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GLOSSARY OF TERMS

ADI
ATSDR

Allowable Daily Intake.
Agency for Toxic Substances and Disease Registry.

Alkyl-substituted PAHs (and alkyl-PAH)

Alternant PAHs

Apoptosis
B[a]P
B[a]P PEF
B[a]P TPE
CAEAL
CCME
CEPA
CEQGs
CYP

CWS
DTED
FID
Genotoxic
HPAH
HPLC
IARC
ILCR
IPCS

IRIS
Initiation

LOAEL
LPAH

Kow
Koc

Those polycyclic aromatic hydrocarbons having at least one alkyl sidechain
(methyl, ethyl or other alkyl group) attached to the aromatic ring structure.
Those PAHs with a core ring structure composed entirely of benzenoid rings.
Programmed cell senescence (aging) and death.

Benzo[a]pyrene.

Benzo[a]pyrene potency equivalence factor.

Benzo[a]pyrene total potency equivalents.

Canadian Association of Environmental Analytical Laboratories.

Canadian Council of Ministers of the Environment.

Canadian Environmental Protection Act.

Canadian Environmental Quality Guidelines.

Cytochrome P450 oxidase(s).

Canada-Wide Standards.

Daily threshold effects dose.

Fluorescence induced detection.

Tendency to cause mutations.

Higher Molecular Weight PAHs.

High Pressure Liquid Chromatography.

International Agency for Research on Cancer.

Incremental Lifetime Cancer Risk

International Program on Chemical Safety.

Integrated Risk Information System.

Those stages of carcinogenesis between internalization of a carcinogen and
interaction with the cell’s DNA leading to a potentially non-lethal mutation.
Lowest observed adverse effects level.

Lower molecular weight PAHs.

Octanol-water partition co-efficient.

Organic carbon-water partition co-efficient.

Kinetically favoured PAHs

Lentic
Lotic
mg-kg”
MPC
MRL

NATO I-TEF

NCI
NCSRP
NECC
NIOSH

PAHs preferentially produced during combustion.

Running water ecosystem.

Freshwater basin (e.g. lake) ecosystem.

milligrams/kg soil (parts per million).

Maximum Permissible Concentration (Netherlands).
Minimum Risk Level (ATSDR toxicological threshold value).
North Atlantic Treaty Organization International Toxicity Equivalence
Factors.

National Cancer Institute.

National Contaminated Sites Remediation Program.

Nutrient and Energy Cycling check value.

National Institute of Occupational Health and Safety (USA).



NOAEL

No observed apparent effects level.

Non-alternant PAHs

PAHs
Petrogenic
Pyrogenic
PBPK

PCBs
PHCs
PM

PSL1
PSQGHhH-ricA

Progression
Promotion
RfC

RfD
SBTrL

SQGpn

SQGEg
SQGr

SQGrL

SQGHH
SQG;

SQGiagq
SQGir
SQGLw
SQGnec
SQGom-k
SQGowm-nu

SQGpw

PAHs containing four, five, and six-member, non-aromatic ring structures.
Polycyclic aromatic hydrocarbons.

Petroleum-derived.

Combustion-derived.

Physiologically based pharmacokinetic (a type of contaminant fate model
applicable to the uptake, transformation and elimination of contaminants in
animal models).

Polychlorinated biphenyls.

Petroleum hydrocarbons.

Particulate matter. Airborne particles with a diameter of < 10 um (PM,) are
generally considered to be readily respirable by humans.

Priority Substances List 1 — Canadian Environmental Protection Act (CEPA).
Preliminary soil quality guideline (or risk-based threshold) for human health
protection based on pica soil ingestion.

A progressive loss of feedback control that is important for normal cell
division, and a progression towards malignancy and spread.

Secondary cell transformations that allow the cell and its future progeny to
escape normal physiological controls.

Reference Concentration.

Reference Dose.

Soil-Based Thresholds for Freshwater Life protection, assuming a non-polar
narcosis (critical body residue: CBR) mode of toxicity: Back-calculated from
a CBR-type Water-Based Threshold (SBTcgRr).

Soil Quality Guideline for protection of direct human exposure to soil (i.e.,
ingestion, inhalation, dermal contact).

Soil Quality Guideline for environmental protection.

Soil Quality Guideline for human health protection based on food ingestion
(produce, meat and milk).

Soil Quality Guideline for protection of freshwater life.

Soil Quality Guideline for human health protection.

Soil Quality Guideline for protection of livestock and wildlife based on soil
and food ingestion. (The terms SQG ¢ and SQGc are also used for primary
consumers and secondary consumers, respectively.)

Soil Quality Guideline for the protection of indoor air quality.

Soil Quality Guideline for the protection of irrigation water.

Soil Quality Guideline for protection of livestock based on water
consumption.

Soil Quality Guideline check value for the protection of nutrient and energy
cycling.

Soil Quality Guideline check value for off-site migration of soils in
consideration of environmental health risks.

Soil Quality Guideline check value for off-site migration of soils in
consideration of human health risks.

Soil Quality Guideline for the protection of potable water.



SQGsc Soil Quality Guideline for environmental protection (e.g., plants and
invertebrates) based on direct soil contact.

SQGTG Soil Quality Guidelines Task Group.

TDI Tolerable Daily Intake.

TEQ Toxicity Equivalence Quotient.

TPHCWG Total Petroleum Hydrocarbon Criterion Working Group.
TRV Toxicity reference value.

Thermodynamically favoured PAHs
More energetically stable PAHs, especially produced during the long-term
diagenesis of organic matter.

USEPA United States Environmental Protection Agency
UST Underground storage tank.
Unsubstituted PAHs

Polycyclic aromatic hydrocarbons made up entirely from carbon and
hydrogen atoms, and having no alkyl groups around the aromatic ring
structure.
WBTcgr Water-Based Thresholds based on a critical body residues approach and
assumed water-organism equilibrium partitioning of lipophilic contaminants.
WHO World Health Organization.
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ABSTRACT

This scientific supporting document provides the background information and rationale for the
derivation of human health and environmental soil quality guidelines for potentially carcinogenic
and other polycyclic aromatic hydrocarbons (PAHs). Canadian soil quality guidelines were
developed in the late 1990s for naphthalene and benzo[a]pyrene; however, partially harmonized
assessment and risk management approaches were not previously available for any of the other
PAHs typically found as complex mixtures at many contaminated sites.

