which confers stability 
towards metabolism (Vetter and Scherer 1999).

Octachlorobornane congener distributions in arctic 
air and water samples, collected between 1993–1999, 
differ from those in the Great Lakes and in southern 
US air by showing less depletion of B8-531 and 
B8-806 + B8-809 relative to B8- 1414 + B9-1945 
(Figure 2.58)(Jantunen 2010). The greater abundance 
of the labile congeners suggests “fresher” CHBs in 
the Arctic, but the source is unclear. A clue is 
provided by examination of congener profiles in 
Atlantic Ocean water between 1987–1997 (Jantunen 
2010, Lakaschus 2010) (Figure 2.59). Relative 
proportions of B8-531 and B8-806 + B8-809 show  
a steady decline throughout the decade, whereas  
the proportions of B8-2228 + a coeluting 
octachlorobornane, increase. The profiles are 
consistent with continuing diagenesis of toxaphene  
in seawater following the US deregistration that 
occurred between 1982–1986 and other regional  
bans of toxaphene-like products. Viewed from this 
perspective, the fresher CHB signatures in arctic 
water may not reflect a recent source, but 
preservation of labile compounds in the cold 
environment, and similar profiles in arctic air  
might arise from water-to-air exchange. 

2.3.6.2.5. Polychlorinated naphthalenes 

The occurrence of PCNs in air and biota of polar 
regions has been reviewed (Bidleman et al. 2010)  
and this section on marker compounds of PCN 
sources is taken from that review.

Several approaches have been used to assess whether 
combustion processes contribute to PCN residues  

in environmental media. Meijer et al. (2001) found 
increasing proportions of combustion-related 
congeners relative to their homologue totals in 
archived UK soils. The lack of correlation of 
combustion congeners with other PCNs in air supports 
their use as indicators (Jaward et al. 2004b). Lee et al. 
(2007) calculated the fraction of combustion con-
geners in the Halowaxes (< 0.11) and compared this 
to observed fractions in air samples to estimate the 
influence of combustion sources. Similarly, Helm  
and Bidleman (2003) calculated the proportion  
of combustion contributions in air based on the 
enrichment of PCN indicator congeners over  
what was expected from evaporation alone. 

Ratios or fractions of selected congeners have been 
used to indicate possible sources. Takasuga et al. 
(2004) found that the CNs 73/74 ratio was < 1 in 
summer but > 1 in winter for two air samples 
collected in urban Japan. The winter profile 
corresponded to the order of abundance in fly ash 
and flue gas and the enrichment of other combustion 
markers. However, CN 73/74 ratios vary in source 
samples, with values < 1 in Halowaxes (Järnberg  
et al. 1997, Noma et al. 2004), > 1 in combustion 
effluents (Abad et al. 1999, Jakobsson and Asplund 
2000, Jansson et al. 2008, Takasuga et al. 2004),  
but mixed ratios in PCB mixtures. In eighteen 
commercial PCB mixtures examined by Yamashita  
et al. (2000), the CNs 73/74 ratio was > 1 in twelve, 
< 1 in four and approximately 1 in two. The ratio  
of CNs 73/74 was > 1 in Delor PCB products 
(Taniyasu et al. 2003). 

While ratios can be useful, more diagnostic 
information about source contributions is obtained  
by examining relative proportions of many congeners 
using principal component analysis (PCA). Helm and 
Bidleman (2003) applied PCA to Toronto air samples 
and found a separation of loadings due to combustion 
CNs and non-ortho PCBs (which also occur in 
combustion effluents) and loadings due to CNs from 
evaporative sources. They concluded that evaporative 
PCN emissions dominated at both the downtown and 
suburban sites, but that combustion had a greater 
influence on the suburban site. Orlikowska et al. 
(2009) carried out a detailed examination of PCN 
homologue and congener profiles in Scots pine 
needles (Pinus sylvestris L) in Poland, collected in 
2002. The ΣPCNs ranged from 70–1100 pg g-1 wet 
weight among the sites. Similarities, but also 
variations, in tri- to octa-CNs homologue and 
congener profiles were found. Tri- and tetra-CNs 
were major contributors at most locations, but hepta- 
and octa-CNs were also prominent and in many cases 
outweighed penta- and hexa-CNs. PCA was able to 
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sort the congener profiles into factors related to 
molecular weight and specific substitution patterns, 
which could be related to source categories such  
as industrial emissions, evaporative losses from 
dumped products containing PCNs, technical PCB 
formulations, and combustion.

