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Synopsis 
 
Pursuant to section 74 of the Canadian Environmental Protection Act, 1999, the 
Ministers of the Environment and of Health have conducted a screening assessment on 
chlorinated naphthalenes.  “Naphthalene, chloro derivatives”, Chemical Abstracts Service 
Registry Number 70776-03-3, was identified as meeting the categorization criteria for 
persistence, bioaccumulation potential and inherent toxicity to non-human organisms. 
“Naphthalene, chloro derivatives” is a variable chemical mixture that covers the chemical 
class of chlorinated naphthalenes, 
Chlorinated naphthalenes was not considered to be a high priority for assessment of 
potential risks to human health, based upon application of the simple exposure and hazard 
tools developed by Health Canada for categorization of substances on the Domestic 
Substances List. Therefore, this assessment focuses on information relevant to the 
evaluation of ecological risks. 
 
Chlorinated naphthalenes (CNs) have the molecular formula C10H8-nCln (n = 1–8). There 
are 75 possible chlorinated naphthalenes in eight homologue groups, based on the number 
of chlorine atoms in the molecule. These homologue groups are referred to using the 
prefixes mono- to octa- (e.g. mono-CNs, di-CNs). The number and, to a lesser extent, the 
positions of the chlorine atoms within the CN molecule are the key determinants of the 
physical and chemical properties of the CN congeners. 
 
Key physical and chemical properties are useful when predicting the environmental fate 
of CNs. Water solubility, vapour pressure and Henry’s law constant values tend to 
decrease when progressing from mono- to octa-CNs, while log Kow, melting point and 
boiling point tend to increase when progressing from mono- to octa-CNs. 
 
Sources of CNs in the environment are mainly anthropogenic. Beginning around 1910, 
mono- to octa-CNs were produced commercially for a variety of uses. CNs were likely 
never manufactured in Canada but they were imported from manufacturers in the U.S. 
Although CNs have not been in commercial use in Canada for more than two decades, 
they could be produced unintentionally as a by-product of industrial processes involving 
chlorine, especially in the presence of heat, such as waste incineration, cement and 
magnesium production, refining of metals such as aluminium, drinking water chlorination 
and pulp and paper production (chloralkali process). Releases resulting from some of 
these processes have not been well characterized. Other sources of CNs in the 
environment include products containing CNs deposed of in landfill sites and old 
industrial sites where CNs were used. There are reports of CNs being released into the 
atmosphere from the domestic combustion of wood. A possible non-anthropogenic (i.e. 
natural) source of CNs is the combustion of wood during forest fires. 
 
Fugacity modelling is used to predict into which environmental compartments CNs will 
partition. CNs tend to partition mainly into air and soil when released only into the air. 
CNs tend to partition mainly into water and sediment when released only into the water.  
 

 ii



Draft Screening Assessment Report    Chlorinated naphthalenes 

CNs have been detected in the following samples in Canada: Arctic and urban air, Lake 
Ontario water, fish and birds from the Great Lakes and environs, Pacific killer whales, 
seals and whales from the Canadian Arctic, and Vancouver Island marmots. The data on 
environmental concentrations of CNs in Canada are limited. Much more environmental 
data on CNs, including from sediments and soils, have been collected in the U.S. and 
Europe. 
 
Di- through octa-CNs are persistent in air. The potential for long-range transport has been 
estimated to be moderate for di-CNs and high for tri- through octa-CNs, indicating that 
some CNs may be subject to atmospheric transport to remote regions such as the Arctic. 
In addition, di- through octa-CNs are predicted to be persistent in water, and tri- through 
hepta-CNs are persistent in both sediment and soil. Based on the weight of evidence, 
including, in particular, measured log Kow values for di- to octa-CNs, the measured 
bioconcentration values for di-to penta-CNs in fish, measured biomagnification factors 
for tetra- to hepta-CNs, the high dietary uptake efficiencies of hexa to octa-CNs in 
northern pike and the very slow elimination of hexa-CNs from rats and humans, it is 
concluded that di- to octa-CNs are also bioaccumulative. 
 
The available empirical and modelled aquatic toxicity data for CNs indicate that di-, tri-, 
tetra- and penta-CNs may, at relatively low concentrations, be harmful to aquatic 
organisms (below 1 mg/L for acute tests, and 0.1 mg/L for chronic tests). Hexa-, hepta- 
and octa-CNs were found to cause harmful effects in mammals (particularly cattle) at 
doses of 0.69 mg/kg body weight per day or more . 
 
Evidence that a substance is highly persistent and bioaccumulative—as defined in the 
Persistence and Bioaccumulation Regulations under the Canadian Environmental 
Protection Act, 1999—when taken together with potential for environmental release or 
formation and potential for toxicity in organisms,—provides a significant indication that 
the substance may be entering the environment under conditions that may have harmful 
long-term ecological effects. Substances that are persistent remain in the environment for 
a long time after being released, increasing the potential magnitude and duration of 
exposure. Substances that have long half-lives in air and water and partition into them in 
significant proportions have the potential to cause widespread contamination. Releases of 
small amounts of bioaccumulative substances may lead to high internal concentrations in 
exposed organisms. Highly bioaccumulative and persistent substances are of special 
concern, since they may biomagnify in food webs, resulting in very high internal 
exposures, especially for top predators. 
 
Based on the lines of evidence presented above, particularly the evidence for persistence, 
bioaccumulation and potential to cause harm at low exposure values, and taking into 
account the limitations of existing quantitative risk estimation methods when applied to 
such substances, especially ones such as CNs for which there are limited data, and 
recognizing that although CNs are no longer in commercial use in Canada they continue 
to enter the Canadian environment from unintentional production as well as through 
transboundary movement of air, it is concluded that di- through octa-CNs have the 
potential to cause environmental harm in Canada.  
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Therefore, it is proposed that polychorinated naphthalenes are entering the environment 
in quantities or concentrations, or under conditions that have or may have immediate or 
long-term harmful effects on the environment or its biological diversity.  

 iv



Draft Screening Assessment Report    Chlorinated naphthalenes 

 v

Contents 
 

INTRODUCTION................................................................................................................ 1 

IDENTITY, USES, SOURCES AND RELEASES TO THE ENVIRONMENT ........... 3 
Substance Identity........................................................................................................... 3 
Natural Sources............................................................................................................... 6 
Manufacture and Import ................................................................................................. 6 
Use .................................................................................................................................. 6 
Unintentional Production and Releases to the Environment .......................................... 7 
Environmental Fate......................................................................................................... 8 

Partitioning ................................................................................................................. 9 
Persistence in Air and Long-Range Atmospheric Transport .................................... 10 
Persistence in Water, Sediments and Soils ............................................................... 12 
Bioaccumulation ....................................................................................................... 13 

Environmental Effects .................................................................................................. 17 
Aquatic Organisms.................................................................................................... 17 
Terrestrial Wildlife.................................................................................................... 21 

Toxic Mode of Action................................................................................................... 23 

ASSESSMENT OF POTENTIAL TO CAUSE ECOLOGICAL HARM .................... 24 
Environmental Exposure............................................................................................... 25 

Mono-CNs ................................................................................................................. 31 
Di- to Octa-CNs ........................................................................................................ 32 

Sources of Uncertainty.................................................................................................. 34 

CONCLUSION .................................................................................................................. 35 

REFERENCES................................................................................................................... 36 

APPENDIX A..................................................................................................................... 46 
 
 



Draft Screening Assessment Report    Chlorinated naphthalenes 

Introduction 
 
The Canadian Environmental Protection Act, 1999 (CEPA 1999) requires the Minister of 
the Environment and the Minister of Health to conduct screening assessments of 
substances that meet specified criteria to determine whether these substances present or 
may present a risk to the environment or human health. Based on the results of screening 
assessments, the ministers have several options: they may propose to take no further 
action with respect to substances; they may suggest adding substances to the Priority 
Substances List for further assessment; or they may recommend adding substances to the 
List of Toxic Substances in Schedule 1 of the Act and, when applicable, taking steps to 
virtually eliminate them. 
 
Screening assessments involve analyzing available information about substances using 
reasonable worst case assumptions to determine whether the substances are “toxic” or 
capable of becoming so, as defined in CEPA 1999. During screening assessments, 
various pieces of scientific and technical information are examined and conclusions are 
developed based on the weight of evidence and on the precautionary principle, as 
required under section 76.1 of CEPA 1999. Screening assessments do not present an 
exhaustive review of all available data; rather, they present the most critical studies and 
lines of evidence pertaining to the conclusions.  
 
A screening assessment of chlorinated naphthalenes (CNs) was undertaken in part 
because “Naphthalene, chloro derivatives”, Chemical Abstracts Service Registry Number 
70776-03-3, was identified as a high priority for assessment of ecological risk as it had 
been found to meet the categorization criteria including persistence (P), bioaccumulation 
potential (B) and inherent toxicity to aquatic organisms (iT). “Naphthalene, chloro 
derivatives” can be described as a variable chemical mixture that covers the chemical 
class of CNs. Additionally, CNs were assessed because their production and usage have 
been banned or restricted in various OECD (Organisation for Economic Co-operation and 
Development) countries, including Switzerland, Germany and Japan. As well, recent 
scientific studies indicated the presence of CNs in the Arctic and Antarctica, suggesting 
that CNs are persistent in air and subject to long-range atmospheric transport.  
 
Although CNs were found to be a high priority for assessment with respect to the 
environment, they did not meet the criteria for greatest potential for exposure or 
intermediate potential for exposure, and were not identified as posing a high hazard to 
human health, based on classifications by other national and international agencies for 
carcinogenicity, genotoxicity, developmental toxicity and reproductive toxicity. 
Therefore, this assessment focuses on information relevant to the evaluation of ecological 
risk. 
 
The number of chlorine atoms within the CN structure is a key determinant of a CN’s 
physical and chemical properties. Consequently, the potential for each CN homologue 
group to cause environmental harm is evaluated separately in this report. Furthermore, 
because of the unique concerns relating to substances that are persistent and 
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bioaccumulative, and given that current science is unable to accurately predict the 
ecological effects of such substances, the assessments of the CN homologue groups with 
these properties were performed using a less quantitative, more conservative 
(precautionary) approach than might otherwise have been taken.  
 
Data relevant to the screening assessment of CNs were identified in original literature and 
review documents that summarize current scientific information about them (e.g.,  IPCS 
CICAD No. 34: Chlorinated Napthalenes (IPCS 2001)). Searches of online literature 
databases were conducted. As well, direct contacts were made with researchers, 
academics and industry to obtain information about CNs.  
 
Scans were conducted of the open literature, conference proceedings and the Internet for 
relevant information. Data obtained up to September 2007 were considered in this 
document. In addition, a voluntary industry survey about CNs was conducted by 
Environment Canada in 2003, to collect data on the Canadian manufacture, import and 
use of CNs.  
 
This screening assessment report and the associated unpublished working documentation 
were written by Environment Canada evaluators in the Ecological Assessment Division 
in Gatineau, Quebec. The information in this report was reviewed by Canadian and 
international experts from government, industry and academia. However, the conclusions 
are those of Environment Canada and do not necessarily reflect the opinions of the 
external reviewers. 
 
Supporting working documentation is available upon request by email from Existing 
Substances Existantes@ec.gc.ca. Information on screening assessments under CEPA 
1999 is available at www.ec.gc.ca/substances/ese. 
 
The critical information and considerations on which the assessment is based are 
presented below. 
 
 

 2

mailto:@ec.gc.ca
http://www.ec.gc.ca/substances/ese


Draft Screening Assessment Report    Chlorinated naphthalenes 

Identity, Uses, Sources and Releases to the Environment 
 
Substance Identity 
 
The generic structure of chlorinated naphthalene is shown in Figure 1. 
 

 

 
Figure 1. Generic structure of a chlorinated naphthalene molecule showing the 
naphthalene ring structure, carbon atom numbering system and potential for chlorine 
substitution  

 
CNs are formed by substituting chlorine for hydrogen atoms that are attached to the 
numbered carbon atoms, as shown in Figure 1. CNs have the molecular formula  
C10H8-nCln (n = 1–8). There are 75 possible chlorinated naphthalenes. The system of 
nomenclature for CNs is similar to that for polychlorinated biphenyls and uses the 
numbering system shown in Figure 1. CNs are divided into eight homologue groups, 
based on the number of chlorine atoms in the molecule. These homologue groups are 
referred to using the prefixes mono- to octa- (e.g. mono-CNs, di-CNs). CNs are 
commonly referred to in the scientific literature as polychlorinated naphthalenes (PCNs). 
The term CNs is used in this report because it more accurately describes the entire class 
of chlorinated naphthalenes, including the mono-CN congeners. The number and, to a 
lesser extent, the positions of the chlorine atoms within the CN molecule are the key 
determinants of the physical and chemical properties of the CN congeners. 
 
CNs were produced for commercial use as mixtures. In North America, Halowax® was a 
common brand that was manufactured by Koppers Inc. in the U.S. until 1977 (Kirk-
Othmer 1980). The Halowax mixtures have commonly been used in toxicity testing of 
CNs; however, researchers have reported varying proportions of CN homologue groups 
in these mixtures. 
 