This document contains a review of recent scientific information on the chemical and physical
properties of potentially carcinogenic and other commonly analyzed unsubstituted PAHs, a brief
review of sources and emissions in Canada, the expected environmental fate, and the
toxicological significance of these PAHs to soil microbial processes, plants, animals and
humans. This information is further used to derive soil quality guidelines for PAHs to protect
human health and ecological receptors for four major land use scenarios: agricultural,
residential/parkland, commercial and industrial. These guidelines were developed according to
procedures described in A Protocol for the Derivation of Environmental and Human Health Soil
Quality Guidelines (CCME, 2006).

According to the 2006 CCME soils protocol, both environmental and human health soil quality
guidelines are developed and the lowest values of the two generated, for each of the four land use
types, is recommended by CCME as the Canadian Soil Quality Guidelines.

Preliminary human health soil quality guidelines (SQGun) that have been derived for the
carcinogenic PAHs include compound-specific limits for each of the four land uses, based on
cancer-type endpoints. The guidelines are also based on assumptions regarding the relative
cancer potencies of the individual PAHs. A critical review of the PAH relative potency schemes
shows that there have been cases where the experimentally determined cancer potency of a
mixture was under-estimated based on assumed PAH cancer potencies relative to
benzo[a]pyrene. The accuracy of predictions based on relative potencies is influenced by the type
of PAH-containing mixture to which a mammal is exposed as well as the route of exposure (oral,
dermal, inhalation, other). Cancer risks from PAH contamination at coal tar and creosote release
sites, for example, may be under-estimated using the best available relative cancer potency
schemes.

Human health soil quality guidelines (SQGup) for non-carcinogenic PAHs have not been
presented in this document. Health Canada is currently developing guidelines for these
compounds, as well as for additional carcinogenic PAHs not presented herein. It is
recommended that Health Canada be contacted directly for guidance on these substances
(http://www.hc-sc.gc.ca/ewh-semt/contamsite/index_e.html).

The preliminary environmental soil quality guidelines (SQGg) for PAHs include consideration of
assumed threshold-acting (non-carcinogenic) effects on soil ecological functioning, and
specifically on soil invertebrate and plant responses. For soil invertebrates, the major mode of
toxic action might be non-polar narcosis, although other modes of toxicological action
(photoinduced toxicity, for example) might be important in some cases, and may be inherent in
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some of the underlying toxicological data used to develop the preliminary direct soil contact
guidelines. The existing scientific knowledge on PAH environmental risks based on soil nutrient
and energy cycling, soil invertebrates, and plants is very limited in spite of some recent
advances. The ability to manage risks to ecological receptors of PAH contamination in soils will
probably continue to evolve at a rapid pace in the earliest part of the 21% century.

There is still considerable uncertainty regarding the role of soil and site properties in modifying
PAH bioavailability and toxicological responses based on direct soil contact pathways.

The minimum data requirements were met for calculating direct contact environmental soil
quality guideline (SQGsc) values for three PAHs: anthracene (using the LOEC approach), and
fluoranthrene and benzo[a]pyrene (based on the preferred weight-of-evidence approach) (CCME,
2006). However, there is still considerable uncertainty around these estimates, and insufficient
data to calculate soil quality guidelines for this exposure scenario for the larger suite of
unsubstituted and alkyl-substituted PAHs.

Given that PAHs might influence soils and plants through baseline toxicity (e.g., through
internalization into lipid pools and induction of a wide range of non-specific effects such as
reduced active transport of ions across membranes), the effects are likely to overlap and be
additive with other non-polar organics in the contaminant mixture, including other aromatic and
aliphatic petroleum hydrocarbon constituents. It is anticipated, therefore, that some protection is
afforded to soil ecological functioning based on direct soil contact through application of the
Canada-Wide Standards for Petroleum Hydrocarbons.

PAH environmental soil quality guidelines were also calculated in consideration of freshwater
life protection (SQGgr) for sites where there is potential for groundwater mediated transfer of
PAHs to an adjacent surface water body capable of supporting aquatic life, using existing
(CCME, 1999a) water quality guidelines for aquatic life protection for naphthalene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benz[a]anthracene, and
benzo[a]pyrene. Additional soil-based threshold values for the protection of freshwater life were
investigated for the remaining unsubstituted PAHs using a critical body residues/non-polar
narcosis approach to develop acceptable threshold values in the aquatic receiving environment.
The values for the protection of aquatic life were derived in part using a groundwater model
adapted from Domenico and Robbins (Domenico, 1987), as described in CCME (20006).

For agricultural and residential/parkland land uses, preliminary SQGg were developed in
consideration of soil and food ingestion by cows as a representative livestock species, and mule
deer, meadow voles and American robins as representative wildlife species.

For protection of human health, for all land uses, direct contact guidelines based on combined
ingestion, inhalation and dermal exposures have been calculated as 0.6 mgkg' benzo[a]pyrene
“Total Potency Equivalents” (B[a]P TPEs) and 5.3 mg'kg" B[a]P TPEs, based on incremental
lifetime cancer risks (ILCRs) of 10 and 107, respectively. B[a]P TPEs are calculated using
PAH cancer Potency Equivalence Factors (PEFs) adapted from the World Health Organization
(WHO/IPCS 1998). B[a]P TPEs include the concentration of B[a]P itself.
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For sites contaminated with coal tar residues or creosote mixtures, the available studies indicate
that B[a]P relative potency schemes, coupled with use of the B[a]P cancer slope factor, may not
adequately predict cancer risks of the mixture. Therefore, a three-fold safety factor should be
employed when calculating B[a]P TPEs for sites affected by creosote or coal tar before
comparison with the SQGyy. In other words, for these complex mixtures, total B[a]P equivalent
concentrations (derived by applying the TPE values) should be multiplied by three (3) prior to
risk characterization by comparison to the PAH guideline values.