PCNs are widespread in arctic air, with higher 
concentrations in the European Arctic (Bidleman et al. 
2010). Several workers have noted the occurrence  
of combustion indicator CNs in arctic air. Helm et al. 
(2004) found small peaks for CNs 29, 44 and a 
prominent peak for CN 54 in the cold period air 
samples from Dunai. Although these CNs are absent  
in Halowax mixtures (Noma et al. 2004), they occur  
at low levels in some PCB mixtures (Yamashita et al. 
2000) and so may not be unequivocal indicators of 
combustion CNs. Nonetheless, the abundance of CN 
54 in proportion to other penta-CNs was suggestive  
of combustion input. The average IF66–67 was 0.54  
in Dunai and Alert air samples from the cold period, 
which was closer to the IF66–67 for fly ashes (0.45–
0.62) and Aroclors (0.5–0.62) than to IF66–67 of 
Halowaxes (0.6–0.94) (Helm et al. 2004). Jaward et al. 
(2004b) used a GC peak containing CNs 28/29/43 to 
speciate evaporative and combustion PCN sources  
in air. After subtracting evaporative contributions, 
combustion-derived PCNs were still indicated in air 
samples from Ny Ålesund and Iceland. Lee et al. 
(2007) used a suite of indicator CNs to speciate 
combustion and evaporative PCNs at Ny Ålesund. 
Based on the fraction of combustion PCNs/ΣPCNs 
present in the Halowax series, the PCNs at Alert 
appeared to be derived from mostly evaporation 
sources, while combustion influence was more evident 
at Ny Ålesund. Over the three-month period of the 
GAPS sampling campaign, combustion PCNs 
amounted to 4.8% of ΣPCNs at Alert and 19%  
of ΣPCNs at Ny Ålesund.

2.3.6.2.6. PFAS isomers

Isomers of PFOA in environmental samples have 
been used to examine sources of PFASs (Benskin  
et al. 2010a, Benskin et al. 2012b). The basis for this 
is that there are two major production sources, 
electrochemical fluorination (ECF) and telomeri-
zation. ECF, the oldest process, results in a mixture 
of branched and linear isomers. It is estimated that 
the majority (80–90% in 2000) (Prevedouros et al. 
2006) of historic global PFOA manufacturing (1950s 
until 2002) was by ECF. PFOA produced via ECF 
had a consistent isomer composition of 78% linear 
(stdev 1.2%) and 22% branched (stdev 1.2%) in  

18 production lots over a 20 year period based on 
analysis by 19F-nuclear magnetic resonance (Reagen 
et al. 2007). The 3M Co. voluntarily phased out ECF 
perfluorooctyl chemistries in 2002, and while the 
extent of current global ECF PFOA manufacturing  
is unknown, it is likely minor today.

Telomerization is distinct from ECF in that the 
isomer composition of products is pure, with 
typically linear geometry. This process accounted  
for only 10–20% of ammonium PFOA produced 
globally from 1975–2004 (Prevedouros et al. 2006) 
but is currently the dominant manufacturing process 
in North America and Europe for perfluorinated 
carboxylic acids (PFCAs) and fluorotelomer products 
(i.e., CF3(CF2)xC2H4R) some of which can degrade  
to PFCAs in the environment (Butt et al. 2010, 
Wallington et al. 2006, Wang et al. 2009).

Benskin et al. (2012a) applied an isomer-profiling 
technique for seawater (Benskin et al. 2010b) to 
assess the relative extent of ECF PFOA in seawater 
samples from the Canadian Arctic Archipelago and 
North Baffin Bay, for the first time. The relative 
profile of individual isomers was also carefully 
examined for potential abiotic fractionation.  
They determined individual isomers by liquid 
chromatography-tandem mass spectrometry PFOA 
(i.e., sum of n, iso, 5m, 4m, 3m-PFOA peaks in m/z 
369 product ion) and n-PFOA separately, and 
compared the relative proportions of individual 
branched isomers in samples to the corresponding 
proportions in an ECF PFOA standard. Quantifying 
the contribution of ECF and telomer PFOA to total 
PFOA concentrations was accomplished using a 
calibration curve of percent branched (by weight, 
based on the aforementioned quantification method) 
versus percent ECF prepared with standards 
containing known quantities of ECF and telomer-
manufactured PFOA. They found that PFOA 
collected off the coast of southwestern Greenland 
was predominantly of ECF origin (76–87% ECF) 
while samples collected along the Northwest passage 
from the Mackenzie River delta to Barrow Strait  
had predominantly telomer contributions (17% and 
30% ECF). These results are discussed further in 
Chapter 3, section 3.2.3.1. 

De Silva and Mabury (2004) and De Silva et al. 
(2009) determined isomers of ECF PFOA using 
GC-MS. Their approach involved derivatization  
of PFOA isomers with 2,4-difluoroaniline to make  
a volatile derivative. The use of GC permitted 
separation of seven PFOA isomers. They applied 
this to sediment and lake water from Char Lake  
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and Amituk Lake on Cornwallis Island. Branched 
PFOA isomers were detected in sediment and 
surface water (De Silva et al. 2009) (see Chapter 3, 
section 3.2.3.2) and in ringed seals and polar bears 
(De Silva and Mabury 2004) (Chapter 4, Sections 
4.1.5.3.1.2 and 4.1.5.3.5.2).

2.3.6.3.  Assessment of enantiomer  
and compound ratios

•  Interpretation of enantiomer and compound ratios 
is a complex matter. Uncertainties arise from 
shifting patterns of product usage and variation  
in technical mixture compositions. 

•  Uncertainties in compound ratios also arise from 
variation in enantiomer profiles and even reversal 
of enantiomer abundances occur due to the 
enantioselective degradation capabilities of 
different microbial communities in soil and water.

•  Differences in physicochemical properties lead  
to fractionation of isomers and metabolites when 
undergoing air-surface exchange and further 
alteration in ratios may result from differences  
in atmospheric reactions. 

•  Interpretation of compound ratios is best carried out 
in concert with other tracers such as enantiomers 
(for chiral compounds), combustion products 
(Eckhardt et al. 2007, Genualdi et al. 2009a, Primbs 
et al. 2008a) and isotopes (Cheng et al. 2007) and 
diagnostic characteristics of air pathways 
(trajectories, air boundary layer height, etc.). 