The key physical and chemical properties of CNs and of the Halowax mixtures that are 
useful in predicting their environmental fate are listed in tables 1 and 2, respectively. 
Water solubility estimated using ECOSAR (version 0.99h) is consistently higher than 
measured values, typically by a factor of about 10. For chemicals with low water 
solubility (i.e. less than 1000 µg/L), there can be appreciable error in measured solubility 
values (Mackay et al. 1999), so the water solubility values obtained from EPIWIN can be 
used as conservative upper estimates.  
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Table 1. Key physical and chemical property values or ranges of CNs 
 Molecular 

weight 
(g/mol) 

Solubility 
(µg/L) a 

Vapour 
pressure 

(Pa) b 

(subcooled 
liquid, 25°C) 

Henry’s law 
constant 

(Pa·m3/mol, 
25°C) c 

Log Kow 
d Melting 

point  
(°C) 

Boiling 
point 
(°C) 

Mono-CNs 162.61 924; 2870 

 (10 300) 
5.59; 2.53 

22.21–24.48 
3.90–4.19 -2.3; 

59.5–60 
259–260 

Di-CNs 197.00 137–862 
(2713) 

0.198–0.352 
3.67–29.15 

4.19–4.88 37–138 287–298 

Tri-CNs 231.50 16.7–65 
(709) 

0.0678–
0.114 1.11–51.24 

5.12–5.59 68–133 274* 

Tetra-CNs 266.00 3.70–8.30 
(177) 

0.0108–
0.0415 0.87–40.66 

5.76–6.38 111–198 Unknown 

Penta-CNs 300.40 7.30 (44) 0.00275–
0.00789 

0.46–12.45 

6.80 (1,2,3, 
5,8-penta); 

7.00(1,2,3, 
4,6-penta) 

147–171 313* 

Hexa-CNs 335.00 0.11* (11) 0.00157–
0.000734 

0.31–2.27 

7.50 (1,2,3, 
5,7,8-hexa); 
7.70(1,2,3, 
4,6,7-hexa); 

194 331* 

Hepta-CNs 369.50 0.04* 
(2.60) 

2.78 x 10-4, 
2.46 x 10-4 0.11–0.19 

8.20 194 348* 

Octa-CNs 404.00 0.08 
(0.63) 

6.84 x 10-5 
0.02 

6.42–8.50 198 365* 

Data source: IPCS (2001), unless otherwise noted. 
a Values outside of brackets were experimentally determined by aqueous saturation method (Opperhuizen et 
al. 1985) for the solid congeners; values in brackets are predicted using ECOSAR (version 0.99, physical 
state not given). 
b Source: Lei et al. (1999) . 
c. Values obtained from Puzyn and Falandysz (2007). 
d. Measured Kow sources: Opperhuizen (1987), Opperhuizen et al. (1985) (shake flask method, Bruggeman 
et al. (1982)), Lei et al. (2000) (reversed phase HPLC method). 
*Estimated value, using methodologies laid out in Lyman et al. (1982). 
 

Table 2. Key physical and chemical properties of Halowax mixtures 
Halowax 
mixture 

CAS 
number 

Chlorine 
content 
(%) 

Boiling 
point 
(°C) 

Melting 
point 
(°C) 

Vapour pressure 
(Pa) 

Aqueous 
solubility 

Henry’s law 
constant 
(Pa·m3/mol) 

Halowax 1031 25586-43-0 22 250a -25 1.9b Insolublea 31.9  

Halowax 1000 58718-66-4 26 250a -33 No value available Insolublea No value 
available 

Halowax 1001 58718-67-5 50 308a 98 No value available Insolublea No value 
available 

Halowax 1099 39450-05-0 52 315a 102 No value available Insolublea No value 
available 

Halowax 1013 12616-35-2 56 328a 120 No value available Insolublea No value 
available 

Halowax 1014 12616-36-3 62 344a 137 No value available Insolublea No value 
available 

Halowax 1051 2234-13-1 70  185 No value available No value 
available 

No value 
available 

Data source: IPCS (2001). 
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a Brinkman & De Kok (1980). 
b Estimated value. 
 

Table 3a. Composition of Halowax mixtures (% weight) as reported in IPCS (2001) 
  Halowax 

1031 
Halowax 
1000 

Halowax 
1001 

Halowax 
1099 

Halowax 
1013 

Halowax 
1014 

Halowax 
1051 

Mono-CNs 95 60 0 0 0 0 0 

Di-CNs 5 40 10 10 0 0 0 

Tri-CNs 0 0 40 40 10 0 0 

Tetra-CNs 0 0 40 40 50 20 0 

Penta-CNs 0 0 10 10 40 40 0 

Hexa-CNs 0 0 0 0 0 40 0 

Hepta-CNs 0 0 0 0 0 0 10 

Octa-CNs 0 0 0 0 0 0 90 
 
Table 3b. Composition of Halowax mixtures (% weight) as reported by other 
sources 1,2 

  
Halowax 
1031 

Halowax 
1000 

Halowax 
1001 

Halowax 
1099 

Halowax 
1013 

Halowax 
1014 

Halowax 
1051 

65 15 0.06 0.04 0.04 0.04 0.08 Mono-CNs 
(65–70.1) (6.7–69) (0.01–0.3) (0 - 1.1) (0–0.2) (0–0.066) (0–0.25) 
30 76 4.4 3.6 0.45 0.66 0.11 Di-CNs 
(24.8–30) (28–76.5) (3.5–6.1) (0 - 35.7) (0–12.7) (0–1.9) (0–0.34) 
2.6 6.4 51.7 38.7 13.1 6.0 0.13 Tri-CNs 
(0.8–2.6) (1.2–44.1) (48.1–54) (38 - 54.6) (8.2–53.2) (2.8–17.1) (0–0.4) 
2.2 1.3 40.7 48 53.3 16 0.26 Tetra-CNs 
(0–2.2) (1.2–47.4) (38–44.7) (9.5 - 52) (26.3–56) (12–18.2) (0–0.77) 
0.38 0.44 3.3 9.0 30 47.7 0.10 Penta-CNs 

(0–0.38) 
(0.21–
8.44) (2.2–4.7) (0.3 - 9.7) (3–38) (32.2–55) (0–0.22) 

0.054 0.33 0.12 0.50 3.2 25.3 0.31 Hexa-CNs 

(0–0.054) 
(0.006–
0.33) (0–0.18) (0 - 0.6) (2.6–4.75) (21–35.3) (0–0.82) 

0.016 0.073 0.02 0.05 0.12 3.0 7.6 Hepta-CNs 

(0–0.016) 
(0.017–
0.073) (0–0.04) (0 - 0.061) 

(0.1–
0.154) (1.6–4.24) (6.2–18.1) 

0.03 0.015 0.01 0.02 0.01 0.13 91.4 Octa-CNs 

(0–0.03) No range (0–0.024) (0 - 0.037) 
(0.0089–
0.013) (0–6.6) 

(81.8–
93.5) 

1. The percentage compositions reported represent the average and range of values reported in Falandysz et 
al. (2006a and 2006). The percentage homologue composition of the Halowax mixtures may vary, however, 
and different percentage compositions are given in Wiedmann and Ballschmiter (1993), Imagawa and 
Yamashita (1994), Harner and Bidelman (1997), Falandysz et al. (2006a), Falandysz et al. (2006b), Helm 
and Bidleman (2003), Espadaler et al. (1997), and Noma et al. (2004). 
2. The values inside brackets represent the range for each congener. 
 
As can be seen from Tables 3a and 3b, the reported proportions of the homologue groups 
present in the Halowax mixtures vary.  
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Natural Sources 
 
The presence of CNs in the environment is thought to result mainly from human activity. 
A possible non-anthropogenic (i.e. natural) source of CNs is combustion of wood during, 
for example, forest fires. Although CNs have been reported to be released into the 
atmosphere from domestic combustion of wood (see, for example, Lee et al. 2005), no 
studies documenting release from natural combustion were identified. 
 
Manufacture and Import 
 
Mono- and di-CNs, and “naphthalene, chloro derivatives” (a variable chemical mixture 
that covers the chemical class of CNs, CAS RN 70776-03-3) are on the Canadian 
Domestic Substances List, which indicates that these substances were in commercial use 
in Canada between January 1, 1984, and December 31, 1986.  Domestic Substances List 
data indicate that an estimated 700–3500 kg/year of these substances were imported into 
Canada during this period. Reported uses were as, among other things, organic chemicals, 
abrasives, polymers, components of plastic and synthetic resins. It does not appear that 
CNs were ever manufactured in Canada (Holliday et al. 1982), but they were likely 
imported from manufacturers in the U.S. 
 
According to responses to a voluntary industry survey carried out by Environment 
Canada in 2003, there was no manufacturing of CNs in Canada from 2000 to 2002. Only 
one company reported importing CNs (tri- and tetra-CNs) from 2000 to 2002. These 
imports have since been discontinued.  
 
It is known that in the 1990s Sumitomo 3M Ltd. in Japan imported from Canada 54 
tonnes of an adhesive material containing Neoprene FB, a product that contains 3% tri-
CNs and 1% tetra-CNs (Yamashita et al. 2003). Neoprene is a registered trademark of 
DuPont.  
 
Two Canadian industry associations indicated that mono-CNs were used in manometer 
fluid in very small quantities in a laboratory setting. These associations stated that the 
CN-containing material in the manometers was replaced with non-CN material in 2004.  
 
Wellington Laboratories of Guelph, Ontario, is a supplier of CN standard materials for 
analytical purposes (e.g. the series of Halowax mixtures and single congeners), and these 
materials are purchased by laboratories around the world, including in Japan (Wellington 
Laboratories 2005; Takasuga et al. 2004). It is not known whether any other laboratory 
supply companies in Canada sell CN standard materials for analytical purposes. 
 
Use 
 
CNs are not currently in commercial use in Canada, the U.S. and many other countries 
that belong to the Organisation for Economic Co-operation and Development.  
Production of CNs in the U.S. had ceased completely by 1980 (IPCS 2001). Around 15 
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tonnes a year of CNs were still being imported into the U.S. as of 1981, mainly for use in 
refractive index testing oils and capacitor dielectrics (IPCS 2001). 
 
Beginning around 1910, CNs were produced commercially as mixtures of several 
homologue groups for a variety of uses. Mono-CNs and mixtures of mono- and di-CNs 
have been used for chemical-resistant gauge fluids and instrument seals, as heat exchange 
fluids, as high-boiling-point specialty solvents, for colour dispersions, as engine crank 
case additives and as ingredients in motor tune-up compounds. Mono-CNs have also been 
used as raw materials for dyes and as wood preservatives with fungicidal and insecticidal 
properties (Crookes and Howe 1993).  
 
Products made with tri- and greater CNs have been used as impregnants for condensers, 
capacitors and dipping-encapsulating compounds in electronic and automotive 
applications, as temporary binders in the manufacture of ceramic components, in paper 
coating and impregnation, in precision casting of alloys, in electroplating stop-off 
compounds, as additives in gear oils and cutting compounds, in flame-proofing and 
insulation for electrical cable and conductors, as moisture-proof sealants, as separators in 
batteries, in refractive index testing oils, as masking compounds for electroplating, and in 
grinding wheel lubricants (Kirk Othmer 1980, Fed. Reg. 1983). 
 
Until the early 1970s, General Motors of Canada used automotive capacitors containing 
CNs, which were imported from the U.S. (Holliday et al. 1982). Dow Chemical Canada 
reported that it did not use CNs at its Canadian chlorine manufacturing facility (Holliday 
et al. 1982).  
 
Unintentional Production and Releases to the Environment 
 
CNs are produced unintentionally as a by-product of many industrial processes involving 
chlorine, especially in the presence of heat, such as waste incineration, cement and 
magnesium production (Falandysz 1998; SFT 2001; Takasuga et al. 2004), refining of 
metals such as aluminium with chlorine (Vogelgesang 1986; Aittola et al. 1994) and 
drinking water chlorination (Shiraishi et al. 1985). It is also thought that CNs may be 
produced as a by-product in the chloralkali process (Falandysz 1998; Kannan et al. 1998) 
and in pulp and paper production (Rayne et al. 2004). The amount of CNs released into 
the environment from these sources has not been well characterized. 
 
CNs are also a contaminant found in commercial polychlorinated biphenyl (PCB) 
formulations. The mean concentration of CNs in technical Aroclor formulations is 
reported as 67 µg/g by Falandysz (1998); a later paper gives a range of 5.2–67 µg/g 
(Yamashita et al. 2000). Based on the amount of PCBs in use or stored as waste in 
Canada (Environment Canada 2003), and assuming a mean value of 67 µg CNs/g of 
PCBs, it is estimated that these PCBs contain less than one tonne of CNs.  
 
Domestic burning of coal and wood in the U.K. was estimated to emit 2 kg of CNs per 
year, including a wide range of tri- through octa-CN congeners; mono- and di-CNs were 
not monitored as part of the study (Lee et al. 2005). The tri- and tetra-CN homologue 
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groups were the dominant ones detected. In comparison, CN emissions from PCBs were 
estimated to produce 300 kg of CN emissions in the U.K. each year (Lee et al. 2005).  
 
Emissions from both municipal and special waste incinerators are likely a significant 
source of CNs in the atmosphere, both in Canada and around the world. 
 