Also for the protection of human health, soil quality guidelines for the protection of potable
water were derived for individual PAHs. The potable water guidelines (which are the same for
all land uses) are as follows:

benz[a]anthracene: 0.33 mgkg™; benzo[a]pyrene: 0.37 mgkg™’
benzo[b+j]fluoranthene: 0.16 mgkg™; chrysene: 2.1 mg'kg™;
benzo[k]fluoranthene: 0.034 mgkg™; dibenz[a,h]anthracene: 0.23 mg'kg;
benzo[g,h,i]perylene: 6.8 mgkg™; indeno[1,2,3-c,d]pyrene: 2.7 mg-kg ™.

For protection of the non-human environment, soil quality guidelines for agricultural and
residential/parkland sites are recommended as follows:

anthracene: 2.5 mgkg™;
benzo[a]pyrene: 20 mg-kg™
fluoranthene: 50 mgkg™.

For protection of the non-human environment, soil quality guidelines for commercial and
industrial sites are recommended as follows:

anthracene: 32 mg-kg-1;
benzo[a]pyrene: 72 mg-kg-1;
fluoranthene: 180 mg-kg-1;

Although guideline values for certain pathways were determined for additional PAHs, an overall
SQGg could not be recommended for many of these due to the lack of data for derivation of soil
contact guidelines.

Typically, Canadian Soil Quality Guidelines for the protection of environmental and human
health are recommended based on the lowest guidelines among all of the various pathway-
specific and receptor-specific environmental and human health SQG values. However, in the
case of PAHs, because the guidelines for some pathways are based on concentrations of
individual PAHs, while guidelines for other pathways are based on additive toxicity of a mixture
of PAHs using B[a]P TPEs, it is not possible to directly compare all guidelines to select the
lowest value. Therefore, in applying the guidelines, it is recommended that users compare PAH
concentrations measured in soil samples to the guidelines for all applicable exposure pathways.
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RESUME

Le présent document scientifique fournit des renseignements de base et expose les raisons qui
justifient 1’¢laboration de recommandations pour la qualité des sols en vue de la protection de
I’environnement et de la sant¢ humaine contre les hydrocarbures aromatiques polycycliques
(HAP) potentiellement cancérogénes et non cancérogenes. Des recommandations ont été
¢laborées pour le naphtaléne et le benzo[a]pyréne a la fin des années 1990; toutefois, on ne
disposait auparavant d’aucune méthode partiellement harmonisée d’évaluation et de gestion des
risques pour aucun des autres HAP généralement présents sous forme de mélange complexe dans
de nombreux lieux contaminés.

Le document comprend un examen des renseignements scientifiques récents sur les propriétés
physiques et chimiques d’HAP potentiellement cancérogenes et d’autres HAP non substitués
couramment analysés, un bref exposé des sources et des émissions de ces HAP au Canada, de
leur devenir dans I’environnement et de leur toxicité pour les processus microbiens dans le sol
ainsi que pour les plantes, les animaux et les humains. Ces renseignements sont également utiles
pour é¢élaborer des recommandations pour la qualité des sols applicables aux HAP en vue de
protéger la sant¢ humaine et les récepteurs écologiques sur des terrains a quatre grandes
vocations : agricole, résidentielle/parc, commerciale et industrielle. Ces recommandations ont été
¢laborées conformément aux procédures décrites dans le Protocole d’élaboration de
recommandations pour la qualité des sols en fonction de I’environnement et de la santé humaine
(CCME, 2006).

Conformément au protocole de 2006 du CCME, des recommandations distinctes sont ¢laborées
aux fins de la protection de ’environnement et de la santé humaine, et les valeurs les plus
faibles, entre les deux ensembles de valeurs obtenus pour chacun des quatre types de terrain,
deviennent la recommandation canadienne pour la qualité des sols.

Les recommandations préliminaires pour la qualité des sols en vue de la protection de la santé
humaine (RQSsy) qui ont été €laborées pour les HAP cancérogeénes comprennent des limites
propres aux composés pour chacun des quatre types de terrains, limites fondées sur les effets
cancérogenes. Les recommandations s’appuient également sur des hypothéses concernant le
potentiel cancérogene relatif de chacun des HAP. Un examen critique des profils de potentiel
cancérogene relatif des divers HAP montre que le potentiel cancérogéne d’un mélange, tel que
déterminé en laboratoire, a dans certains cas ¢té sous-estimé lorsque le calcul avait été fait
d’aprés le potentiel cancérogéne présumé des HAP par rapport a celui du benzo[a]pyréne.
L’exactitude des prédictions basées sur le potentiel cancérogéne relatif dépend du type de
mélange contenant des HAP auquel un mammifére est exposé¢ de méme que de la voie
d’exposition (orale, cutanée, inhalation, autre). Les risques de cancer associés a la présence
d’HAP sur des sites contaminés par du goudron de houille et de la créosote, par exemple,
peuvent étre sous-estimés si on utilise les meilleurs profils de potentiel cancérogene relatif.

Le présent document ne contient pas de recommandations pour la qualité des sols en vue de la

protection de la sant¢ humaine (RQSsy) applicables aux HAP non cancérogénes. Santé¢ Canada
est en train d’élaborer des recommandations pour ces composés de méme que pour d’autres HAP
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cancérogeénes non considérés ici. Veuillez communiquer directement avec Santé Canada pour
obtenir des directives sur ces substances (http://www.hc-sc.gc.ca/ewh-semt/contamsite/index f.html).

Les recommandations préliminaires pour la qualité des sols en vue de la protection de
I’environnement (RQSEg) prennent en considération les effets-seuils (non cancérogénes) présumés
sur les fonctions écologiques des sols et, plus précisément, sur les réponses des plantes et des
invertébrés du sol. La narcose non polaire pourrait constituer le principal mode d’action toxique
chez les invertébrés du sol, mais d’autres modes (toxicité photoinduite, par exemple) pourraient
s’avérer importants dans certains cas et &tre inhérents a certaines données toxicologiques
utilisées pour ¢élaborer les recommandations préliminaires visant le contact direct avec le sol. Les
connaissances scientifiques actuelles sur les risques environnementaux des HAP, basées sur le
cycle des nutriments et de I’énergie, les invertébrés du sol et les végétaux, sont trés limitées
malgré des avancées récentes. La capacité de gérer les risques que pose la contamination des sols
aux HAP pour les récepteurs €cologiques continuera probablement & augmenter rapidement en
de début de 21° siecle.