•  Chemical concentrations and profiles in source 
regions are being investigated under the Global 
Atmospheric Passive Sampling (GAPS) campaign 
(Pozo et al. 2009). See Chapter 3, section 3.1.5.

2.3.7. Local sources 
Contributors: Tanya Brown, Monica Danon-Schaffer,  
Perihan Kurt-Karakus, Daniela Loock, Carol Luttmer,  
Derek Muir, Ken Reimer

2.3.7.1. Introduction

Although the focus of the NCP has largely been on 
contaminants originating from long-range transport, 
there are several reasons to address local sources in 
this assessment report. First of all, NCP is interested 
in any information concerning contaminant levels in 
Canada’s North, especially as it relates to traditional/
country foods and spatial trends. Secondly, con-
taminated sites, as sources of local contamination,  
are of serious concern at a local level since many  
are located close to communities. Third, local sources 
might contribute to global sources of POPs as the  
soil burdens and residues in contaminated sites are 
becoming more dominant sources of POPs compared 
to the declining direct emissions of many legacy 
POPs (Bidleman et al. 2003). There is also a need to 
assess these sites with a view to the impacts that may 
arise as a result of climate warming. These changes 
relate primarily to the destabilization of contaminated 
materials currently sequestered in permafrost. 
Therefore, contribution of local sources within  
the Canadian Arctic to the remaining global  
source cannot be ignored. 

In previous POPs assessments abandoned Distant 
Early Warning Line (DEW-line) military radar 
stations were discussed as sources of PCBs (Jensen  
et al. 1997 Murray et al. 1998, Bidleman et al. 2003). 
Based on work carried out by the Department of 
National Defense (DND), it was concluded that 
contamination from DEW-line stations generally 
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contribute a “halo” of elevated PCB levels within  
a 10 km radius of each site. While the DEW-line 
stations were considered the most important source 
of PCB contamination at a local level, long-range 
atmospheric transportation was considered to be  
the most important source on an arctic-wide basis 
(accounting for 99%; Macdonald et al. 2000). 
CACAR-II summarized studies related to assessment 
and, if necessary, clean up, of contaminated sites in 
the Canadian Arctic that are administered by the 
Department of National Defence and the Aboriginal 
Affairs and Northern Development Canada (Fisk  
et al. 2003). That assessment provided several case 
studies of sites that contained relatively large 
amounts of contamination and that have seen 
substantial investigation and, in some cases, have 
been remediated. The extent of contamination at 
these sites is not representative of all contaminated 
sites in the North—in several cases they represent 
extreme examples.

The Canadian government has undertaken several 
programs to assess, and if necessary remediate, 
contaminated sites in the Canadian Arctic, most 
notably the DEW-line cleanup project, through the 
Department of National Defence (DND), and the 
Northern Contaminated Sites Management Program 
(INAC 2010). These programs have led to a 
comprehensive inventory of contaminated sites in  
the Canadian North that can be broken down into 
three main categories: abandoned military sites  
(e.g., DEW-line stations); abandoned mines; and, 
other industrial sites.

Many local sources of contamination exist within the 
Canadian Arctic. These include operational and 
abandoned mining and industrial sites, waste disposal 
sites, and abandoned military sites (Stow et al. 2005). 
Since NCP-I, various federal, territorial and pro-
vincial departments have remediated, or are in the 
process of cleaning up contaminated sites in the 
Arctic (INAC 2010). Many of the sites that have 
been remediated are former radar stations that were 
built by the Canadian and United States governments 
in the 1950s. Initial assessment work provided 
information on the extent and patterns of local 
contamination and its relative influence compared  
to long-range transport. The assessments formed the 
basis for agreements, standards, and protocols for  
the remediation of the sites. The primary impetus for 
cleanup was to prevent redistribution of contaminants 
into the surrounding environment. Long-term 
monitoring programs have been initiated to ensure  
no future distribution of contaminants from these 
sites. These programs focus on evaluating the 
stability of facilities (e.g., engineered landfills) 

created as part of the remedial solution. The 
effectiveness of cleanup work in terms of ecosystem 
recovery has also been studied at some of the sites. 
For example, at Saglek, a radar site on the coast of 
Labrador, temporal trends have shown recovery of 
the marine ecosystem following the cleanup of the 
terrestrial polychlorinated biphenyl (PCB) 
contamination (Brown et al. 2009).

In this section, we present an overview of the local 
sources of POPs in the Canadian Arctic that are 
extensively discussed in CACAR-I and CACAR-II 
and discuss new results that have become available 
over the period 2003–2010. Several case studies 
studying local sources are presented in Chapter 3, 
Section 3.4.2.