• Helm et al. (2000) analyzed ashes from a medical waste incinerator, a cement kiln, a 

municipal solid waste incinerator and an iron sintering plant, all in Canada. The 
samples from the municipal solid wast incinerator, cement kiln and iron sintering 
plant contained 1.3–2.0 ng ΣCN/g of ash, while the medical waste incinerator sample 
contained 3600 ng ΣCN/g of ash. 

• Helm and Bidelman (2003) found the average ΣCNs (tri- to octa-) in Canadian 
samples of fly ash to be 1.82 ng/g (municipal solid waste incinerator), 2.09 ng/g 
(cement kiln), 2.66 ng/g (iron sintering plant) and 5439 ng/g (medical waste 
incinerator). 

• Helm et al. (2003) found CN combustion congener markers in Great Lakes air and 
around industrial sites in Toronto. 

 
Elsewhere, Schneider et al. (1998) found that all CN homologue groups were found in fly 
ash from a municipal waste incinerator in Germany. Di- through penta-CNs were found 
in the largest amounts, and mono- through tri-CNs were also found high amounts during 
the gas phase of incineration. 1,2,3,5,6,7-Hexa-CN was also formed in large amounts, 
together with other hexa-CN isomers (Schneider et al. 1998). Takasuga et al. (2004) 
examined unintentional CN production in municipal waste incinerators in Japan and 
found that all CN homologue groups are produced in flue gas, with mono- through tetra-
CNs being the predominant by-products. The formation of CNs from waste incineration 
and its occurrence in ambient air during start-up, steady operation and shutdown of 
municipal solid waste incineration machinery were examined (Takasuga et al. 2004). In 
1992, mono- through octa-CNs were measured in ambient air samples from three 
incineration sites in western Japan. Total CN concentrations in flue gas were 15 000, 
4300 and 13 000 ng/m3 during start-up, steady operation and shutdown, respectively. 
Concentrations of CNs in air samples collected in winter were slightly higher than in 
those collected summer (Takasuga et al. 2004). It should be noted that incinerators in 
Japan operate at lower temperatures than those required in Canada, which can effect CN 
production.  
 
CNs in the environment also result from disposal of products containing CNs in landfill 
sites and from old industrial sites where CNs were used. The releases from these sources 
to the Canadian environment have not been characterized. 
 
Environmental Fate 
 
The fate of the individual CN homologue groups has been evaluated separately because, 
as was noted previously, the number of chlorine atoms in the CN structure is a key 
determinant of a CN’s physical and chemical properties (see Table 1). Air-only release is 
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the most likely based on information on current use patterns, although direct release into 
water could also occur. 

Partitioning 
 
Level III fugacity modelling (Table 4) was used to predict into which environmental 
compartments CNs would partition. CNs tend to partition mainly into air and soil when 
released only into the air. CNs tend to partition mainly into water and sediment when 
released only into the water.  
 
Table 4. Predicted environmental distribution of CNs in the environment  * 
 Compartment(s) 

receiving emissions % Distribution 
  Air Water Soil Sediment
Mono-CNs Air 97.50 0.61 1.84 0.068
 Water  5.37 85.10 0.10 9.44
 Soil 0.62 0.08 99.30 0.01
Di-CNs Air 96.60 0.94 2.26 0.20
 Water 9.44 74.70 0.22 15.60
 Soil 0.43 0.05 99.50 0.01
Tri-CNs Air 64.80 0.21 34.50 0.49
 Water 4.59 28.00 2.45 65.00
 Soil 0.22 0.01 99.80 0.02
Tetra-CNs Air 33.40 0.12 65.50 0.99
 Water 1.59 10.60 3.12 84.70
 Soil 0.19 0.27 97.40 2.13
Penta-CNs Air 3.99 0.09 91.80 4.09
 Water  0.08 2.05 1.72 96.20
 Soil 0.00 0.00 99.90 0.11
Hexa-CNs Air 56.20 0.17 34.00 9.62
 Water  0.02 1.77 0.01 98.20
 Soil 0.00 0.00 99.90 0.12
Hepta-CNs Air 36.40 0.22 50.90 12.50
 Water  0.00 1.71 0.01 98.30
 Soil 0.00 0.00 99.90 0.13
Octa-CNs Air 14.60 0.40 70.20 14.80
 Water  0.20 2.61 0.97 96.20
 Soil 0.69 1.50 42.40 55.40
Numbers have been rounded to two decimal places so row totals don’t necessarily add to 100 percent. 
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Persistence in Air and Long-Range Atmospheric Transport 
 
All CNs, with the exception of mono-CNs, have estimated atmospheric half-lives of 
longer than two days, based on the reaction with hydroxyl radicals modelled, using rate 
constants predicted with the Syracuse Research Corporation AOPWIN computer program 
(version 1.75) model and a daily (24-hour) hydroxyl radical concentration of 5 × 105 
molecules/cm3, a typical value for the northern hemisphere (Table 5). There exists a 
measured hydroxyl radical reaction rate constant for 1,4-di-CN only, which would also 
give an atmospheric half-life of longer than two days (Klöpffer et al. 1988). The 
AOPWIN-estimated atmospheric half-life does not consider the chlorine position on the 
naphthalene rings; therefore, individual isomers may have somewhat higher or lower 
reaction rates than predicted for their congener group. 
 
Table 5. Estimated atmospheric half-lives for CNs calculated using the Syracuse 
Research Corporation AOPWIN computer program 

 Estimated kOH (cm3/mol 
per second) 

Estimated atmospheric 
half-life (days) 

 

Mono-CNs 15.2 × 10–12 1.06 
1,4-di-CNs 4.44 × 10–12 3.62 
2,7-di-CNs 4.44 × 10–12 3.62 
Tri-CNs 2.01 × 10–12 7.98 
Tetra-CNs 9.11 × 10–13 17.6 
Penta-CNs 4.13 × 10–13 38.8 
Hexa-CNs 1.87 × 10–13 85.7 
Hepta-CNs 8.48 × 10–14 189 
Octa-CNs 3.84 × 10–14 417 

 
The TaPL3 model was used to estimate characteristic travel distance, defined as the 
maximum distance travelled by 63 percent of the substance after being released into the 
environment. Beyer et al. (2000) have proposed characteristic travel distances of more 
than 2000 km as representing high long-range transport potential (LRTP), 700–2000 km 
as moderate and less than 700 km as low. The LRTP for CNs after release into the air was 
estimated to be low for mono-CNs, moderate for di-CNs and high for tri- through octa-
CNs. Based on these model predictions, mono-CNs are expected to remain primarily in 
the areas close to their emission sources, while tri- through octa-CNs may be transported 
in the atmosphere to remote regions such as the Arctic. 
 
Tri- and greater CNs have been detected in air and biota in the Arctic, Antarctic and other 
regions lacking significant local sources of CNs, which suggests that long-range 
atmospheric transport is occurring (Helm et al. 2004). The tri- and tetra-CN congeners 
accounted for 90% to 95% of the total mass of CNs in the Canadian Arctic air samples 
collected by Harner et al. (1998), with the penta- and hexa-CNs comprising the 
remainder. Given that tetra-, penta- and hexa-CNs are the homologue groups most 
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dominant in wildlife in polar regions (Corsolini et al. 2002, Helm et al. 2002), penta-and 
hexa-CNs may also be transported in the air to those regions in significant quantities. 
 
Helm and Bidelman (2005) report the particle/gas distribution in Arctic air and show that 
the distribution is consistent with that predicted by the octanol-air partition coefficient 
(KOA). Distributions on particles in the winter were 5% or less for tri- and tetra-CNs, 20% 
35% for penta-CNs and 80 to 100% for hexa-, hepta- and octa-CNs. Herbert et al. (2005) 
reported the sum of all CN congeners detected (ΣCNs) at Ny Ålesund and Tromsø, 
Norway, was equal to 27–48 pg/m3 and 9–47 pg/m3, respectively. Lee et al. (2007) 
measured ΣCNs in the Arctic air at levels of 1–8 pg/m3. Tri- and/or tetra-CNs dominated. 
 
Wania (2003) used the octanol-air partition coefficients (KOA) and the air-water partition 
coefficients (KAW, the dimensionless Henry’s law constant) to derive the Arctic 
contamination potential (ACP) of persistent organic chemicals. The two sets of 
partitioning characteristics with elevated ACP overlap in the range 6.5 < log KOA < 10 
and -0.5 > log KAW > -3, which also corresponds to a log KOW range of 5 to 8 (i.e. 
substances that also have a potential for bioaccumulation) (Wania 2003). The log KAW 
ranges at 25°C for each homologue group (except the di- and octa-CNs) were estimated 
based on the Henry’s law constant ranges presented in Table 1, using the following 
formula: 

 
The log KOA values were measured by Harner and Bidleman (1998) or estimated for 
mono-CN based on the following formula: 

 
This information is presented in Table 6. The values that fall in the ranges specified by 
Wania (2003) are shaded. Based on these criteria, at least some of the congeners from the 
di-, tri-, tetra-, and penta-CN homologue groups appear to have elevated ACP. 
 
Table 6. Arctic contamination potential characteristics of CNs 
 Log KAW  at 25°C Log KOA at 25°C1 

Mono-CNs -2.05–-2.01 4.61–4.96 * 

Di-CNs -2.83–-1.93 6.93 

Tri-CNs -3.35–-1.68 7.27-7.56 

Tetra-CNs -3.45–-1.78 8.08-8.64 

Penta-CNs -3.73–-2.3 8.73-9.15 

Hexa-CNs -3.9–-3.04 9.70-10.37 

Hepta-CNs -4.35–-4.12 8.18-8.24 * 

Octa-CNs -5.09 9.25 * 

1. Measured values from Harner and Bidleman (1998) 
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*These values calculated based on KOA = KOW/KAW using a median KOW value, and the estimated KAW from 
the above-mentioned formula. 
 

Persistence in Water, Sediments and Soils 
 
There are limited data on abiotic and biotic degradation of CNs. Tetra- through hexa-CNs 
did not degrade during a 28-day aerobic biodegradation test using spiked natural lake 
sediment (Järnberg et al. 1999). Some aerobic biodegradation of mono- and di-CNs does 
occur: after five days in liquid culture medium, 100% of 2-CN, 95% of 1,4-di-CN and 
50% of 2,7-di-CN were converted to several hydroxylated products (Kitano et al. 2003).  
 
As Gevao et al. (2000) have noted, anaerobic dechlorination of CNs (similar to that of 
PCBs) cannot be ruled out, although it has not yet been reported. It is therefore possible 
that some lesser chlorinated CNs found in anaerobic sediment are degradation products of 
more highly chlorinated congeners. 
 
Using the BIOWIN model (version 3.52, Syracuse Research Corporation) and the 
Boethling/SRC extrapolation method, the ultimate aerobic biodegradation half-life in 
water can be estimated to be 37.5 days for mono- and di-CNs, 60 days for tri- and tetra-
CNs, and 182 days for penta- to octa-CNs. The BIOWIN predictions are considered more 
relevant measures of persistence than those using the Boethling/SRC method, since they 
estimate times for complete mineralization (i.e. transformation to CO2, H2O, etc.) of the 
compounds. 
 
Tri- to hepta-CNs have been detected in lake sediments and soils dating back over 18 
years (Gevao et al. 2000, Meijer et al. 2001), in quantities suggesting that the half-lives of 
CNs in sediments and soils are greater than one year, and six months, respectively 
(mono-, di- and octa-CNs were not analyzed in these studies). The calculations 
supporting this conclusion are included in Appendix A. Using the data from Meijer et al. 
(2001), it is possible to estimate the following degradation half-lives for soils that had 
been amended with CN-containing sewage sludge, based on analysis of an archived 
sample from 1972 and subsequent sampling in 1990: 7.4 years for tri-CNs, 13.1 years for 
tetra-CNs and 35.3 years for penta-CNs. Since concentrations of hexa- and hepta-CNs did 
not decrease significantly, Meijer et al. (2001) could not calculate half-lives. 
 
Based on the weight of evidence, including the predicted persistence of di- to octa-CNs in 
the air, the high characteristic travel distances for tri- to octa-CNs, the high predicted 
Arctic contamination potential of di- to penta-CNs, the empirical evidence of the long-
range transport of several CNs in Arctic air, the empirical evidence for persistence of tri- 
to hepta-CNs in sediments and soils, and the predicted persistence of penta- to octa-CNs 
in water, it is concluded that di- to octa-CNs are persistent, as defined in the Persistence 
and Bioaccumulation Regulations of CEPA 1999 (Canada 2000). 
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Bioaccumulation 
 
Lipophilic organic substances with log Kow values equal to or greater than 5, and/or 
bioconcentration factor (BCF) and bioaccumulation fact (BAF) values equal to or greater 
than 5000, such as PCBs, DDT and chlordane, have been shown in the field to 
bioaccumulate and to biomagnify into the tissues of wildlife in the upper trophic levels 
(Canada 1995). Therefore, if a substance has a biomagnification factor (BMF) 
significantly greater than 1, this may be an important supporting line of evidence 
indicating that the substance has the potential to bioaccumulate, especially when relevant 
BCF and BAF data are limited. Information on biomagnification of CNs in food chains 
will therefore be considered as part of the weight of evidence that CNs are 
bioaccumulative substances, as understood in the context of the Persistence and 
Bioaccumulation Regulations of CEPA 1999 (Canada 2000). 
 