Il y a encore beaucoup d’incertitude quant a 1’incidence des propriétés du sol et des sites sur la
biodisponibilit¢ des HAP et les réponses toxicologiques associées aux mécanismes de contact
direct avec le sol.

On possede suffisamment de données pour élaborer des recommandations pour la qualité des
sols en vue de protéger 1’environnement contre 1’exposition a trois HAP par contact direct avec
le sol (RQScs) : I’anthracéne (méthode de la CMEOQO) et le fluoranthéne et le benzo[a]pyreéne
(méthode du poids de la preuve) (CCME, 2006). Toutefois, il existe beaucoup d’incertitude au
sujet de ces estimations, et il manque des données pour élaborer des recommandations quant a
I’exposition, par cette voie, au grand groupe des HAP non substitués et des HAP alkyl-
substitués.

Vu la toxicité possible des HAP pour les sols et les végétaux (internalisation dans les réservoirs
lipidiques et induction de multiples effets non spécifiques, tels que la réduction du transport actif
des ions a travers les membranes), les effets sont susceptibles de se superposer en partie et de
s’ajouter a ceux des autres composés organiques non polaires dans le mélange de contaminants,
y compris d’autres constituants des hydrocarbures pétroliers aromatiques et aliphatiques. On
présume donc que I’application du Standard pancanadien relatif aux hydrocarbures pétroliers
procure une certaine protection aux fonctions écologiques des sols contre les effets découlant du
contact direct avec le sol.

Des recommandations pour la qualité des sols applicables aux HAP ont également été élaborées
pour protéger la vie dulcicole (RQSyp) sur les sites ou des HAP peuvent étre transférés par les
eaux souterraines dans un plan d’eau de surface adjacent capable d’entretenir des organismes
aquatiques. Elles sont fondées sur les recommandations pour la qualité des eaux en vue de la
protection de la vie aquatique (CCME, 1991a) qui s’appliquent au naphtaléne, a I’acénaphténe,
au fluoréne, au phénanthréne, a 1’anthracéne, au fluoranthéne, au pyréne, au benzo[a]anthracene
et au benzo[a]pyreéne. Des concentrations-seuils dans le sol ont été examinées pour la protection
de la vie dulcicole contre les autres HAP non substitués; la démarche, visant a établir des
concentrations-seuils acceptables dans les eaux réceptrices, était fondée sur les teneurs critiques
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dans les organismes ou la narcose non polaire. Les concentrations définies pour la protection de
la vie aquatique ont été calculées en partie a I’aide d’un mod¢le relatif aux eaux souterraines
adapté de Domenico et Robbins (Domenico, 1987), comme il est décrit dans le protocole de
2006 du CCME.

En ce qui concerne les terrains a vocation agricole et résidentielle/parc, des RQSg préliminaires
ont été ¢laborées d’aprés I’ingestion de sol et de nourriture par la vache (animal d’élevage
représentatif) et par le cerf-mulet, le campagnol des prés et le Merle d’Amérique (especes
sauvages représentatives).

Pour assurer la protection de la sant¢ humaine, pour tous les types de terrains, on a élaboré des
recommandations relatives au contact direct par ingestion, inhalation et contact cutané combinés,
soit une équivalence de toxicité totale relative au benzo[a]pyréne, ou ETT B[a]P, de 0,6 mgkg™
et 5,3 mgkg', d’aprés un risque accru de cancer pour toute une vie (RACV) de 10° et 107,
respectivement. Les ETT B[a]P sont calculées a 1’aide des facteurs d’équivalence de toxicité
(FET) de I’Organisation mondiale de la Santé ( (WHO/IPCS 1998). Les ETT relatives au B[a]P
comprennent les concentrations du B[a]P lui-méme.

Dans les sites contaminés par des résidus de goudron de houille ou des mélanges de créosote, les
¢tudes indiquent que les profils de potentiel cancérogéne par rapport au B[a]P, combinés au
coefficient de cancérogénicité du B[a]P, ne permettent pas toujours de prédire adéquatement les
risques de cancer associés au mélange. Il faut donc appliquer un facteur de sécurité de 3 pour
calculer I’ETT relative au B[a]P dans des sites contaminés par la créosote ou le goudron de
houille avant de procéder aux comparaisons avec la RQSgy. En d’autres mots, pour ces mélanges
complexes, il convient de multiplier par trois (3) les concentrations équivalentes totales de B[a]P
(calculées en appliquant les valeurs de I’ETT) avant de caractériser les risques par comparaison
aux recommandations visant les HAP.

Afin de protéger la santé humaine, des recommandations pour la qualité¢ des sols en vue de la
protection de 1’eau potable ont été élaborées pour chacun des HAP. Elles s’établissent comme
suit (tous terrains confondus) :

benzo[a]anthracene 0,33 mg'kg” benzo[a]pyrene 0,37 mg-kg™
benzo[b+j]fluoranthéne 0,16 mg-kg™ chryséne 2,1 mgkg”
benzo[k]fluoranthéne 0,034 mgkg™ dibenzo[a,hJanthracéne 0,23 mg-kg™
benzo[g,h,i]péryléne 6,8 mg-kg” indéno[1,2,3-c,d]pyréne 2,7 mgkg”

Aux fins de la protection de I’environnement non humain, les recommandations pour la
qualité des sols visant les terrains agricoles et résidentiels/parcs sont les suivantes :

anthracéne 2,5 mgkg!

benzo[a]pyrene 20 mg-kg™
fluoranthéne 50 mgkg™
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Aux fins de la protection de I’environnement non humain, les recommandations pour la
qualité des sols visant les terrains commerciaux et industriels sont les suivantes :

anthracéne 32 mgkg”
benzo[a]pyréne 72 mgkg!
fluoranthéne 180 mg-kg'1

Bien que des recommandations relatives a certaines voies d’exposition aient été élaborées
pour d’autres HAP, aucune RQSg globale ne peut étre faite pour bon nombre d’entre eux
en raison du manque de données sur le contact avec le sol.