2.3.7.2. Radar sites

The former radar stations located along the 66th 
parallel from northwestern Alaska, across Canada to 
Iceland, are known collectively as the Distant Early 
Warning (DEW) Line. The DEW Line was part of a 
larger radar network that included the Pine Tree Line 
and Mid-Canada Lines that ran west to east at 
approximately 50oN and 55oN, respectively, as well 
as the Pole Vault Line, which ran north to south 
along the east coast of Canada. Forty-two of the 
DEW Line sites were located within Canada. These 
sites varied in size from large main sites that housed 
up to 200 people, auxiliary sites (up to 30 personnel) 
to smaller intermediate sites designed to fill the gaps 
in the radar between the auxiliary sites. The 
intermediate sites were only operational for a short 
time period before advances in radar technology 
made them obsolete in the 1960s. In the 1980s, the 
former radar sites were replaced with the current 
North Warning System. The decommissioned sites 
are currently administered by several different 
bodies. The larger main and auxiliary sites from the 
DEW Line are the responsibility of DND (Annex 
Table A2-9). The majority of the intermediate  
sites and other radar and communication sites  
are administered by INAC (Annex Table A2-10), 
while some sites are under other jurisdictions.  
For example, Hopedale, a former Mid-Canada  
Line site is within the jurisdiction of the Province  
of Newfoundland and Labrador and Saglek, a former 
Pole Vault Line Station on the Labrador Coast, is 
within the jurisdiction of the North Warning System 
Office at the Department of National Defence. 

The CACAR-I and CACAR-II reports describe some 
of the initial environmental assessments completed 
for the DEW Line military radar stations and 
describe the relative importance of local sources 
versus long-range contamination in the Arctic. 
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Improper storage of chemicals and fuels, waste 
disposal, and demolition practices at the radar sites 
resulted in local contamination, both on land and  
in aquatic systems, across the Canadian Arctic.  
The main contaminants of concern were PCBs, 
hydrocarbons and inorganic elements (primarily 
copper, lead and zinc). Initial assessments determined 
that in general, the sites do not pose an acute risk to 
human or environmental health, but are chronic 
sources of contaminants that could potentially be 
injurious to the ecosystem and traditional harvested 
food sources. In fact, the abandoned radar sites  
have been the greatest local source of PCBs in  
the Canadian Arctic (Stow et al. 2005) and studies  
on PCB contamination in soil, plants, and lake 
sediments at a radar station at Saglek, Labrador 
demonstrated that short-range transport of PCBs 
resulted in a halo of contamination up to 50 km in 
diameter (Pier et al. 2003). Many of the abandoned 
radar sites are located near communities, and 
therefore raise concerns about community health,  
the health of country foods, and current land use  
and development.

DND initiated the DEW Line Clean Up (DLCU) 
Project for the assessment, remediation, and 
monitoring of the sites within its jurisdiction.  
The goal of the DLCU is to make the sites envi-
ronmentally safe and prevent contaminants from 
migrating into the food chain. DND has completed 
the assessment of all of its sites, and the majority 
(76%) have been remediated and are in the long-
term monitoring phase (Annex Table A2-9). INAC 
has also completed the remediation of a number of 
sites including the Iqaluit Upper Base, Resolution 
Island (BAF-5), Horton River (BAR-E), Sarcpa Lake 
(CAM-F), FOX-C, PIN-B and Pearce Point (PIN-A) 
(Annex Table A2-10). The approach adopted for 
remediation of these sites has generally been 
consistent with the DLCU methodology and this  
was formalized in 2009 with standard protocols  
and criteria for the assessment and remediation  
for INAC’s remaining sites (INAC 2009a, b). 

The distribution of contamination found at the 
decommissioned radar sites across the Arctic was 
often similar, as they generally reflect historical 
demolition and disposal practices. The majority of 
the contamination has been found in sewage outfalls 
and lagoons associated with human waste and down-
the-drain disposal of contaminants; stained soils  
on fuel tank pads, and work and refueling areas 
associated with the spillage of used oil, leaded fuels, 
and other related wastes; and down-gradient of 
landfills and dumps over slopes and cliffs associated 
with leaching and/or erosion of non-engineered 
landfills and dumps. However, the extent of soil 

contamination varies depending on site specific 
characteristics, namely, the type and operational  
life of the site, decommissioning practices, and 
physical geography and climatic factors that  
control contaminant redistribution mechanisms  
such as migration along drainage pathways, aerial 
redistribution, erosion of contaminated soils, and 
shoreline runoff into the marine environment. 

Several of the radar sites with PCB contamination 
have been subject to site-specific ecological risk 
assessments (ERA) and human health risk assess-
ments (HHRA). At Saglek, Labrador, studies in the 
late 1990’s to early 2000’s showed that the PCB 
contamination present at this time was associated 
with ecological risks and could lead to potential 
human health risks if wild foods from the area were 
consumed. The source of PCB contamination has 
now been removed and long term monitoring to 
assess ecosystem recovery is underway. At Hopedale, 
the results of the HHRA indicate that prolonged 
exposure to the PCB-contaminated areas at the 
former military site may pose a potential health risk 
(ESG 2009). Arctic hare and berry data collected by 
local residents next to the PCB-contaminated areas  
at the Hopedale former military site show elevated 
levels of PCBs. Therefore, local foods like berries 
and wild game should not be collected around areas 
with elevated PCB levels. Additional assessments 
and a remediation plan were undertaken in 2010 and 
the Newfoundland and Labrador government has 
initiated remedial activities at Hopedale (ESG 2009).