Tri- to octa-CNs are neutral organic substances, and log Kow values equal to or greater 
than 5 have been measured for these substances using either the shake flask method 
(Opperhuizen 1987; Opperhuizen et al. 1985) or the reversed phase-HPLC method (Lei et 
al. 2000), as summarized in Table 1.  
 
BCFs greater than 5000 have been measured for di- to penta-CNs in aquatic biota, as 
summarized in Table 7. No measured BCF values were available for hexa-CNs. The BCF 
studies by Oliver and Niimi (1984, 1985) are deemed to be acceptable, even though a 
solubilizer (methanol) was used in one of the studies, because the exposure 
concentrations (low ng/L range) were within the reported range of water solubilities of 
the CNs being studied (see Table 1). The BCF values reported by Matsuo (1981) are 
included in Table 7; however, this is a secondary reference, and the primary reference 
that Matsuo (1981) cites for this BCF data (Kawasaki 1980) does not appear to report 
these values or the methodology employed. However, no other reports of measured BCF 
values were found for penta-CNs. 
 
Based on this BCF information, di-, tri-, tetra- and penta-CNs appear to bioconcentrate to 
a high degree in fish. Octa- and hepta-CNs do not appear to bioconcentrate significantly 
(Opperhuizen et al. 1985); however, the time of exposure to octa- and hepta-CNs in the 
experiments was short (seven days). No studies about the bioconcentration of hexa-CNs 
are available. However, because the log Kow values for the higher chlorinated CNs are 
greater than 5, it is predicted that dietary uptake is likely to be much more significant than 
uptake from water (Arnot and Gobas 2003). Hexa- and hepta-CNs have been found in 
relatively large amounts in harbour porpoises (Falandysz and Rappe 1996) and in white-
tailed sea eagles (Falandysz et al. 1996). Hexa-CN congeners 66/67 were also found to 
biomagnify in many aquatic and bird predator species (Falandysz 1997), as is discussed 
below. 
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Table 7. Bioconcentration factors for CNs in fish and other aquatic species (after 
IPCS 2001) 
 Species Exposure 

concentration 
(µg/L) 

Duration of exposure 
(depuration)  

BCF Reference 

 Fish     

Mono-CN  Common carp 
(Cyprinus carpio) 

Not indicated Not indicated 191 Matsuo (1981) 

2-CN Fancy guppy 
(Poecilia reticulate)  

100–1000a 7 days (84 days) 4300 Opperhuizen et al. 
(1985) 

1,4-Di-CN Fancy guppy 
(Poecilia reticulate) 

10–1000a 7 days (84 days) 2300 Opperhuizen et al. 
(1985) 

1,4-Di-CN Oncorhynchus mykiss 
(rainbow trout) 

1.7 × 10–3 Not indicated 5600 Oliver and Niimi 
(1984) 

1,8-Di-CN Fancy guppy 
(Poecilia reticulate) 

10–100a 7 days (84 days) 6100 Opperhuizen et al. 
(1985) 

2,3-Di-CN Fancy guppy 
(Poecilia reticulate) 

10–100a 7 days (84 days) 11 000 Opperhuizen et al. 
(1985) 

2,7-Di-CN Fancy guppy 
(Poecilia reticulate) 

10–100a 7 days (84 days) 11 000 Opperhuizen et al. 
(1985) 

Tri-CN Cyprinus carpio 
(common carp) 

Not indicated Not indicated 4677 Matsuo (1981) 

1,3,7-Tri-CN Fancy guppy 
(Poecilia reticulate) 

1–100a 7 days (84 days) 27 000 Opperhuizen et al. 
(1985) 

Tetra-CN Common carp 
(Cyprinus carpio) 

Not indicated Not indicated 8710 Matsuo (1981) 

1,2,3,4-
Tetra-CN 

Fancy guppy 
(Poecilia reticulate) 

0.1–10a 7 days (84 days) 33 000b Opperhuizen et al. 
(1985) 

1,2,3,4-
Tetra-CN 

Oncorhynchus mykiss 
(rainbow trout) 

5.6 × 10–3 Not indicated 5100 Oliver and Niimi 
(1985) 

1,3,5,7-
Tetra-CN 

Fancy guppy 
(Poecilia reticulate) 

0.1–1a 7 days (84 days) 34 000b Opperhuizen et al. 
(1985) 

1,3,5,8-
Tetra-CN 

Fancy guppy 
(Poecilia reticulate) 

1–10a 7 days (84 days) 25 000b Opperhuizen et al. 
(1985) 

Penta-CN Common carp 
(Cyprinus carpio) 

Not indicated Not indicated 10 000 Matsuo (1981) 

Hepta-CN Fancy guppy 
(Poecilia reticulate) 

Not indicated 7 days (84 days) 0 Opperhuizen et al. 
(1985) 

Octa-CN Fancy guppy 
(Poecilia reticulate) 

Not indicated 7 days (84 days) 0 Opperhuizen et al. 
(1985) 

Octa-CN Oncorhynchus mykiss 1.3 × 10–2 Not indicated 330 Oliver and Niimi 
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 Species Exposure 
concentration 
(µg/L) 

Duration of exposure 
(depuration)  

BCF Reference 

(rainbow trout) (1985) 
 Other      

Halowax 
1000, 1013, 
1014 

Chlorococcum sp. 
(marine algae) 

5–100 µg/L 1 day 25-140 Walsh et al. (1977) 

Halowax 
1000, 1013, 
and 1099 

 (Palaemonetes pugio) 
grass shrimp 
 

40 µg/L 15 days 63-257 Green and Neff 
(1977) 

1,2,3,4-tetra-
CN 

 (Tubifex tubifex and 
Limnodrilus 
hoffmeisteri) 
(sediment worms) 

1300 ng/g dry 
wt. 
0.310 µg/L 
pore water 

79 days 21 000, 
(depuration 
t1/2 = 30 
days) 

Oliver (1987) 

a Exposure concentrations are estimated ranges from a graphical presentation of results. 
b Equilibrium was not reached within the duration of the experiment. 
 
Tysklind et al. (1998) and Åkerblom et al. (2000) studied the bioaccumulation of CNs in 
salmon fry (Salmo salar). The fish were fed food to which Halowax 1001, 1014 and 1051 
were added at concentrations of 0.1–10 µg Halowax/g of food. The study lasted 41 
weeks. BMFs after 17 weeks that ranged from 0.73 to 2.5 were reported for single-eluting 
congeners, calculated for salmon fed 2 µg CNs/g of food (Tysklind et al. 1998). The 
congeners tetra-CN 42, penta-CNs 58 and 61 and hexa-CNs 65 and 69 were observed to 
have BMFs ranging from 1.0 to 2.5. A QSAR model based on the results of this study 
predicted that hexa-CNs 66, 67 and 68 would have BMFs ranging from 1.0 to 1.5, while 
hexa-CNs 64, 70 and 71 would have BMFs ranging from 0.90 to 0.97. Log BMFs for 
total tri- to octa-CNs after 41 weeks ranged from 3.34 to 3.54 (Åkerblom et al. 2000). 
 
Tetra- to hepta-CNs were found to have BMFs greater than 1 in several aquatic food 
chains. Hanari et al. (2004) found CN levels in the St. Clair River near Marine City, 
Michigan, suggesting a BMF of approximately 3 for benthic algae, zebra mussels and 
round gobies. BMFs for hexa-CNs 66/67 and 69 in a benthic marine food chain in the 
Baltic Sea were found to be 1.1 and 1.4, respectively (Lundgren et al. 2002). The BMFs 
for the hexa-CN 66/67 congeners in a Baltic Sea pelagic food chain were found to be 10.9 
for plankton/herring and 1.2 for harbour porpoise/herring (Falandysz and Rappe 1996). 
 
Falandysz (1997) calculated BMFs for tetra- through hepta-CN congeners in many types 
of aquatic biota predator/prey from the Baltic Sea. All exposure was considered to be 
through food (prey). The predator/prey pairings included herring/plankton, 
stickleback/plankton, sand eel/plankton, flounder/mussel, black cormorant/fish, white-
tailed sea eagle/fish, white-tailed sea eagle/cormorant and harbour porpoise/herring. 
Almost all of these were found to have BMFs greater than 1 for at least some of the tetra-
CNs, including a maximum of 95 for the white-tailed sea eagle/fish. Almost all of the 
predators were found to biomagnify at least some penta-CN congeners from their food, 
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with the exception of harbour porpoise/herring, the maximum observed BMF being 150 
for white-tailed sea eagle/fish. All of the predators were found to biomagnify hexa-CN 
congeners 66/67 from their food, while some of the predators also biomagnifed other 
hexa-CN congeners. The white-tailed sea eagles were found to have the highest 
biomagnification from fish, with BMFs greater than 30 for some tetra-, penta- and hexa-
CN congeners. The pairings that biomagnified one or both of the hepta-CN congeners 
included herring/plankton, flounder/mussel, eagle/cormorant, with the BMF for the 
white-tailed eagle/fish the largest at 5.7. 
 
Evidence for the biomagnification of CNs can be shown by two other means (see Table 
8). First, the relative level of CNs/PCBs is comparatively stable throughout a food chain 
(krill, icefish and south polar skua). Since PCBs are known biomagnifiers, CNs would be 
expected to be biomagnifiers in order to maintain this stable relationship (Corsolini et al. 
2002). Second, the concentration of CNs in each trophic level increases. 
 
Table 8. Concentration of total CNs and PCBs (ng/g) at increasing trophic levels  
Species CNs  PCBs Relative level (CN/PCB) 
Krill  1.5 x10-3 1.9 7.9 x10-4 
Crocodile icefish 3.4 x10-3 8.4 4.0 x10-4 
South polar skua liver  2.55 11 150 2.30 x 10-4  
South polar skua muscle  9.7 x10-2 2630 4.00 x 10-5 

Data source: Corsolini et al. 2002. 
 
The dietary uptake efficiencies of hexa-, hepta- and octa-CNs in northern pike were 
found to be 35% for octa-CNs, 66% for hepta-CNs and 63% and 78% for hexa-CNs 
depending on the congener. This is much higher than predicted by the empirical model of 
Gobas et al. (1988) for molecules of this size (Burreau et al. 1997). The half-lives of 
certain hexa-CN congeners in rats and humans were found to be similar to those of 
recalcitrant compounds such as Polychlorinated dibenzo-para-dioxins (PCDDs) and 
polychlorinated dibenzofurans (PCDFs) that are known to accumulate in organisms and 
magnify in food chains (Asplund et al. 1994a, and b; Ryan et al. 1993).  
 
Asplund et al. (1994a) studied the retention of a mixture of hexa-CN congeners 66/67 and 
one unidentified hexa-CN congener in rats. The half-lives were calculated to be 41 days 
in the adipose tissue and 36 days in the liver, which are comparable with those reported 
for the most slowly eliminated 2,3,7,8-substituted PCDF congeners (Asplund et al. 
1994a). Human blood samples from three individuals exposed in 1979 to CN-
contaminated rice oil in Taiwan were monitored for the 1,2,3,4,6,7/1,2,3,5,6,7-hexa-CNs 
over a period of about 10 years. The measured concentrations resulted in calculated half-
lives of 1.5–2.4 years (Ryan and Masuda 1994). These long half-lives in humans are 
similar to those reported for selected PCDFs (Ryan et al. 1993). 
 
Based on the weight of evidence, including in particular measured log Kow values for tri- 
to octa-CNs (Table 1) and measured BCF values for di-to penta-CNs in fish (Table 7), 
and taking into account supporting information on measured BMFs for tetra- to hepta-
CNs, the high dietary uptake efficiencies of hexa- to octa-CNs in northern pike, and the 
very slow elimination of hexa-CNs from the bodies of rats and humans, it is concluded 
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that di to octa-CNs are bioaccumulative, as defined in the Persistence and 
Bioaccumulation Regulations of CEPA 1999 (Canada 2000). 
 
Environmental Effects  

Aquatic Organisms 
 
There are only limited measured, reliable aquatic toxicity data for most CN homologue 
groups, so the toxicity of these groups was modelled using ECOSAR (version 0.99h). 
The Kow and water solubility values were estimated using ECOSAR. The estimated Kow 
values were generally similar to available measured Kow values, but the estimated water 
solubility values were generally higher than available measured values (see Table 2). 
ECOSAR has log Kow cut-offs of 5.0 and 8.0 for acute effect and chronic effect 
estimations, respectively, so toxicity estimations for homologues with Kow values greater 
than these cut-off values were not included in Table 9. As well, any predicted toxicity 
values greater than the predicted water solubility values were not included in Table 9. 
This was the case for all of the modelled 14-day LC50 values for the earthworm.  
 
Table 9. ECOSAR estimated toxicity values for CNs (results given in µg/L) 

 Acute 
invertebrate 

LC50 

Fish LC50 
1
 

median (range) 
Green algae 96-hour 

LC50/chronic 
toxicity 

Fish 30-day 
chronic value 

Daphnid 16-day 
EC50 

2
 chronic 

value 
Mono-CNs 190 1858 (1318–2911) 2020/575 413 330 

Di-CNs 35 624 (536–712) 651/270 136 136 

Tri-CNsa 7 212 (209–215) 208/125 44 55 

Tetra-CNs NA NA 63/55 14 22 

Penta-CNs NA NA 19/25 4 8 

Hexa-CNs NA NA NA 1.3 3 

Hepta-CNs NA NA NA 0.4 1.2 

Octa-CN NA NA NA NA NA 
1 LC50 – The concentration of a substance that is estimated to be lethal to 50% of the test organisms. 
2 EC50 – The concentration of a substance that is estimated to cause some toxic sublethal effect on 50% of the test organisms. 
 