Reégle générale, les Recommandations canadiennes pour la qualité des sols en vue de la
protection de I’environnement et de la sant¢ humaine sont fondées sur les plus faibles
valeurs de toutes les RQS propres a chacune des voies d’exposition et a chacun des
récepteurs. Toutefois, dans le cas des HAP, étant donné que les recommandations pour
certaines voies d’exposition sont fondées sur les concentrations d’HAP individuels tandis
que celles visant d’autres voies d’exposition sont fondées sur la toxicité cumulative d’un
mélange d’HAP calculée d’apres les ETT relatives au B[a]P, on ne peut comparer
directement toutes les recommandations en vue de choisir la valeur la moins élevée.
Donc, en appliquant les recommandations, il convient de comparer les concentrations
d’HAP mesurées dans les échantillons de sol a celles recommandées pour toutes les voies
d’exposition considérées.
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1. INTRODUCTION

Canadian Environmental Quality Guidelines (CEQGs) are intended to protect, sustain
and enhance the quality of the Canadian environment, its value for social and economic
well-being, and its intrinsic value. The guidelines are generic numerical concentrations or
narrative statements that specify levels of toxic substances or other potential stressors in
the environment, established using the best available scientific information, and below
which risks to humans or wildlife are expected to be negligible. Further, CEQGs are
intended to ensure no contaminant-related encumbrances to the specified uses of water,
sediment or soil. These values are nationally endorsed through the Canadian Council of
Ministers of the Environment (CCME) and are recommended for managing release sites
and surrounding environs containing toxic substances and other parameters (for example,
nutrients, pH) of concern in the ambient environment.

Through the National Contaminated Sites Remediation Program (NCSRP), the CCME
Subcommittee on Environmental Quality Criteria established the framework for the
Canadian Soil Quality Guidelines for Contaminated Sites in 1991. An interim set of soil
quality criteria was adopted from values that were used in different provinces within
Canada (CCME, 1991) in response to the urgent need to begin remediation of high
priority “orphan” sites with historical contamination. Although the NCSRP program
officially ended in March of 1995, the development of soil quality guidelines has been
guided subsequently under the direction of the CCME Soil Quality Guidelines Task
Group (SQGTG) based on a continuing need for scientifically defensible national soil
quality guidelines for managing contaminant and stressor risks in and associated with
Canadian soils, with a particular focus on the investigation and remediation of
contaminated sites.

Canadian Soil Quality Guidelines (CSQGs) are developed according to a nationally
approved protocol developed under the auspices of CCME (CCME, 2006). According to
this protocol, both environmental and human health soil quality guidelines are developed
for each of four land use scenarios: agricultural, residential/parkland, commercial, and
industrial. The lowest value generated by the two approaches (human health based and
ecologically based derivation) for each of the four land uses is recommended by CCME
for incorporation within the Canadian Soil Quality Guidelines. CSQGs for a number of
substances were developed using this protocol and summarized in a comprehensive
report entitled Canadian Environmental Quality Guidelines (CCME, 1999). The interim
soil quality criteria (CCME, 1991) should be used only when soil quality guidelines have
not since been developed for a particular substance using environmental and human
health risk-based protocols (CCME, 2006).

The “Protocol for the Derivation of Environmental and Human Health Soil Quality
Guidelines” was updated in 2006, and forms part of the foundation for this document
(CCME, 2006). Note that the CCME protocols for the derivation of water quality
guidelines were also being updated in 2006.



1.1  Objectives of this Document

The contamination of soil by mixtures containing polycyclic aromatic hydrocarbons
(PAHs) is widespread in Canada due to the near ubiquitous nature of its major sources:
namely, the release of various petroleum hydrocarbon or coal-derived products as well as
the production of PAHs through a variety of combustion processes/types such as vehicle
exhaust or a wide variety of industrial processes. CCME risk-based soil quality
guidelines have been adopted within the last five years for two individual PAHs: (i)
naphthalene, a commonly occurring, lower molecular weight PAH that has not been
confirmed by the scientific and health community to be a known or probable human
carcinogen'; and (ii) benzo[a]pyrene, a higher molecular weight PAH that is commonly
found in soils contaminated with coal tar or combustion-derived PAH mixtures, and
which is recognized to be an exceptionally potent carcinogen among the more commonly
studied suite of PAHs.

For the 16 to 18 PAHs most commonly analyzed as part of environmental investigations
and research, there were no risk-based CCME soil quality guidelines prior to this
assessment for any but the two mentioned above. Humans and other living organisms,
however, are generally exposed to complex mixtures of PAHs at PAH-contaminated
sites.

This scientific supporting document is intended to address current management gaps for
PAH-contaminated soils. The document contains a review of information on the chemical
and physical properties of primarily “unsubstituted” PAHs (see Chapter 2 for an
explanation), a brief review of sources and emissions in Canada, the expected
environmental fate based on key environmental process, and toxicological significance
based both on cancer and a myriad of other toxicity endpoints for humans, microbes,
plants, and animals other than humans. This information is used to derive preliminary soil
quality guidelines for higher molecular weight (4 to 7 ring) unsubstituted PAHs that are
potentially carcinogenic to humans and wildlife, and for unsubstituted PAHs that may be
toxic based on a range of mechanisms.

In the case of soil microbial communities, soil invertebrates, plants and animals, soil
quality guidelines (SQGs) for environmental health are derived for PAHs based on the
toxicological endpoints from the literature that were intended to be both the most
sensitive and most ecologically relevant for Canadian environmental protection goals. In
practice, the shortage of available scientific information directly imposed limitations on
this intent.

The development of these guidelines parallels recent efforts by other countries to re-
evaluate especially the human health risks of PAHs. The derivation of Canadian SQGs
benefits from the broader international efforts. In particular, interested readers may wish

! Naphthalene has previously been nominated by the US National Institute of Environmental Health
Services (NIEHS) for review and possible listing in the National Toxicology Program (NTP) report on
carcinogens. Based on NTP bioassays, there is evidence of carcinogenicity in male and female rats, and
equivocal evidence for carcinogenicity of naphthalene in female mice.



to refer to recent substantive compilations of PAH sources, fate, and effects by the World
Health Organization (WHO/IPCS, 1998), the Agency for Toxic Substances and Disease
Registry of the U.S. Department of Health and Human Services (ATSDR, 1995c), and
the European Union Risk Assessment Report on Naphthalene (European Commission
2001). All of these documents are available on-line.