The radar sites with extensive PCB contamination 
provided a unique opportunity to study the effects of 
PCBs on the health of arctic biota over a wide range 
of exposures due to the combination of long-range 
and local sources of PCB contamination. Monitoring 
in the marine and terrestrial environment at Saglek, 
Labrador has shown that PCB concentrations in the 
surrounding environment (sediments, plants, deer 
mice, sculpin, and black guillemots) have decreased 
since the source of PCBs has been removed (Brown 
et al. 2009, ESG 2009), and companion studies have 
shown that the decline in the PCB concentrations are 
associated with a decline in biological effects. 
However, some biomarkers measured in deer mice, 
shorthorn sculpin and black guillemot nestlings 
indicate that some biological effects may still be 
present even at the lower PCB concentrations. 

Previous studies at Saglek showed that migratory 
species, such as arctic char, ringed seals and great-
backed gulls do not appear to show significant 
influence from the local PCB source (Kuzyk et al. 
2005). However, PCB concentrations in ringed seals 
of the same age and sex than those from Saglek, range 
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from arctic background levels of approximately 1,000 
ng g-1 ww to 15,000 ng g-1 ww (ESG 2008, Kuzyk et 
al. 2005). Organochlorine contaminants, including 
PCBs, were more recently measured in ringed seals 
from the north Labrador coast, and contaminant data 
to date have shown that elevated PCB levels in ringed 
seals persist along the coast. Saglek ringed seal 
satellite telemetry data show that there are distinct 
differences in the movement and foraging patterns  
as well as the PCB contaminant levels among the 
tagged ringed seals. Blubber PCB concentrations were 
variable, showed no correlation with age or sex, and 
were surprisingly high (six fold) in juvenile females 
that spent minimal time in Saglek fiord relative to an 
adult male ringed seal that remained in Saglek Bay. 
Preliminary results of a coastal food web study 
suggest there may be differences in the feeding 
patterns of ringed seals in the four northern Labrador 
fiords studied (Saglek, Nachvak, Okak, and Anaktalak 
fiords), which may have potential implications for the 
transfer of contaminants to this species. These results 
raise the question of other potential local marine 
sources along the coast. Studies in progress are further 
investigating the patterns of ringed seal PCB levels 
and congener profiles, movement and foraging 
behaviour, food web dynamics, and health. Arctic  
sites with local contamination like Saglek warrant 
further study to advance our understanding of 
contaminant processes, pathways, exposure and 
biological effects. These studies are described in  
more detail in Chapter 3, section 3.4.2.2. 

2.3.7.3.  Dumpsites in Yellowknife, Cambridge 
Bay and Iqaluit

A preliminary study was performed in the Canadian 
North to investigate PBDE congener patterns in 
aqueous media (leachate, effluent and background 
water), and in soil, and furthermore to understand 
how PBDEs are entering and being transferred 
among landfill leachates, sediments and soils in the 
Canadian Arctic. Moreover, fate and transport of 
PBDEs and spatial distribution of contamination 
were assessed by investigating leachability of PBDEs 
from e-wastes. Soil, leachate, effluent and 
background aqueous samples were collected from 
northern Canadian dumpsites and nearby areas 
(Danon-Schaffer 2010). Soil samples were collected 
from various sites within Yellowknife, Cambridge 
Bay, and Iqaluit (see map in Figure 3.42). Higher 
brominated PBDE congeners such as BDE206 and 
BDE207 were the dominant congeners in leachate 
samples at most of the sampling sites. Soil samples 
from major dumpsites in Iqaluit, Cambridge Bay  
and Yellowknife showed significantly higher  
ΣPBDE concentrations compared to corresponding 

background sites in these locations, suggesting that 
PBDEs leach from the landfill. The study also 
reported, for the first time, potential commercial 
penta-BDE and octa-BDE profiles in soils in the 
Canadian North. The distributions of BDE congeners 
in soil samples from Iqaluit and Cambridge Bay were 
similar to those in commercial formulations. It is 
important to note the differences between the sites 
were related to the different types of facilities 
closeby, i.e., municipal dump site vs. metal dump 
site, and showed substantially different congener 
profiles. PBDE congener profiles near the municipal 
dump site were similar to those of the commercial 
Penta-BDE whereas congener profiles near a metal 
dump site were similar to those of the Octa-BDE 
commercial formulation, suggesting the different 
local sources of PBDEs at different sampling sites. 
Further details on results of the study are presented 
in Chapter 3, section 3.4.2.1.

2.3.7.4. Chlorinated paraffins in the Iqaluit area

Dick et al (2010) determined concentrations and 
sources of short-chain (SCCPs) and medium-chain 
chlorinated paraffins (MCCPs) in and around Iqaluit 
(NU). Sediments in Airport Creek (near Iqaluit’s 
airport) were analysed along with water draining 
from the sewage lagoon and sediments near the 
lagoon’s outlet. Sediments in Airport Creek averaged 
32.0 ± 44.1 ng g-1 (dry weight) for SCCPs and  
14.6 ± 17.1 ng g-1 for MCCPs. The highest values  
of SCCPs and MCCPs were detected in the upper 
reaches of Airport Creek near a gravel pit that may 
have been a waste disposal area in the past. The 
sewage outflow had relatively high levels of SCCPs 
(117 ng L-1), while concentrations of MCCPs were 
comparable to the average value in Airport Creek. 
SCCPs were highest in terrestrial soil samples from 
sites that were or are currently utilized for waste 
disposal. Significant concentrations of CP in 
sediment and water from some sites indicate ongoing 
local sources of contamination. However, as discussed 
in Chapter 4, section 4.1.2.1.1., anadromous char from 
the Sylvia Grinnell River near Iqaluit and from 
Peterhead Inlet, a more remote site, had low levels  
of SCCPs and MCCPs suggesting that contami-
nation was low in the food web of Frobisher Bay.