 

a Acute results are presented, even though the calculated Kow value for tri-CNs (5.10) was slightly above the 
cut-off value of 5.00. 
NA: Results not valid, since log Kow value was too high or the water solubility too low. 
 
The toxicity of CNs, mostly tested as commercial Halowax mixtures, has been studied in 
a variety of aquatic species, including aquatic plants, invertebrates, fish and frogs. A 
summary of most of these studies is given in IPCS (2001). The more recent studies not 
included in IPCS (2001) were reviewed and key studies are noted below. Some of the 
tests involved using solubilizers such as acetone, with resulting test concentrations 
greater than the water solubility of some CN homologues or mixtures. Consequently, the 
validity of any given study should be considered and interpreted appropriately. It should 
be noted that the solubilities of the Halowax mixtures have not been well characterized: 
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all Halowax products are described as “insoluble” in the IPCS (2001) report, rather than 
actual solubilities being reported, as is done for some of the individual CN isomers (refer 
to Table 1 for solubility estimates for homologue groups). Therefore, the solubilities of 
the Halowax mixtures were roughly estimated based on the solubilities listed (see Table 
1) for the dominant congener groups found in the mixtures (refer to Table 3b), in order to 
compare the solubilities to the concentrations tested in the toxicity studies. The most 
sensitive aquatic toxicity values for each homologue group of CNs are summarized 
below. 
 
Mono-CNs 
 
The most sensitive invertebrate test with mono-CNs was a 96-hour LC50 of 370 µg/L with 
mysid shrimp (U.S. EPA 1980). No chronic aquatic studies were identified. This value is 
higher than the ECOSAR 96-hour LC50 for mysid shrimp of 190 µg/L, and is very similar 
to the chronic ECOSAR 16-day EC50 for daphnids. The most sensitive vertebrate test was 
a 96-hour LC50 of 690 µg/L with sheepshead minnows (Ward et al. 1981).  
 
The most sensitive chronic toxicity result with Halowax 1000 was 100 µg/L, which 
caused an 11% reduction in the growth of the marine alga Dunaliella tertiolecta in a 
seven-day study (Walsh et al. 1977). This effect value is lower than the ECOSAR-
predicted chronic value for algae of 575 µg/L, but is in the same range as other ECOSAR 
acute values for invertebrates. These toxicity values are all below the measured and 
estimated solubility values of mono-CNs (Table 1). Halowax 1000 is reported in IPCS 
(2001) to be comprised of 60% mono-CNs and 40% di-CNs (see Table 3a), although 
these values do not agree with the mean (and ranges) of the experimental percentages 
(see Table 3b): 15 (6.7–69), 76 (28–76.5) and 6.5 (1.2–44.1) for mono-, di- and tri-CNs, 
respectively. 
 
Di-CNs  
 
No toxicity studies of di-CNs alone were identified. The most sensitive acute toxicity 
result with Halowax 1000—comprised of 76% di-CNs and 15% mono-CNs, based on 
averages reported by Falandysz et al. (2006b) (see Table 3b)—was 100 µg/L. This caused 
an 11% reduction in the growth of the marine alga Dunaliella tertiolecta in a seven-day 
study (Walsh et al. 1977). This effect value is lower than the ECOSAR-predicted chronic 
value for algae of 270 µg/L but is in the same range as other ECOSAR acute and chronic 
values for invertebrates and fish. These toxicity values are generally below the measured 
and estimated solubility values of di- and mono-CNs (Table 1). 
 
Tri-CNs  
 
No toxicity studies of tri-CNs alone were identified. However, based on averages 
reported by Falandysz et al. (2006b), tri-CNs comprise approximately 38.7% of Halowax 
1099 (see Table 3b). In a study with Halowax 1099 (which also contains about 48% tetra-
CNs), the 96-hour LC50 with the grass shrimp Palaemonetes pugio was 69 µg/L (Green 
and Neff 1977). Neff and Giam (1977) exposed juvenile horseshoe crabs (Limulus 
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polyphemus) to Halowax 1099 for 96 days. They found that 50% mortality of the late T1 
stage crabs occurred at 27 days at the highest exposure concentration of 80 µg/L 
(nominal). Significant effects on the length of the intermoult period were observed at 80 
µg/L. Acetone was used as a solubilizer in both studies. These toxicity values are within 
approximately 10 times the measured solubility limit for tri- and tetra-CN but are below 
the solubility values predicted by ECOSAR. They are also within the range of acute and 
chronic values predicted for invertebrates and fish using ECOSAR. 
 
Tetra-CNs  
 
No toxicity studies of tetra-CNs alone were identified. However, based on averages 
reported by Falandysz et al. (2006b), tetra-CNs comprise approximately 48% of Halowax 
1099 and 53.3% of Halowax 1013 (see Table 3b). Studies conducted with Halowax 1099 
are described above (see tri-CNs). Halowax 1013 (which also contains about 30% penta-
CNs) reduced the growth of the marine alga Nitzschia sp. at 500 µg/L (Walsh et al. 
1977). A 96-hour LC50 of 74 µg/L was obtained with grass shrimp with Halowax 1013 
(Green and Neff 1977). These values are generally within about 10 times the measured 
solubility limit for tetra-CNs and below the solubility predicted by ECOSAR. Acetone 
was used as solubilizer in this study. The measured grass shrimp toxicity value is higher 
than, but within the same range as, the chronic values for invertebrates and fish predicted 
with ECOSAR. The measured marine algae toxicity value is an order of magnitude 
higher than the ECOSAR-predicted algae values. 
 
Penta-CNs  
 
No toxicity studies of penta-CNs alone were identified. However, based on averages 
reported by Falandysz et al. (2006b), penta-CNs comprise approximately 47.7% of 
Halowax 1014 (see Table 3b). Halowax 1014 also contains 25.3% hexa-CNs, some of 
which have been found to be quite toxic to mammals, since they have a dioxin-like mode 
of action, as is discussed below. Penta-CNs comprise approximately 30% of Halowax 
1013 (which also contains 53.3% tetra-CNs and 13.1% tri-CNs). A 96-hour LC50 of 74 
µg/L was obtained with grass shrimp(Palaemonetes pugio) and Halowax 1013 (Green 
and Neff 1977). This toxicity value is within about 10 times the measured solubility value 
and is slightly more than the ECOSAR-predicted solubility of penta-CNs and below the 
ECOSAR-predicted values for tri- and tetra-CNs. The ECOSAR-predicted chronic 
toxicities of penta-CNs in fish and daphnids, and green algae are less than10 µg/L and 25 
µg/L, respectively.  
 
The U.S. EPA (1980) conducted acute studies with Halowax 1014 (tetra-, penta-, hexa-
CNs = 16: 47.7: 25.3) and brown shrimp (Penaeus aztecus), grass shrimp (Palaemonetes 
pugio), sheepshead minnows (Cyprinodon variegatus) and striped mullets (Mugil 
cephalus). The 96-hour LC50 values for these studies (in µg/L) were 7.5, 248, greater than 
343 and greater than 263, respectively; however, the experimental details have not been 
published. Halowax 1014 was not found to have a significant effect on the growth of any 
of four species of marine algae at concentrations of up to 1000 µg/L during seven-day 
studies (Walsh et al. 1977). A concentration of 100 µg/L of Halowax 1014 was fatal to 
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52% of frog larvae (Rana agilis) after 18 hours, while the rest of the treated tadpoles 
delayed their metamorphosis for three weeks (Buggiani 1980). Only the toxicity value of 
7.5 µg/L LC50 for brown shrimp is comparable to or below the measured and ECOSAR-
predicted solubility values for penta-CNs. 
 
Talykina et al. (2003) studied the effects of Halowax 1014 on the erythrocytes (red blood 
cells) of adult medaka fish (Oryzias latipes) exposed in ovo. Fragmented nuclei 
(micronucleated erythrocytes) were induced by Halowax 1014 at the lowest concentration 
tested, 300 ng of Halowax 1014/g of egg (equivalent to 300 ppb). 
 
Villalobos et al. (2000) conducted partial lifecycle toxicity tests in which medaka fish 
eggs (Oryzias latipes, early gastrula) were injected with Halowax 1013, 1014 or 1051 
dissolved in triolein. Following exposure, embryos developed and fry were reared to 
sexual maturity (four months), at which time they were euthanized. Halowax 1013 caused 
64% mortality of the eggs after 16 days at a dose of 10 ng/egg (approximately 10 ppm), 
with half of those deaths occurring on day 3, with the greatest dose (30 ng/egg) causing 
28% mortality late in development (Villalobos et al. 2000). Halowax 1013 also caused 
premature hatching of embryos at all doses (0.3–30 ng/egg). An LD50 is the Lethal 
Dosage (LD) that results in mortality in half the test population.   LD50 measurements 
could not be calculated for the Halowax 1013 tests since they did not elicit monotonic 
dose-response relationships. Therefore, the threshold dose of Halowax 1013 in this study 
appears to be 0.3 ng/egg (approximately 0.3 ppm). 
 
Hexa-CNs  
 
No toxicity studies of hexa-CNs alone were identified. The only Halowax mixture 
containing a significant proportion of hexa-CNs is Halowax 1014, which contains 
approximately 25.3% (21–35.3%) hexa-CNs based on data reported by Falandysz et al. 
(2006b) (see Table 3b). Acute studies with Halowax 1014 are described above, with LC50 
values ranging from 7.5 µg/L to more than 343 µg/L for invertebrates, fish and frogs. The 
lowest of the toxicity values—7.5 µg/L LC50 for brown shrimp—is within a factor of 100 
of the measured solubility and below the ECOSAR predicted solubility of hexa-CNs. 
ECOSAR predicted chronic toxicity values for hexa-CNs with fish/daphnid are 1-3 
µg/L.1 
 
Hepta-CNs  
 
No toxicity studies of hepta-CNs alone were identified. The ECOSAR-predicted chronic 
toxicity of hepta-CNs to fish and daphnids is in the low µg/L range (see Table 9). The 
only Halowax mixture containing a significant proportion of hepta-CNs is Halowax 1051, 
which, based on data reported by Falandysz et al. (2006b), contains only about 7.6% 
hepta-CNs and 91.4% octa-CNs (see Table 3b). Toxicity studies with Halowax 1051 are 
described below. 
                                                 
1 As was done for Categorization (Environment Canada 2003) because of the uncertainties associated with 
measuring water solubility, especially at very low levels, toxicity values were accepted if they were within 
a factor of 100 of reported measured values. 
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Villalobos et al. (2000) injected medaka embryos with Halowax 1051, as described 
earlier. Halowax 1051 was the least toxic of the three Halowax mixtures tested; embryo 
mortality did not exceed 20% for all doses after 8–16 days of exposure. However, 
Halowax 1051 caused significantly decreased gonadosomatic indices for females after 
122 days at all four doses (0.3–10 ng/egg), with no evident dose-response trend. 
 
Talykina et al. (2003) studied the effects of Halowax 1051 on the erythrocytes (red blood 
cells) of adult medaka exposed in ovo. Fragmented nuclei (micronucleated erythrocytes) 
were induced by Halowax 1051 at the lowest concentration tested, 300 ng of Halowax 
1051/g of egg (0.3 ng/embryo) (equivalent to 300 ppb).  
 
Octa-CNs  
 
Three acute studies of octa-CN were identified: with water fleas (Daphnia magna) 
(LeBlanc 1980), sheepshead minnows (Cyprinodon variegatus) (Heitmuller et al. 1981), 
and mysid shrimp (Mysidopsis bahia) (U.S. EPA 1980). In the first two of these tests, no 
effects were seen at the highest concentrations tested (530 mg/L and 560 mg/L, 
respectively). In the third study, the 96-hour LC50 was greater than 500 mg/L (no further 
experimental results were available). This indicates that octa-CNs are of relatively low 
acute toxicity to aquatic organisms. These effect concentrations are far above both the 
measured and predicted solubilities of octa-CNs. No ECOSAR toxicity predictions for 
octa-CN were available, since the Kow value of octa-CNs is outside of the acceptable 
range for this model. 
 
Toxicity studies with Halowax 1051, which is comprised of approximately 91.4% octa-
CNs, are described for hepta-CNs, above. 
 

Terrestrial Wildlife 
 
This section focuses on the toxicity of hexa- to octa-CNs, with particular emphasis on 
exposure via food, since food ingestion is expected to be the principal exposure pathway 
for these high log Kow (7.5–8.5) homologue groups. 
 
Mammalian studies with CNs are summarized in IPCS (2001), and some additional 
studies were also reviewed. No long-term mammalian studies were identified. A study 
lasting up to 135 days was conducted with ewes (Brock et al. 1957). Most studies were 
short-term, and many were conducted with laboratory animals such as rats, rabbits and 
guinea pigs. Cattle, however, appear to be more sensitive to CNs than laboratory rodents 
and are also more sensitive to CNs than sheep (IPCS 2001). No studies with mono- or di-
CNs have been conducted with cattle. 
 