Chapter 2 discusses what PAHs are, as well as their role as carcinogens. Overall, this
evaluation and derivation was focused on higher molecular weight, four to seven ring
PAHs - especially benz[a]anthracene, benzo[b]fluoranthene, benzo[j]fluoranthene,
benzo[k]fluoranthene,  benzo[a]pyrene,  chrysene, dibenz[a,h]anthracene, and
indeno[1,2,3-c,d]pyrene. For ecological receptors, the focus is not on carcinogenesis, but
rather on other ecologically relevant toxicological endpoints. This is because contaminant
risks to animals other than rare and endangered species are typically managed through
policy decision based on potential impairment to whole sub-populations, populations or
communities. The role of individual cancers in reduced fecundity or survivorship of
wildlife or domestic animals is not clear. For animal ecological receptors, cancer-type
endpoints are of very doubtful ecological relevance, but may nonetheless be of strong
interest to some members of the Canadian public in the context of ecological indicators.

The Canadian Soil Quality Guidelines presented in this document are intended as generic
guidance, and the procedures used for their derivation are specifically intended to ensure
an adequate minimum level of human health and ecological protection at the vast
majority of sites where they might be used. They are risk-based soil contaminant
thresholds that, if not completely accurate, may err on the side of being overly protective
relative to actual risks at a specific site — a thoroughly considered trade-off for the fact
that such “bright-line” management tools are generic estimates that are easily applied
with a lesser need for either expertise in their use and interpretation or detailed
information on the characteristics of a particular site vis-a-vis ecologically relevant
processes, contaminant fate in soil, subsurface soils, water and biota, and human
activities relevant to contaminant exposure. Site-specific conditions should nonetheless
be considered in the application of the generic soil quality guidelines. The reader is
referred to CCME (1999a) for guidance on appropriate and inappropriate uses of the
guidelines, as well as their place as Tier I contaminated soil management tools within a
larger, 3-tiered framework (with Tier II comprising site-specific adjustments to the
generic guidelines, and Tier III comprising detailed, site-specific risk assessment).

The Canadian Soil Quality Guidelines are derived to approximate maximum soil
concentrations leading to no- or low-effects level (or threshold level) responses, or no
unacceptable incremental cancer risks?, based only on the toxicological data, the
uncertainty about its relevance for actual risks, and associated environmental fate
information available for the contaminant(s) of potential concern. They do not

? Generally, cancer risks that result in an excess population risk of less than 1 in 1,000,000 are considered
de minimus, and insignificant. Occupational risks are generally tolerated at higher levels (ca. 1/100,000 to
1/10,000). Specific jurisdictions, however, may have developed more prescriptive policies regarding
acceptable cancer risks.



incorporate information related to socioeconomic, technological feasibility, or political
issues. Such non-scientific factors are for consideration by site managers and their agents
at the site-specific level, as their influence is expected to vary across different provincial
and territorial jurisdictions. The reader is directed to the applicable laws, regulations and
guidance in the jurisdiction they are working within for the applicable implementation
procedures.

1.2  Overarching Issues for Carcinogenic and Other PAHs

PAHS were among the first set of substances to be assessed as part of the “Priority
Substance List 1” (PSL1) under the Canadian Environmental Protection Act (CEPA).
According to Environment Canada (1994) —

“Based on these considerations, it has been concluded that polycyclic aromatic
hydrocarbons are entering the environment in a quantity or concentration or under
conditions that may have harmful effects on the environment. Polycyclic aromatic
hydrocarbons are not considered to constitute a danger to the environment on
which human life depends. The PAHs benzo[a]pyrene, benzo[b]fluoranthene,
benzo[j]fluoranthene, benzo[k]fluoranthene, and indeno[1,2,3-cd]pyrene may
constitute a danger in Canada to human life or health.”

PAHs collectively comprise a suite of hundreds of individual compounds (see Chapter 2).
Very little toxicological information, however, exists for the majority of these. The
CEPA PSLI review considered environmental risks of only nine individual PAHs based
on the toxicological data available at the time, including acenaphthene, anthracene,
benz[a]anthracene, benzo[a]pyrene, fluoranthene, fluorene, naphthalene, phenanthrene,
and pyrene.

1.2.1 Human Health

Several of the PAHs have long been recognized as having the potential to cause cancer in
a wide variety of vertebrate species, including humans, as well as some invertebrates.
Indeed, the much increased risks of lung cancer in cigarette smokers is attributed by the
majority of toxicologists and epidemiologists to the inhalation of combustion-derived
PAHs (Band et al., 2002), at least in part. In addition, PAHs may play a role in the health
effects of respirable particulate matter, often measured as PM;o or PM, 5 concentrations
in air (Clemons et al., 1998).

Human exposure to PAHs has been associated with an increased risk of developing
cancer in a variety of tissues, including the lung, bladder, stomach, and skin (including
the scrotum), depending on the mode of exposure and the form of PAH (IARC, 2006).
Excess incidences of lung cancer have been associated with PAH exposure in a variety of
occupational settings, including coal gassification, coke production, paving and roofing,
and various occupations involving exposure to creosote or soot. There is evidence for an
increased risk for skin and scrotal cancers from occupational exposure to creosote and



coal tar, while excess incidences of stomach and colorectal cancer have been observed for
coal gas production workers.

Clearly, cancer as a whole is based on a large variety of causal agents, and exposure to
environmental carcinogens such as PAHs is deemed to be a minor contributor relative to
smoking, diet, other aspects of lifestyle, and genetic pre-disposition. Regardless of the
contribution of carcinogenic PAH exposure from contaminated sites, the Canadian cancer
statistics demonstrate that the Canadian public is likely to maintain a broad interest in
cancer, especially for potential non-voluntary exposures to carcinogens as might occur at
or near contaminated sites.