2.3.8. Climate change impacts 
Contributor: Jianmin Ma

2.3.8.1. Introduction

An emerging challenge for scientists studying  
POPs is to link climate events, particularly “arctic 
amplification” (the greater warming occurring in  
the Arctic compared to average global changes),  
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with global and pole-ward transport of POPs. 
Understanding this link requires knowledge in the 
association of emissions, transport in the atmosphere 
and water, deposition, phase partitioning, degradation 
and transformation, and even biotic transport of 
POPs with climate change. Figure 2.60 presents a 
schematic view of major processes of arctic climate 
change interacting with global warming and the 
environmental fate of POPs associated with climate 
change. In the context of POPs transport to the 
Arctic, the major processes governing pole-ward 
transport of POPs can be summarized below.

2.3.8.2. Emissions

The geographical pattern of POPs releases and their 
distribution in the environment is associated with 
their global production and usage pattern. Past and 
current uses of intentionally produced POPs lead to 
their primary emissions into the environment through 
direct dispersion on soils and into the air (pesticides), 
volatilization into air (semi-volatile technical 
chemicals, e.g., PCBs, PBDEs), and leaching into 

water from initial applications (water-soluble 
technical chemicals, e.g., PFOS/PFOS-F). Increasing 
or decreasing air temperature with climate change  
as well as variability will affect the intensity and 
pattern of POPs application. For example, higher 
temperatures may lead to an increasing number of 
pests and hence increasing application of pesticides. 
Increasing global temperatures are also expected to 
intensify the propagation and spread of malaria and 
other vector-borne diseases in tropical countries. The 
existing public health exemption on the use of DDT 
for combating malaria may lead to enhanced demand 
for DDT, which in turn will result in increasing 
emissions of DDT (UNEP/AMAP 2011). Increasing 
frequency of extreme climate events under global 
warming will significantly alter the use pattern of 
POPs. It is expected that both serious droughts and 
floods during crops seed tilling and growing seasons 
would either increase or decrease the use of 
pesticides, and more forest fires in a warming 
environment will release more toxic chemicals  
to atmosphere and terrestrial surfaces. 

A schematic view of the major processes of arctic climate change and POPs environmental fate. Red solid lines indicate major atmospheric 
transport pathways of POPs from North America and Eurasia continents to the Canadian Arctic. White dashed lines highlight ocean currents 
into, out of, and within the Arctic Ocean.

FIGURE 2.60 
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Higher temperature also leads to stronger volatili-
zation of POPs from their reservoirs where they 
were stored and accumulated from past applications, 
enhancing secondary emissions. These reservoirs are 
formed either near the sources of direct application 
(primary emissions) or formed due to transport and 
deposition from primary emission sources. In the 
latter case, increasing temperatures will increase 
reemissions from the secondary emission sources.  
As diagnosed by the Arctic Contamination Potential 
(Meyer and Wania 2007), increasing emissions in 
warmer latitudes will enhance the risk of POPs 
contamination to the Arctic, primarily via 
atmospheric transport and deposition. Rapid 
warming and melting are the most significant 
changes in the Arctic in recent decades. It has  
been reported that temperatures in the Northwest 
Territories have risen as much as two to four  
degrees in the last century—three to five times  
faster than in the rest of Canada (BBC 2001).  
Such a change in the arctic environment has  
been linked with the increasing release of POPs 
from the Arctic Ocean, snow, and ice into the  
arctic atmosphere.

2.3.8.3. Atmospheric transport and deposition

Changes in climate conditions alter transport patterns 
and temporal trends of POPs from interannual to 
decadal scales. Many climate change scenarios 
predict, and recent observations confirm, a 
decreasing arctic sea ice cover and a decreasing 
temperature gradient between Arctic and Tropics  
with a stronger temperature increase in colder areas 
compared to areas of lower latitudes (Braganza et al. 
2004). Stronger arctic warming may reduce the 
atmospheric pressure gradient from the Arctic to  
mid latitudes so one would expect increasing pole-
ward atmospheric transport of POPs from their 
sources in North American and Eurasia continents  
(Figure 2.60). Unfortunately, the increasing 
frequency of pole-ward long-range atmospheric 
transport has not been verified by either observations 
or modeling studies, particularly on a decadal scale. 
Nevertheless, the link between atmospheric transport 
to the Arctic and interannual and interdecadal climate 
variabilities, such as the North Atlantic Oscillation 
(NAO) and the Arctic Oscillation (AO), has been 
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reported in several recent studies (Becker et al. 2008, 
Hung et al. 2005, Ma et al. 2004, Macdonald et al. 
2005). Details can be found in Chapter 3, section 3.5. 

Precipitation is projected to increase in some regions 
and decrease in other regions during the 21st century. 
During the journey of POPs from mid to low lati-
tudes to the Arctic, increasing precipitation would 
reduce their atmospheric concentration, and hence 
atmospheric burden, but enhance loadings to the 
arctic surface media, and vice versa. For the 
Canadian Arctic, an increasing trend of mean 
precipitation from 1970 to 2010 has been recorded. 
This will decrease the atmospheric concentration  
of POPs and increase their loadings to arctic surface 
media (Chapter 3, Section 3.5). 