Mixtures of penta- and hexa-CNs 
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Only two studies of the toxicity of CNs to birds have been identified. These studies 
involved turkey poults and chickens a diet containing Halowax 1014 (25.3% hexa-, 
47.7% penta- and 16% tetra-CNs; see Table 3b) for 40 days (Pudelkiewicz et al. 1958, 
1959). A dose of 20 mg/kg feed caused 50% mortality of the turkeys but had little effect 
on the chickens. At 5 mg/kg feed, the CNs caused 6.5% turkey mortality, and their weight 
gain was reduced by 33%.  
 
In a rabbit study, Flinn and Jarvik (1936) administered two CNs mixtures 
subcutaneously. After daily administration of the mixtures, which consisted mainly of 
tetra- and penta-CNs, and of penta and hexa-CNs at doses of 30 mg (in paraffin oil) per 
day per rabbit, all the rabbits died (5/5 per group) by days 12–26. Autopsies found that 
the livers had many yellow areas and a wide zone of necrosis (Flinn and Jarvik 1936).  
 
Rats fed a mixture of penta- and hexa-CNs (125 mg/rat on alternate days) for 26 days 
showed moderate liver changes (swollen and vacuolated liver cells, as well as necrosis 
and degeneration of scattered cells). All other organs (no specifics given) were found to 
be normal after microscopic examination (Bennett et al. 1938). Groups of 10 rats fed 
penta- and hexa-CNs in feed, dosed at either 100 mg/rat per day for 55 days or 300 
mg/rat per day for 33 days, all died or were moribund (Drinker et al. 1937, Bennett et al. 
1938). 
 
Gastrointestinal lesions and severe liver damage or death were reported in sheep orally 
administered 1.1 mg/kg body weight per day of Halowax 1014 for 90–135 days (Brock et 
al. 1957).  
 
Decreased sperm production occurred in bulls fed penta- and hexa-CNs (50 to 200 mg 
daily for approximately seven weeks) (Vlahos et al. 1955). 
 
Hexa-CNs  
 
Oral exposure of pigs to hexa-CNs at 19–22 mg/kg body weight per day for up to 10 days 
caused degeneration of the liver and kidneys, and mortality, while 17.1–17.6 mg/kg body 
weight per day caused depressed vitamin A levels (Link et al. 1958, Huber and Link 
1962). Oral exposure of rats to hexa-CNs at doses of 0.3–2.3 mg/rat per day over a period 
of 56–84 days caused dose-dependent increases in relative liver weights, and doses of 20 
and 60 mg/rat/day caused liver damage (Weil and Goldberg 1962). Oral doses of 
1.1 mg/kg body weight per day of hexa-CN congeners administered to cattle via gelatine 
capsules for 5–10 days resulted in severe systemic disease (hyperkeratosis) (Bell 1953).  
 
Hepta-CNs 
 
Oral doses of 0.69–2.4 mg/kg body weight per day of hepta-CNs administered to cattle 
via gelatine capsules for seven to nine days resulted in severe systemic disease 
(hyperkeratosis) (Bell 1953). A single oral dose of 500 mg/kg body weight of hepta-CNs 
resulted in the death of all three rabbits during a seven-day period (Cornish and Block 
1958). 
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Octa-CNs  
 
A single oral dose of 500 mg/kg body weight of octa-CNs resulted in the death of all 
three rabbits during a seven-day period (Cornish and Block 1958). An oral dose of 
2.4 mg/kg body weight per day of octa-CNs administered to cattle via gelatine capsules 
for nine days resulted in severe systemic disease (hyperkeratosis), while an oral dose of 
1.0 mg/kg body weight per day for 11 days resulted in mild hyperkeratosis (Bell 1953). 
 
Toxic Mode of Action 
 
As with other halogenated aryl hydrocarbons, such as PCBs and PCDDs and PCDFs, at 
least some of the biochemical (e.g. drug-metabolizing enzyme induction, hormonal 
changes) and toxic (e.g. skin disorders, weight loss, hepatotoxicity, reproductive toxicity) 
responses of CNs are believed to be mediated via the cytosolic aryl hydrocarbon (Ah) 
receptor (Goldstein and Safe 1989), which has been intensively studied for the model 
compound TCDD (IPCS 2001). A 3-methylcholanthrene (MC)-type induction (Ah 
receptor-dependent induction of CYP1A1, mostly measured as ethoxyresorufin-O-
deethylase [EROD] and/or arylhydrocarbon hydroxylase [AHH] activity) is typical for 
TCDD-like compounds. 
 
The strength of the binding of a compound to the Ah receptor can be measured through 
several bioassays, such as the EROD, AHH and luciferase assays.  
 
CNs are able to induce the cytochrome P-450-dependent microsomal monooxygenases, 
as shown in studies with rats in vivo (Wagstaff 1973, Ahotupa and Aitio 1980, Campbell 
et al. 1981, 1983, Cockerline et al. 1981, Safe et al. 1981, Mäntylä and Ahotupa 1993) 
and in vitro (rat hepatoma cells; Hanberg et al. 1990, 1991), with chick embryos in ovo 
(Engwall et al. 1993, 1994) and in vitro (Brunström et al. 1995), with eider duck embryos 
in ovo (Engwall et al. 1993, 1994) and with fish in vivo (Holm et al. 1993, 1994, 
Norrgren et al. 1993).  
 
As observed for other halogenated aryl hydrocarbons, the relative induction potencies of 
CNs appear to depend on the degree and position of chlorine substitution of the 
naphthalene ring, as described below. In several test systems, the most potent EROD and 
AHH inducers were 1,2,3,4,6,7/1,2,3,5,6,7-hexa-CN, 1,2,3,4,5,6,7-hepta-CN and some 
unidentified congeners present in Halowax 1014 (Campbell et al. 1983; Hanberg et al. 
1990, 1991; Engwall et al. 1993, 1994; Norrgren et al. 1993; Brunström et al. 1995). 
Octa-CNs were also found to cause a dose-dependent AHH increase in microsomes of 
rats (Campbell et al. 1981). Halowax 1014 (tetra-, penta-, hexa-CNs = 20:40:40) and the 
two hexa-isomers maximally induced EROD to a level of about 15–20% of the maximal 
activity induced by TCDD in cultured chick embryo liver (Brunström et al. 1995). 
Relative potencies, compared with TCDD, determined for EROD induction in rat 
hepatoma H4IIE cells in vitro were given as 0.002 for the 1,2,3,4,6,7/1,2,3,5,6,7-hexa-CN 
and two other hexa-isomers, and as 0.003 for a hepta-CN congener (Hanberg et al. 1990, 
1991). The lowest observed effective dose for EROD induction in chick embryos by the 
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1,2,3,4,6,7/1,2,3,5,6,7-hexa-CN mixture administered via the air sac was 0.1 mg/kg of 
egg (Engwall et al. 1993, 1994). An ED50 is the Effective Dosage (ED) that produces an 
effect in half the test population, The ED50 values for EROD induction in chick embryos 
by this hexa-mix and Halowax 1014 were estimated to be 0.06 mg/kg of egg and 0.2 
mg/kg of egg, respectively (Engwall et al. 1993, 1994). 
 

Assessment of Potential to Cause Ecological Harm 
 
The approach taken in this screening assessment was to examine various pieces of 
scientific and technical information, and to develop conclusions based on a weight-of-
evidence approach and using the precautionary principle as required under section 76.1 of 
CEPA 1999. Since there are unique concerns about di- through octa-CNs, because they 
are persistent and bioaccumulative substances, the potential for these homologue groups 
to cause environmental harm has been evaluated separately from that of mono-CNs.  
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Environmental Exposure 
 
There is a small dataset of environmental concentrations of CNs in Canada. Much more 
environmental data on CNs, including data from sediments and soils, have been collected 
in the U.S. and Europe. CNs have been detected in samples from the following 
environments in Canada: Arctic and urban air, water from Lake Ontario, fish and birds 
from the Great Lakes and environs, Pacific coast killer whales, seals and whales from the 
Canadian Arctic, and Vancouver Island marmots. Environmental exposure data from 
Canada, the U.S. and elsewhere were tabulated in unpublished working documentation; 
key data are presented below. 
 
CNs have been measured in air in Canada in Toronto (Harner and Bidleman 1997, Helm 
and Bidleman 2003), around the Great Lakes and near Cornwall, Ontario (Helm et al. 
2003). The highest total-CN concentration measured in Canada was 84.5 pg/m3, 
measured in suburban Toronto (Helm and Bidleman 2003). The dominant homologue 
group found over western Lake Ontario and Toronto was tetra-CNs, with smaller 
proportions of penta- and hexa-CN congeners (Helm et al. 2003; Helm and Bidleman 
2003). The percentage of tetra-CNs was significantly higher over Lake Superior than 
Lake Ontario, while the percentage of penta- and hexa-CNs was higher over Lake 
Ontario. This is consistent with the greater number of sources of CNs in close proximity 
to Lake Ontario and the greater influence of transport of the lighter tetra-CN congeners to 
the Lake Superior region (Helm et al. 2003).  
 
There are multiple studies measuring CNs in the Canadian and other Arctic regions. 
Harner et al. (1998) and Helm et al. (2004) measured CNs at Alert and Tagish in the 
Canadian Arctic and found ΣCNs in a concentration of less than 0.01–55 pg/m3; tri- and 
tetra- CNs were the primary congeners found. Herbert et al. (2005) reports ΣCN 
concentrations equal to 27–48 and 9–47 pg/m3 at Ny Ålesund and Tromsø, Norway, 
respectively.  
 
Lee et al. (2007) measured ΣCNs, from the Global Atmospheric Passive Sampling 
survey, in several Arctic regions: Barrow, Alaska, Alert, Nunavut, and Ny Ålesund, 
Norway. The CN concentrations ranged from 1–8 pg/m3. Tri- and tetra-CNs were the 
dominant congeners at these Arctic sites. The combustion-related congeners 52/60, 50, 
51, 54 and 66/67 were enriched at most sites, indicating the influence of combustion 
emissions on global levels. 
 
The concentration of CN congeners in Canadian urban air and their transboundary 
movements was discussed in Harner et al. (2006). The study states that congeners (tri- to 
octa-CNs) have been found to migrate from Detroit to Point Pelee and Toronto. 
 
Certain CN congeners that are absent in technical Halowax formulations (i.e. CNs 44 and 
54) and other congeners that are present in much higher concentrations in combustion 
sources, such as flue gas and fly ash, than in Halowax mixtures (e.g. CNs 52/60 and 73) 
are used as indicators of combustion-related CN sources in the environment. 
Combustion-marker congeners were found to be enriched in the air in suburban and 
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industrial Toronto, as compared to downtown Toronto, suggesting that there are current 
combustion-related sources in the Toronto suburbs, with evaporative emissions from past 
Halowax uses being more predominant downtown (Helm and Bidleman 2003). 
 
Although mono- and di-CNs have not been reported in air, this mostly reflects the fact 
that these homologue groups are typically not measured in air samples. 
 
Few concentrations of CNs have been measured in water, in Canada or elsewhere. In 
various locations of Lake Ontario, 16.4–24.5 pg/L of tri- and tetra-CNs were measured 
(Helm et al. 2003). CNs were not detected (at a concentration less than10 ng/L) near an 
industrial plant in Owen Sound, Ontario, which is on Lake Huron (Kauss 1991), despite 
the fact that CNs were detected in a concentration of 13 ng/L in the effluent discharged 
from this facility (Kauss 1991). CNs were also detected sporadically in final effluent 
discharges on shore at levels of 20–50 ng/L, possibly due to purging of residual 
contamination from the sewer system. The only other CN measured in water in North 
America was 2-CN, found in Miami-Dade County, Florida, in concentrations of 740 ng/L 
(in 2002) and 10 000 ng/L (in 2003), respectively. These measurements may have 
originated near Superfund sites contaminated with PCBs or near old landfill sites. There 
are seven Superfund sites in Miami-Dade County (Scorecard 2005). 
 
There is only one known case of an attempt  to measure CNs in Canadian sediments. CNs 
were not detected in surficial sediments (less than 20 ng/g) in the harbour in Owen 
Sound, Ontario, near an industrial plant (Kauss 1991). The highest identified 
concentration of CNs in sediment (61 000 ng/g dry wt.) was measured in the Trenton 
Channel of the Detroit River (Furlong et al. 1988). This level is even higher than that 
measured near a former chloralkali plant in the state of Georgia, which is known to have 
caused CN contamination (Kannan et al. 1998). In surficial and suspended sediment 
samples, penta to hepta-CNs were dominant in most cases. 
 
There are no Canadian soil or sewage sludge data for CNs, and only one measured value 
in soil was available from the U.S.—that is 17 900 ng/g dry wt., which was measured in 
soil near a former chloralkali plant in Georgia (Kannan et al. 1998). This concentration is 
very high compared to values measured in agricultural, residential and industrial soils in 
England, Spain and Germany (less than 0.01–15.4 ng/g dry wt.) (Meijer et al. 2001, 
Schumacher et al. 2004, Krauss and Wilcke 2003). However, CNs in a concentration of 
1 290 000 ng/g were measured in a municipal waste disposal site in the Netherlands 
(De Kok et al. 1983). 
 
Only two values were found for CNs in sewage sludge. An average of 83 ng/g dry wt. 
(range: 50–190 ng/g dry wt.) of di- to penta-CNs were measured in sewage sludge from 
14 wastewater treatment plants in the U.K. (Stevens et al. 2003). Concentrations of 
3.2 ng/g dry wt. and 5.8 ng/g dry wt. of tetra- and penta-CNs were measured in sewage 
sludge from a sewage treatment plant in Gothenburg, Sweden (Nylund et al. 1992). 
 