1.2.2 Environmental Health

The current management void for soil contamination by PAHs other than naphthalene
and benzo[a]pyrene potentially applies to non-human receptors in the environment as
well. For non-vertebrate animals, plants and microbes, as well as for shorter lived
vertebrates, toxicological endpoints other than carcinogenesis are likely to be more
important for individual health and population fitness. Photoinduced PAH toxicity, for
example, merits examination as a potentially important ecologically relevant endpoint for
plants and some species of soil-associated animals. Scientific data on photoinduced
toxicity has been used to develop Canadian water quality guidelines for freshwater life
protection for some of the PAHs (see Section 5.6). Some PAHs have been labeled as
endocrine disrupting substances by toxicologists (Clemons et al., 1998; Safe et al., 1997,
Santodonato, 1997).

This is not meant to suggest that an increased PAH-induced cancer incidence in terrestrial
and aquatic wildlife populations is not important as a risk management concern in the
context of environmentally sustainable human development. There is a large body of
scientific literature on the appearance of cancer in a number of anatomic sites, including
liver, in bottom-dwelling fish (Kleinjans and van Schooten, 2002); for example, the case
of English sole in the urbanized Duamish Estuary of Puget Sound. In the terrestrial
environment, however, there are few definitive studies of genotoxicity or carcinogenicity
in invertebrate or vertebrate animals that can be confidently ascribed to exposure to
environmental carcinogens (Kleinjans and van Schooten, 2002).

Van Schooten et al., (1995) evaluated PAH-DNA adducts in the earthworm species
(Lumbricus terrestris) and demonstrated that such adducts were formed when
earthworms were kept on industrially contaminated soils for several weeks. Adduct
formation increased with exposure time. They also noted that earthworms tend to form
different adduct patterns in comparison with laboratory-reared rodents or fish. A similar
time-dependent increase in adduct formation in earthworms kept on PAH contaminated
soils, was observed by Walsh et al., (1995), as reported in Kleinjans and van Schooten
(2002).

No scientific studies were found for terrestrial animals where increased cancer incidence,
as opposed to markers of genotoxicity, was ascribed to soil contamination. Further, for



non-endangered species, the contaminant risks to wildlife and other ecological receptors
attributable to individual terrestrial sites have generally been managed toward the
protection of populations or sub-populations, unlike the practice for human beings for
which protection of individuals is important in and of itself. Increased cancer incidence in
animals other than humans theoretically has the potential to reduce population fitness;
however, cancer often has a latent period such that most individuals affected are older,
and have may have already passed the age at which reproductive output is maximized.
For this and other reasons, the relationship between cancer incidence, reproductive
impairment, and population fitness is unclear.

1.2.3 PAH Mixtures

The major sources of PAHs to soils at any given location invariably contribute a mixture
of PAHs, not just single compounds. Various PAH source types can be distinguished
based on the characteristic compositions of PAH mixtures, but the contaminated soil
matrix is nonetheless challenging from an environmental risk assessment perspective,
since in a PAH contaminated soil there is likely to be a diverse compositional range of
non-carcinogenic, and carcinogenic PAHs of varying potency.

Few CCME soil quality guidelines or environmental quality benchmarks from other
international jurisdictions address the human health and/or environmental risks of
mixtures, with a few key exceptions. In fact, environmental quality guideline
development within the international scientific and regulatory community has been
overwhelmingly focused on the environmental and human health risks associated with
single compounds. Generic soil screening levels or soil quality guidelines for the broader
suite of PAHs have not been developed in the United States, European Community
(including Netherlands), Australia and New Zealand, or elsewhere up to 2005, owing in
large part to the many challenges associated with such an undertaking. Current
pharmacologically based pharmacokinetic (PBPK) models, used for estimating an
internally relevant dose for the purpose of risk assessment, are essentially restricted to
single compounds, with a few exceptions.

Humans and ecological receptors are rarely exposed to individual toxicants at
contaminated sites. In addition, the behaviour and toxicity of chemicals in mixtures may
substantially differ from observations of individual chemicals. For example, the tendency
of both non-carcinogenic and potentially carcinogenic PAHs to induce (or sometimes
suppress) the cytochrome P450 oxidase (CYP) 1Al enzyme system may directly
influence the subsequent metabolic modification and activation of potentially
carcinogenic PAHs.

1.3 Viable Approaches for Assessing the Environmental Risks of
Complex Contaminant Mixtures

Pohl et al., (1997) summarized the various approaches that were used “on a case-by-case
basis” to assess the human health risks of chemical mixtures by the Agency for Toxic
Substances and Disease Registry (ATSDR) in the United States. Table 1-1 provides a



summary of the diverse approaches that have been employed by ATSDR for deriving
human-health protective “minimum risk levels” (MRLs).

Table 1-1: Examples of ATSDR Approaches for the Establishment of
Human Health Minimum Risk Levels (MRLs) for Contaminant
Mixtures (from Pohl et al., 1997).

MRL Based on One  MRL Based on MRL Based on No MRL Derived in
Chemical in Mixture Toxicity Data for Toxicity of Several Light of Perceived
and Others Covered  Whole Mixtures Components within ~ Variability of
Based on Mixture Mixture
Assumptions About Composition
Equivalency
polychlorinated polychlorinated PAHs (non- Automotive gasoline
dibenzo-p-dioxins biphenyls carcinogenic
endpoints) Stoddard fuel

polychlorinated polybrominated
dibenzofurans biphenyls hydraulic fluids

jet fuels mineral-based

crankcase oils
Otto fuel II

fuel oils

MRLs are established by the ATSDR for non-carcinogenic risks as the highest no-
observed adverse effects level (NOAEL) or the lowest observed adverse effects level
(LOAEL) for the most sensitive test organism and relevant toxicological endpoint.

Since 1997, toxicity assessments for petroleum hydrocarbon products in the United States
have evolved to compensate for variable mixture compositions across products released
and across sites, using estimates of toxicity for 17 different mixture sub-fractions -
referred to as the Total Petroleum Hydrocarbon Criterion Working Group (TPHCWG)
sub-fractions (TPHCWG, 1997a,b).