2.3.8.4. Oceanic and riverine transport 

Climate change has increased river discharge to the 
Arctic Ocean (Peterson et al. 2002). Measurement 
data collected by Carroll et al. (2008) indicate that 
the Ob and Yenisei Rivers in Russia contribute 37% 
of riverine freshwater inputs to the Arctic Basin. In 
particular, rivers are important pathways for more 
water-soluble chemicals, such as perfluorinated acids. 
For example, inputs of total PFASs to Hudson Bay 
via the Nelson River were estimated to be 1.7 kg 
day-1 (Scott et al. 2009). Climate induced changes  
in oceanic transport of POPs is subject primarily  
to interactions between global ocean currents and 
climate change. Ocean currents have a profound 
influence on climate and are also carriers of water-
soluble chemicals (see sections 2.3.5.3 and 2.3.5.4). 

2.3.8.5. Degradation 

In general, increasing temperature speeds up 
degradation of POPs in soils and water. Higher 
temperatures will also favour the vapour phase  
of chemicals. Both processes lead to stronger 
re-volatilization of POPs from their reservoirs  
to the atmosphere and, consequently, increase  
their lifetime in air. 

2.3.8.6. Partitioning 

Increasing the vapour pressure of POPs by increasing 
temperature alters both the partitioning between bulk 
phases (air vs. surface media such as soil, water and 
vegetation) and between the gaseous and particle-
bound phases in air, leading to a shift towards higher 
gaseous fractions in air. All of these factors make 
POPs more available for long-range transport. 

Increasing air temperatures may help to enhance  
the formation of secondary atmospheric particulate 
matter (Forster et al. 2007), including particulate 
organic matter in aquatic environments (Carrie et al. 
2010, Macdonald et al. 2005). These changes would 
enable a larger fraction of the POPs to be associated 
with particulate matter in air and water. Consequently, 
the atmospheric transport of POPs to remote regions 
may be reduced due to temporary or permanent 
deposition to surfaces before reaching remote regions 
(UNEP/AMAP 2011). On the other hand, when 
sorbed to the particulate matter, the reactivity or  
half-life of a substance in the particulate phase can 
affect the substance’s long-range transport potential. 
For example, if the reactivity in the particulate phase 
is reduced substantially, its half-life in this phase  
will increase and its long-range transport potential 
will also increase. The impact of the particulate 
phase reactivity is therefore significant for highly 
sorbed substances. 

2.3.8.7. Biotic transport

Climate change has been demonstrated to affect  
the populations of animals and their migration 
(Macdonald et al. 2005). Migratory animals have  
the capacity to magnify and transport contaminants 
within their migration routes (Blais et al. 2007, 
Macdonald et al. 2005). The obvious examples 
include anadromous fish (e.g., Pacific salmon), 
whales and birds. Although the contaminant transport 
potential inherent in these biovectors is of a smaller 
scale than atmospheric or oceanic transport, it is still 
significant because the contaminants are focused 
within the animals’ life cycles and impinge on 
sensitive areas like nursery ponds or lakes. See 
further discussion in Chapter 3, section 3.6.

Except for the processes highlighted above, changes 
in organic carbon in soil and particulate organic 
matter in surface waters (Macdonald et al. 2005) 
incurred by climate change would likely alter  
redistribution and mobilization patterns of POPs.  
It is not clear yet if those processes occurring in  
the atmosphere would affect atmospheric transport 
patterns of POPs, such as the “global fractionation” 
and “cold trapping” effect, or single and multi-hop 
transport. Further studies are needed on these aspects. 
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2.4.  Conclusions, Knowledge Gaps  
and Recommendations 

2.4.1.  Physicochemical properties of 
persistent organic pollutants

2.4.1.1. Conclusions

•  Physical-chemical properties for legacy POPs are 
reasonably well established, however, uncertainties 
remain particularly for per- and polyfluorinated 
chemicals and other polar compounds.

•  While uncertainty in physical-chemical property 
estimates for PFCAs and PFAS may have limited 
influence on the assessment of long-range oceanic 
transport potential these uncertainties are important 
when assessing global fate and transport in a 
broader context (e.g. atmospheric vs. oceanic  
inputs to remote marine environments.

•  Both experimentation and modelling will be 
important for future progress as well as critical 
evaluation and analysis of data to obtain 
thermodynamic consistency.

•  Predicting gas exchange cycles of legacy POPs  
and new and emerging chemicals of concern places 
a high demand on the accuracy of physical-chemical 
properties, particularly the air/water partition 
coefficient, KAW.

•  Predicting the chemical’s property on the basis  
of screening and categorization methods that rely  
on a decision whether a chemical falls on either  
side of a threshold are likely to lead to a significant 
number of false positive/negative outcomes.

•  Large-scale screening of chemicals on Canada’s 
DSL and other lists of commercial chemicals for 
bioaccumulation and LRAT potential has shown that 
there are several hundred chemicals with properties 
similar to those of known persistent organic 
chemicals detected in the Arctic.

•  There is much less certainty for prediction of Arctic 
Accumulation Potential of chemicals that lie outside 
the “training sets” for the models used to predict  
key LRAT properties such as air-water and octanol-
air partition coefficients. Assessing the Arctic 
Accumulation Potential of transformation  
products is also difficult.