There are few studies of levels of CNs in Canadian biota. No data are available for 
aquatic invertebrates. Data exist for fish, birds and aquatic mammals from the Great 
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Lakes area and the Arctic. Only one Canadian value exists for terrestrial wildlife (the 
endangered Vancouver Island marmot). Data are also available for a variety of fish and 
bird species from Sweden and the Baltic Sea near Poland. The Canadian data, as well as 
levels in biota in the U.S. and Europe are included in Table 10. Any Canadian data are 
listed first, with U.S. data second followed by the European data.  
 
In general, tetra-, penta- and hexa-CNs are the dominant homologue groups found in 
wildlife. The proportions of these congeners found in various species depend on the 
sources of CNs (i.e. old industrial sources [Halowax] versus combustion sources) and 
also on the species, since species vary in their ability to metabolize CNs. For example, 
tetra-CNs dominated (79–82%) in phytoplankton from the Baltic Sea, whereas in herring, 
the penta-CNs were dominant (50%) (Falandysz and Rappe 1996). In the Canadian 
Arctic, penta-CNs (33–57%) and hexa-CNs (22–45%) were dominant in beluga whales, 
whereas in ringed seal, tetra-CNs were dominant (58–83%) (Helm et al. 2002). These 
differences were attributed to selective metabolism, as is observed in these species with 
PCDDs (Helm et al. 2002). 
 
Table 10. Total CN concentrations in biota 

Organism and 
tissue type 

Location Sample 
year 

Number of 
samples 

Mean (range) 
ng/g lipid 

weight, unless 
noted 

otherwise 

Reference 

Aquatic invertebrates 
Zebra mussel 

(D. polymorpha) 
Raisin River, 

Michigan, river 
mouth and Port of 

Monroe 

1998–
1999 

More than 
100, 

homogenized 

46.4–54.8 (1.12–
1.75 wet wt.) 

Hanari et al. (2004) 

Zebra mussel 
(D. polymorpha) 

Marine City, St. Clair 
River, Michigan 

1998–
1999 

More than 
100, 

homogenized 

1.09 (0.002 wet 
wt) 

Hanari et al. (2004) 

Amphipod 
(unidentified sp.) 

Raisin River, 
Michigan, river 

mouth 

1999 Ns 85.9 (1.1 wet 
wt.) 

Hanari et al. (2004) 

Fish      
Lake trout and 
lake whitefish 

Thunder Bay, Lake 
Huron, Michigan 

1996 2 0.98–1.1 wet wt. Kannan et al. (2000) 

Lake trout Siskiwit Lake, Isle 
Royale, Lake 

Superior 

1996 4 0.041–0.25 wet 
wt. 

Kannan et al. (2000) 

Smallmouth bass 
(M. dolomieui) 

Raisin River, 
Michigan, Hwy. 24 

1998 Ns, fillet 
homogenate 

2.26–4.21 Hanari et al. (2004) 

Largemouth bass 
(unidentified sp.) 

Raisin River, 
Michigan, river 

mouth to Lake Erie 

1999 Ns, fillet 
homogenate 

22.7 Hanari et al. (2004) 

Round gobies 
(N. 

malnostomus) 

Raisin River, 
Michigan, river 

mouth and Port of 
Monroe 

1998–
1999 

Ns, whole 
body 

12.1–43.6 
(0.264-1.14 wet 

wt.) 

Hanari et al. (2004) 

Round gobies 
(N. 

Near Belle River 
mouth and Marine 

1998–
1999 

Ns, whole 
body 

2.13–4.81 Hanari et al. (2004) 
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Organism and 
tissue type 

Location Sample 
year 

Number of 
samples 

Mean (range) Reference 
ng/g lipid 

weight, unless 
noted 

otherwise 
malnostomus) City, St. Clair River, 

Michigan 
Carp and walleye Grassy Island, Detroit 

River, Michigan 
1996 3 1.31–31.4 wet 

wt. 
Kannan et al. (2000) 

Fourhorned 
sculpin (O. 

quadricornis) 

Five locations, Gulf 
of Bothnia, northern 

Baltic Sea, off 
Swedish coast 

1991–
1993 

14 0.54–1.5b (range 
of averages) 

Lundgren et al. 
(2002) 

Pike (E. lucius) 
muscle and liver 

Lake and river in 
Sweden with point 

sources of CNs 

1988 3 210–360b (0.48–
33.0 wet wt.) 

Järnberg et al. (1997) 

Pike (E. lucius) 
liver and muscle 

Other lakes, Sweden 1988 5 13–170b Järnberg et al. (1997) 

Burbot (L. lota) 
liver and muscle 

Various locations, 
Sweden 

1988 6 0.98–4.9b Järnberg et al. (1997) 

Cod (G. 
morrhua) 

Karlskrona 
archipelago, southern 

Sweden 

1988 2 9.8–10b Järnberg et al. (1997) 

Whitefish 
(Coregonus sp.) 

Lake Storvindeln, 
Lapland, Sweden 

1986 35 pooled, 
muscle 

2.58e Jansson et al. (1993) 

Arctic char 
(S. alpinus) 

Lake Vättern, central 
Sweden 

1987 15 pooled, 
muscle 

40.8e Jansson et al. (1993) 

Herring 
(C. harengus) 

Baltic Proper 1987 60 pooled, 
muscle 

34.8e Jansson et al. (1993) 

Herring 
(C. harengus) 

Gulf of Bothnia, 
Baltic Sea, two 

locations 

Ns 13, whole 
body 

0.49  
(0.41–0.58] 

Lundgren et al. 
(2003) 

Perch (P. 
fluviatilis) 

Gulf of Bothnia, 
Baltic Sea, four 

locations 

Ns 9, whole body 0.48 (0.22–1.20) Lundgren et al. 
(2003) 

Perch (P. 
fluviatilis) 

Gdańsk 1992 8, pooled 69 Falandysz et al. 
(1997b) 

Flounder (P. 
flesus) 

Mikoszewo, Gulf of 
Gdańsk, Baltic Sea 

1992 5, pooled 83 Falandysz et al. 
(1997b)b 

Flounder (P. 
flesus) 

Gdynia, Gulf of 
Gdańsk 

1992 5, pooled 36 Falandysz et al. 
(1997b)b 

Lamprey 
(L. fluviatilis) 

Gdańsk 1992 3, pooled 8.9 Falandysz et al. 
(1997b)b 

Lamprey 
(L. fluviatilis) 

Gdynia, Gulf of 
Gdańsk, Poland 

1992 3, pooled 6.3 Falandysz et al. 
(1997b)b 

Crocodile icefish 
(C. hamatus); 
Sharp-spined 

notothen 
(T. pennelli), 

Ross Sea, Antarctica 1994–
1996 

4 (0.0015–0.0047 
wet wt.) 

Corsolini et al. 
(2002) 

Silverfish 
(P. antarcticum) 

Ross Sea, Antarctica 1994–
1996 

3 0.086 wet wt. Corsolini et al. 
(2002) 

Arctic cod, liver 
(C. callarias) 

Vestertana, Arctic 
coast of Norway 

1987–
1994 

Composites of 
5 livers 

[0.132–1.06]g Sinkkonen and 
Paasivirta (2000) 
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Organism and 
tissue type 

Location Sample 
year 

Number of 
samples 

Mean (range) Reference 
ng/g lipid 

weight, unless 
noted 

otherwise 
Birds      
Double-crested 
cormorant eggs 

(P. auritus) 

Saginaw Bay and 
Thunder Bay, Lake 
Huron, Michigan; 

Whitefish Bay, Lake 
Superior, Ontario (no 
point sources nearby) 

1998 9 1.13 [0.38–2.40] 
wet wt. 

Kannan et al. (2001) 

Herring gull eggs 
(L. argentatus) 

Same as above 1998 6 0.565 [0.083–
1.30] wet wt. 

Kannan et al. (2001) 

Northern fulmar 
(F. glacialis) 

Prince Leopold 
Island and Cape 
Vera, Ellesmere 
Island, Nunavut 

2003 5 eggs each 
location 

1.33, 1.40 Muir et al. (2004) 

Double-crested 
cormorant eggs 

(P. auritus) 

Gull Island, Green 
Bay, Lake Michigan 

Ns Ns Max. = 22 wet 
wt. 

Kannan et al. (2001) 

Black 
cormorants 
(P. carbo 
sinensis) 

Gulf of Gdańsk, 
Baltic Sea 

1992 3 Breast muscle: 
122 [75–160] 

Liver: 159 [68–
240] 

Falandysz et al. 
(1997a) 

White-tailed sea 
eagle 

(H. albicilla) 

Various locations, 
Poland 

1991–
1992 

5 birds, 
varying ages 

Breast: 516 [25–
1400]b  

Liver: 646 [30–
2400]b  

Fat: 61 [56–66]b 

Falandysz et al. 
(1996) 

White-tailed sea 
eagle (H. 
albicilla) 

Baltic proper, 
Sweden, two 

locations 

1985 2 120b Järnberg et al. (1997) 

Osprey (P. 
haliaetus) 

Sweden, various 
locations 

1982–
1986 

35 pooled, 
muscle 

50.0e Jansson et al. (1993) 

Aquatic 
mammals 

     

Killer whale 
(O. orca) 

Pacific Ocean along 
Alaska, B.C. and 

Washington coastline 

1993–
1996 

19 males 20–167 Rayne et al. (2004) 

Ringed seal 
(P. hispida) 

Pangnirtung, Baffin 
Island, Northwest 

Territories 

1993 6, varied sex 
and age 

0.049 [0.035–
0.071] lipid wt.d 

Helm et al. (2002) 

Ringed seal 
(P. hispida) 

Grise Fiord, 
Ellesmere Island, 

Northwest Territories 

2003 7 female 0.277 ± 0.149 Muir et al. (2004) 

Beluga whale 
(D. leucas) 

Hudson Straight, 
Canada 

2003 8 male, 0.421± 0.258 Muir et al. (2004) 

Beluga whale 
(D. leucas) 

Nastapoka, Hudson 
Bay, Canada 

2003 6 female 0.156 ± 0.094 Muir et al. (2004) 

Beluga whale 
(D. leucas) 

Kimmirut, Northwest 
Territories 

1994 6, varied sex 
and age 

0.253 [0.036–
.383] lipid wt.d 

Helm et al. (2002) 

Otter 
homogenate 

(L. lutra) 

Several sites in 
Sweden with low 

PCB levels 

1980s 6 individuals 7.0b Järnberg et al. (1997) 
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Organism and 
tissue type 

Location Sample 
year 

Number of 
samples 

Mean (range) Reference 
ng/g lipid 

weight, unless 
noted 

otherwise 
Otter 

homogenate 
(L. lutra) 

Several sites in 
Sweden with high 

PCB levels 

1980s 9 individuals 2.6b Järnberg et al. (1997) 

Grey seal (H. 
grypus) 

Baltic Sea  7 0.05–0.2 wet wt. Koistinen 1990 

Grey seal (H. 
grypus) 

Baltic Sea 1979–
1985 

8, pooled 0.89e Jansson et al. (1993) 

Harbour 
porpoise 

(P. phocoena) 

South Baltic Sea 1991–
1993 

4 1.7–2.8 lipid wt.a Falandysz and Rappe 
(1996) 

Harbour 
porpoise 

Kattegatt  3 0.524–0.729 wet 
wt. 

Ishaq et al. (2000) 

Terrestrial 
mammals 

     

Vancouver 
Island marmot 

(M. 
vancouverensis) 

Mount Washington, 
Vancouver Island 

2001 1, female 0.063 Lichota et al. (2004) 

Polar bear 
(U. maritimus) 

Alaska ns 5 Liver 0.370 
[<0.0001–0.945] 

Corsolini et al. 
(2002) 

Rabbit (O. 
cuniculus) 

Revingehed, southern 
Sweden 

1986 15 pooled, 
muscle 

1.4e Jansson et al. (1993) 

Moose (A. alces) Grimsö, Sweden 1985–
1986 

13 pooled, 
muscle 

1.3e Jansson et al. (1993) 

Ns: Not stated 
a Only CNs with four to eight chlorines analysed 
b Only CNs with four to seven chlorines analysed 
c Concentration qualitatively estimated by comparing heights of ion traces with the ion trace of the 13C 
instrumental standard (1,2,3,4-TCDD). 
d Only CNs with three to seven chlorines analysed 
e Only CNs with four to six chlorines analysed 
f Hexa-CN congeners plus one penta-CN congener analysed 
g Only penta- and hexa-CN congeners analysed. No significant time trends evident in the data. 
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Mono-CNs 
 
Risk Quotient Calculations 
 
Toxicity data for potential receptor organisms were reviewed to find the most sensitive 
assessment endpoint for each environmentally relevant compartment. A conservative 
predicted exposure concentration (PEC) was selected for each potential receptor, based 
on empirical data from monitoring studies. Exposure data for the Canadian environment 
were used. PECs usually represented reasonable worst-case conditions. 
 