2.4.1.2. Recommendations

•  Degradation rates of chemicals in air, water and soil 
under cold climate conditions are lacking and need 
to be determined for most arctic contaminants.

•  Physical-chemical properties data are essential  
for modelling purposes and excessive reliance on 
QSARs is to be avoided. Therefore, for chemicals 
that are identified in the Arctic there is a need  
to measure and compile accurate and consistent 
physical chemical property data including 
partitioning data, reactivity data in air, aerosols, 
water (both fresh and marine), soils etc as a function 
of temperature from -40 deg C to +40 deg C.

•  There needs to be more focus on ionising substances 
such as carboxylic acids, phenols and amines.

•  More data are required on quantities of chemicals 
used and emitted in source regions.

2.4.2. Usage and emissions of POPs

2.4.2.1. Conclusions

•  Global emissions data are important as a key input 
for global POPs models and for the study of 
sources and pathways of contaminants to the Arctic.

•  Over the period 2003-2010 globally gridded (e.g. 
1° lat x 1° long) estimates for chemical emissions 
were updated for a wide range of chemicals 
including PCBs, dioxins/furans (as g/TEQ), 
γ-HCH, endosulfan, PCNs and PFOSF. 

•  Chinese usage and emissions of endosulfan were 
documented for the first time.

•  There is a need to identify and improve 
characterization both of primary and secondary 
emission sources of several legacy POPs as well  
as new chemicals such as the perfluorinated 
compounds. This is highly relevant for prediction 
of future levels and trends, as well as for the 
interpretation of monitoring data.

•  Measurements of PFCAs and PFOS in background 
soils are scarce, as are empirical studies attempting 
to estimate remobilization fluxes.

•  Models indicate that the terrestrial environment in 
source regions (particularly soil organic carbon 
pools) is an important determinant of long-range 
transport potential, particularly for POPs.
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2.4.2.2. Recommendations

•  Further research should be carried out to 
determine current emission inventories, especially 
for new and emerging chemicals. International 
cooperation is the most effective way for 
continuously updating and expanding global 
emissions datasets.

•  The regional and global influence of contemporary 
production/use/emissions of PFOS warrants  
further investigation.

•  Further investigation is needed to determine direct 
emission sources of the PFASs that yield PFCAs 
during atmospheric degradation.

2.4.3.  Atmospheric and oceanic transport  
of POPs

2.4.3.1. Conclusions

•  In addition to many legacy POPs, lower-brominated 
PCB and PBDE congeners have a long-range 
transport potential to be delivered to remote  
pristine regions.

•  Major sources of new POPs occur throughout  
the Northern Hemisphere. Specific regions are  
being located and emissions estimated through  
a combination of modelling, emission inventory 
research, and targeted air monitoring; e.g., through 
the GAPS network.

•  Quantitative understanding of the fate and transport 
of the wide variety of chemicals can contribute  
to international negotiations to reduce the impacts  
of long-range transport.

•  Results of modeling studies can be used to assess the 
efficiency of transport, responsibilities for region to 
region contamination, assigning vulnerabilities and 
possibly designing a global scale strategy to assign 
tolerable rates of chemical usage and emission.

2.4.3.2. Recommendations

•  Effects of climate change on transport mechanisms 
of POPs, particularly in air and water deserves a high 
priority for future research.

•  There is a need to expand and harmonize temporal 
trend monitoring in air and water in circumpolar 
countries to assess how levels change and what 
impact climate change has on these levels.

•  There is a need for monitoring data and assessment 
tools to evaluate the impact of climate change  
on changing POPs emissions and concentrations. 

2.4.4.  Mass balance modelling of 
contaminants in oceans, atmosphere 

2.4.4.1. Conclusions

•  Computer-run mathematical models of the 
environmental transport and fate of POPs are 
important tools for predicting the response of POPs  
to changes in environmental factors. 

•  There has been a tremendous expansion of modelling 
of ocean transport of contaminants, particularly of 
PFOA and PFOS to the Arctic in the last 5 years. 
Results are in reasonable agreement with currently 
available data suggesting that available emission 
estimates for these two compounds are plausible. 

•  Modeling results suggest that redistribution of these 
contaminants from lower latitudes to the Arctic 
Ocean is ongoing and the total mass (and average 
concentration) of PFOA and PFOS in the marine 
environment is expected to increase for the next  
10 – 20 years.

•  The Distant Residence Time concept can play  
a valuable role in guiding global modelling efforts 
and presenting findings in a relatively simple and 
understandable manner.

•  A number of atmospheric transport modeling and 
trajectory calculations have revealed trans-Pacific 
transport of toxic chemicals from eastern Asia to  
the western part of the Canadian Arctic.

2.4.4.2. Recommendations

•  Where different models exist there should be active 
model comparison programs to identify strengths  
and weaknesses with a view to improving 
predictive capabilities. 

•  Efforts should be made to devise internationally 
acceptable methods using models of identifying 
source-receptor relationships between  
geographic regions.

•  More data are required on quantities of chemicals 
used and emitted in source regions.

•  There is a need to build and/or improve models  
to forecast POPs fate and transport in air and water. 
However, for the credibility of models, evaluation  
of model results with field data is essential, which 
requires that adequate monitoring are are available.
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