A predicted no-effects concentration (PNEC) was determined, for each assessment 
endpoint by dividing a critical toxicity value (CTV) by an application factor. CTVs 
typically represented the lowest acceptable ecotoxicity value. Preference is generally for 
chronic toxicity data, since long-term exposure is a concern.  
 
Application factors were derived to account for various sources of uncertainty associated 
with, for example, making extrapolations from acute to chronic effects, from a test 
species to a different, potentially more sensitive, species, from effects observed in a 
laboratory to a field setting, and from a single-species test to ecosystems. 
 
Since mono-CNs are relatively soluble in water (see Table 1) and have been detected in 
water at high concentrations near contaminated sites internationally, risk quotients for 
pelagic organisms were calculated. Since mono-CNs have not been detected in air or soil 
internationally, and relevant effects data are lacking, risks to soil biota and terrestrial 
wildlife through exposure to contaminated air or soil were not considered. 
 
The CTV may be conservatively set at 100 µg/L, which is the lowest concentration of 
Halowax 1000 (containing from 6.7–69% mono-CN) (see tables 3a and 3b) that 
significantly reduced the growth of the marine algae Dunaliella teriolecta under chronic 
exposure conditions (Walsh et al. 1977). The PNEC was determined by dividing the CTV 
by an application factor of 10 to account for extrapolation from laboratory to field 
conditions and inter- and intra-species variability. Therefore, the PNEC was 10 µg/L. 
 
Near an industrial plant located in Owen Sound, Ontario, total CNs were detected in final 
effluent discharge on the shore Owen Sound at levels of 20–50 ng/L (Kauss 1991). 
However, the CNs identified in the final effluent from the plant were mainly tri- and 
tetra-CNs closely resembling Halowax 1099 (Kauss 1991). 1-CN and 2-CN were not 
detected at a method detection limit of 20 ng/L in the final effluent. Nevertheless, for the 
purposes of this conservative risk quotient, it will be assumed that the final effluent 
contained 10 ng/L of mono-CNs (one half the detection limit). This effluent discharge 
will be diluted by a factor of 10 to give a concentration of mono-CNs of 1 ng/L (0.001 
µg/L), which will be used as the PEC. 
 
The PEC is divided by the PNEC to estimate the risk quotient. The quotient is therefore 
calculated as follows: 
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Quotient for pelagic organisms = PEC__ 
      PNEC 
 
     = 0.001 µg/L 
      10 µg/L 
 
     = 0.0001 
 
The quotient is much less than 1, suggesting that there is negligible risk associated with 
the presence of mono-CNs in Canadian waters.  
 
Other Lines of Evidence 
 
Mono-CNs are not expected to be persistent in air, or in any other environmental 
medium. They are furthermore not expected to have significant potential for long-range 
transport.  
 
Based on available evidence, including in particular the measured log Kow values and 
measured BCF values in fish, mono-CNs are not bioaccumulative. However, the 
available empirical and modelled aquatic toxicity data indicate that mono-CNs may be 
harmful to aquatic organisms at relatively low concentrations: less than 1 mg/L for acute 
tests, and 0.1 mg/L for chronic tests.  
 
Mono-CNs have never been detected in the environment in Canada, and CNs have not 
been in commercial use in Canada for more than two decades. 

Di- to Octa-CNs 
 
Di- through octa-CNs are persistent in air. Di- through hexa-CNs have been shown to 
have elevated Arctic contamination potentials. In addition di- through octa-CNs are 
predicted to be persistent in water and tri- through hepta-CNs are persistent in both 
sediment and soil.  
 
Based on the weight of evidence, including in particular measured log Kow values for di- 
to octa-CNs, the measured BCF values for di-to penta-CNs in fish, and taking into 
account the supporting information on measured BMFs for tetra- to hepta-CNs, the high 
dietary uptake efficiencies of hexa- to octa-CNs in northern pike, and the very slow 
elimination of hexa-CNs from the bodies of rats and humans, it is concluded that di- to 
octa-CNs are also bioaccumulative. 
 
There are special concerns about persistent and bioaccumulative substances that are also 
harmful to organisms at low concentrations in controlled toxicity tests. Although current 
science is unable to accurately predict the ecological effects of these substances, they are 
generally acknowledged to be highly hazardous. Assessments of such substances may 

 32



Draft Screening Assessment Report    Chlorinated naphthalenes 

thus be performed using a more conservative (precautionary) approach than used for 
other substances.  
 
Evidence that a substance is very persistent and bioaccumulative, as defined in the 
Persistence and Bioaccumulation Regulations of CEPA 1999 (Canada 2000), when taken 
together with the potential for environmental release and for toxicity to organisms, 
provides a significant indication of the substance’s potential to cause harmful long-term 
ecological effects (Environment Canada 2006). Substances that are persistent remain in 
the environment for a long time, increasing the magnitude and duration of exposure. 
Releases of small amounts of bioaccumulative substances may lead to high internal 
concentrations in exposed organisms. Highly bioaccumulative and persistent substances 
are of special concern, since they may biomagnify in food webs, resulting in very high 
internal exposures, especially for top predators.  
 
The available empirical and modelled aquatic toxicity data for CNs indicate that di-, tri-, 
tetra- and penta-CNs may be harmful to aquatic organisms at relatively low 
concentrations: less than 1 mg/L for acute tests, and 0.1 mg/L for chronic tests. Hexa-, 
hepta- and octa-CNs were similarly found to cause harmful effects to mammals 
(particularly cattle) at doses of 2.4 mg/kg body weight day and less. 
 
Beginning around 1910, mono- to octa-CNs were produced commercially as Halowax 
mixtures for a variety of uses. Although CNs have not been in commercial use in Canada 
for more than two decades, CNs may be produced unintentionally as a by-product of 
industrial processes involving heat and/or chlorine, such as waste incineration, cement 
and magnesium production, refining of metals such as aluminium, and drinking water 
chlorination.  
 
Finally CNs have been detected in a variety of samples over wide areas of Canada. For 
example, they have been detected in Arctic and urban air, in water from Lake Ontario, in 
fish and birds from the Great Lakes and environs, in Pacific coast killer whales, in seals 
and whales from the Canadian Arctic, and in Vancouver Island marmot.  
 
Based on the lines of evidence presented above, particularly the evidence for persistence, 
bioaccumulation and potential to cause harm at low exposure values in controlled toxicity 
tests, and taking into account the limitations of existing quantitative risk estimation 
methods when applied to such substances—especially data-poor ones such as CNs—and 
recognizing that, although CNs are no longer in commercial use in Canada, they continue 
to enter the Canadian environment from unintentional production as well as 
transboundary movement of air, it is concluded that di- through octa-CNs have the 
potential to cause environmental harm in Canada.  
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Sources of Uncertainty 
 
The amount of CNs unintentionally emitted into the air during incineration, relative to 
other sources in Canada is not known. Dyke (1998) notes that while a wide range of 
persistent organic pollutants can be produced during incineration, the lack of overall 
industrial combustion monitoring can make it difficult to put the specific operational 
results into context when trying to establish the relative importance of sources.  
 
The environmental fate of CNs is not well understood, since only a few empirical studies 
have been performed, on the environmental partitioning and degradation or persistence of 
CNs, for example. Limited data are available on the solubility of individual CN 
congeners and Halowax mixtures. Available empirical information was therefore 
supplemented with model predictions. Since these model predictions were based on 
representative structures for each homologue group, there may be congeners within each 
group that show higher or lower rates of degradation. 
 
The data on environmental concentrations of CNs in Canada are limited and incomplete. 
There are no Canadian soil or sewage sludge data for CNs and very little data exist for the 
lower chlorinated CNs in other environmental samples in Canada (none exists for mono-
CN). The few studies of levels of CNs in Canadian biota do not include aquatic 
invertebrates.  
 
While data indicate bioconcentration and bioaccumulation of CNs, relatively few studies 
have been performed to ascertain bioconcentration factors and bioaccumulation factors 
for the various homologue groups.  
 
For mono-CNs, no chronic aquatic studies were identified for the pure substance, and 
some of the experimentally derived data do not agree with the modelled data. For di-
through hepta-CNs, no aquatic toxicity studies were identified for any of these congeners 
alone. Aquatic toxicity of the CN homologue groups was thus modelled using ECOSAR 
and extrapolated from toxicity testing of Halowax mixtures. This extrapolation of toxicity 
from a mixture of CN homologues to a single CN homologue group is problematic, since 
there are uncertainties about the composition of the Halowax mixtures themselves. In 
addition, mixtures of compounds can have cumulative effects that are additive, 
antagonistic or synergistic, and hence different from those of the individual compounds. 
For octa-CNs, effect concentrations were found to be above both the measured and 
predicted solubilities. No ECOSAR toxicity predictions for octa-CNs were available 
because the log Kow value is outside of the acceptable range for this model. Due to the 
lack of appropriate long-term mammalian studies and the absence of empirical 
information on effects to soil- and sediment-dwelling organisms, the toxicological 
behaviour of CNs is experimentally not very well characterized. 
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Conclusion 
 
Based on the information presented in this assessment report, it is proposed that 
polychlorinated naphthalenes are entering or may enter the environment in a quantity or 
concentration, or under conditions that have or may have immediate or long-term harmful 
effects on the environment or biological diversity.  
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Appendix A 
 
Persistence in Sediments 
 
Tri- to hepta-CNs can also be shown to meet the criterion under Persistence and 
Bioaccumulation Regulations of the Canadian Environmental Protection Act, 1999 
(CEPA 1999), for persistence in sediment (half-life in sediment of one year or more). 
Gevao et al. (2000) measured CNs in a sediment core from Esthwaite Water, a semi-rural 
lake in northwest England. Using the lowest homologue group concentration found in the 
sediments of this lake—0.619 µg hexa-CNs/kg (dated from 1962 and measured in 
1995)—and assuming a half-life of one year, one can calculate the concentration of CNs 
that would have had to have been deposited in the sediments in 1962 for this 
concentration to currently be there. Using a first-order decay scenario, the following 
calculation is made: 
 
C(t) = Coe-kt 
 
• C(t) is the concentration, measured in 1995, from sediments dated from 1962 (0.619 

µg/kg); 
• Co is the original concentration deposited in 1962; 
• k is the reaction rate, which is equal to 0.693, assuming a half-life of one year (t1/2 = 

ln 2/k); and 
• t is the number of years from 1962 to 1995: 33. 
 
Therefore,  
 
0.619 = Coe-(0.693) (33) 

Co = 5.32 x 109 µg/kg 
 = 5.32 kg/kg 
 
Therefore, 5.32 kg/kg of hexa-CNs would have had to have been deposited in the 
sediments in 1962 for a concentration of 0.619 µg/kg to exist in 1995, assuming a half-
life of one year. Since that amount of deposition was not possible, it shows that the half-
life of CNs in sediment must be longer than one year. Similar calculations were also 
carried out for the other homologue groups Gevao et al. (2000) had measured (tri- to 
hepta-CNs). Higher Co values were estimated for each of these homologue groups, 
suggesting that these groups also have half-lives of longer than one year, thus meeting the 
CEPA criterion for persistence in sediment. 
 
Persistence in Soils 
 
Using the data from Meijer et al. (2001), who measured the concentration of CNs over 
time in archived agricultural soil from the U.K., it is possible to show that CNs meet the 
criterion for persistence in soil specified in the Persistence and Bioaccumulation 
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Regulations of CEPA 1999 (half-life equal to or greater than 182 days (0.5 year) in soil; 
Canada 2000). Sewage sludge containing 245 ng/g dry wt. of CNs was applied to the 
subject agricultural soil in 1968 and mixed in to a depth of 15 cm. The soil received no 
other inputs of CNs over the years, other than atmospheric deposits. An archived sample 
of the soil from 1972 was found to contain 0.4061 ng/g dry wt. of penta-CNs. In 1990, a 
sample from this same soil was found to contain 0.2853 ng/g dry wt. penta-CNs. The 
half-life of CNs in this soil can be calculated using the first-order decay equation: 
 
C(t) = Coe-kt 
 
• C(t) is the concentration of 0.2853 ng/g, measured in 1990;  
• Co is the concentration of 0.4061 ng/g, measured in 1972; 
• k is the reaction rate; and 
• t is the number of years from 1972 to 1990: 18. 
 
Therefore, to solve for k,  
 
k = [ln (C(t) / Co )] / -t  
 
k = [ln (.2853/.4061)] / -18  
 
k = 0.0196 
 
t½ = ln 2/k 
t½ = ln 2/0.0196 
= 35.33 
 
Therefore, the half-life of penta-CNs in the soil is 35.33 years, demonstrating that the 
penta-CN homolgue group meets the CEPA 1999 criterion for persistence in soil (half-
life in soil of 182 days of more). 
 
Based on the data of Meijer et al. (2001), who analyzed 39 CN congeners or groups of 
congeners (ones that could not be analytically separated) in the soil samples, the hexa- 
and hepta-CN congeners 66/67, 64/68, 69, 71/72, 63, 65, 73 and 74 were found to be very 
persistent, since their concentrations did not change significantly over the 18-year period 
from 1972 to 1990. All of the other homologue groups analyzed, which included tri-, 
tetra- and penta-CNs, were also found to meet the CEPA criterion for persistence in soil, 
with half-lives in the soil ranging from 7 to 9.5 years for the tri-CNs and from 10.6 to 
18 years for the tetra-CNs, and with a half-life of 35.3 years for the penta-CNs as a group. 
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