In Canada, some examples of contaminant mixtures that have been addressed for the
derivation of environmental quality guidelines include the following:

1. Management based on toxicity of whole mixtures:

polychlorinated biphenyls (PCBs) comprising up to 209 individual congeners —
managed based on information about the toxicity of PCB Aroclor technical fluids.

2. Management based on the toxicity of mixtures that are narrower sub-
fractions of larger mixtures:



petroleum hydrocarbon constituents (PHCs) in the case of soil invertebrate and
plant protection [i.e., based on separate assessment of CWS F1 (nC6-nC10), F2
(nC10-nC16), F3 (nC16-C34), F4 (>C34) fractions]

3. Management based on toxicological equivalence to a single surrogate:

(a) Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans,
comprising up to 210 individual congeners — managed based on estimated
potency of interaction [NATO I-TEFs (International Toxicity Equivalence
Factors) and more recently revised World Health Organization TEFs] with
cytosolic Ah-receptor relative to 2,3,7,8-TCDD and assumed additivity of effects.

(b) nonylphenol and its ethoxylates (CCME, 2002) — Canadian soil quality
guidelines based on a toxicity equivalence (TEQ) scheme from Servos et al.,
(2000) assuming an additive, narcosis-type mode of action.

(b) Canada-Wide Standards for Petroleum Hydrocarbons for human health
protection [In part: the reference doses used for many of the TPH CWG sub-
fractions, used in turn to develop Canadian soil quality standards for human
health protection were often based on single surrogate toxicity data (see
TPHCWG, 1997b, and CCME, 2008)].

In general, there are only a few options for addressing the environmental risks of
chemical mixtures. The range of options, along with some of the pros and cons of each, is
summarized in Table 1-2.

The USEPA (1999, 2000a) developed a guidance document on the assessment of human
health risks of complex mixtures. Three major approaches were discussed therein: (i) use
of toxicity data for the mixture of interest (e.g., use of creosote toxicity data applied to
evaluate risks at a creosote-contaminated site; (ii) use of toxicity data for a similar
mixture; and (iii) evaluation of the mixture through a detailed examination of its
individual components. Overall, the USEPA (1999, 2000a) approach is summarized
graphically in Figure 1-2.

For PAHs, there is limited information on the carcinogenicity or non-carcinogenic
toxicity of PAH-containing mixtures such as coal tar, creosote, and mineral oils. Mixtures
that are considered by the International Agency for Research on Cancer (IARC) to be
probable human carcinogens (IARC Group 1) include coal tars, coal tar pitches,
unrefined and mildly treated mineral oils, shale oils, soots, tobacco smoke, as well as
byproducts of aluminum production, coal gasification, and coke production.

A range of options is explored herein for deriving soil quality guidelines for the
potentially carcinogenic and other PAHs. These included an evaluation based on toxicity
of individual PAHs, critical evaluation of currently available schemes for assessing



relative potencies of PAHs, and an examination of toxicity data for whole PAH-
containing mixtures such as mineral oils and coal tar.

Table 1-2: Analysis of Risk Assessment Approaches for Chemical Mixtures
within the Context of Environmental Quality Guidelines

Development

Approach

Advantages

Disadvantages

1. Select most toxic chemical
from mixture and assume an
equivalent toxicity on a
concentration or molar basis of
all mixture constituents.

Likely to over-estimate rather
than under-estimate risks and is
therefore appropriate for generic
application.

Requires at least some knowledge
about relative toxicity of compounds,
when choosing most toxic component.

2. Treat mixture as a single entity
and develop risk-based
guidance by assuming the
mixture acts as a single
toxicant (especially using
laboratory toxicity and/or
epidemiological studies based
on whole mixture exposures).

Toxicological threshold
information is based on actual
data, which accounts for mixture
effects.

If composition of mixture varies (e.g.,
based on differences in source types,
persistence, or differential partitioning)
toxicity data from one mixture may not
adequately represent others.

3. Divide mixture into fractions
with similar environmental fate
and toxicological properties
and define a generic toxicity
reference value for each of
these.

Accounts to some extent for
compositional variation in the
overall variation by taking into
account relative composition as
sub-fractions.

Sub-fraction data is generally not
available; level of effort required to
generate sub-fraction toxicity data is
high owing to need to artificially create
sub-fractions for toxicity testing.

4. Ignore potential cumulative
toxicity of many or most
individual constituents in
mixture, and evaluate/manage
risks based only on individual
substances.

Avoids practical challenges of
assessing mixtures.

May fail to account for the major
component of toxicological risk.

5. Assign relative toxicities to
different components of
mixture based on either their
experimentally observed
relative potency/toxicity or
predictions based on molecular

structure -activity relationships.

Enables the establishment of
relative toxicity or potency in the
absence of detailed laboratory
toxicity data and the predictive
models can be used to manage
related compounds for which no
data exist.

Structure-activity models tend to
predict relative activity based only on
one step of a multi-step pathway, from
exposure to mixtures in the external
medium to induction of the
ecologically relevant toxic action (e.g.,
relative tendency of different
constituents to bioaccumulate may be
different than relative tendencies to
undergo metabolic modification, or
undergo interaction with one or more
receptors).




Assess for the chemical mixture the
scientific knowledge about exposure, health
effects and interactions

v

NO ADEQUATE?

YES

2
NO C Is toxicity data available for
mixture of concern?

YES l

Conduct risk assessment using
same procedures as for single

3 - . constituents
Is toxicity data available for

similar mixture?

NO
l YES

Assess similarity of the related 4 .
mixtures from a compositional, Compile health effects and
fate and toxicological exposure information on the
perspective. Adjust and conduct components of the mixture.
risk assessment, with v
appropriate adjustments for
uncertainty Derive appropriate indices of

acceptable exposure and/or risk
on the individual components in
the mixture.

A 4

Assess data on interactions of
components in the mixtures.

A 4

Use an appropriate interaction
model to combine risk
assessments on compounds for
which data are adequate, and
use an additivity assumption for
the remaining compounds.

No risk assessment can be
conducted because of
inadequate data

Figure 1-1: Scheme for assessing the environmental risks of complex contaminant
mixtures.

10



2. BACKGROUND INFORMATION
2.1  What are Carcinogenic and Other PAHs?

PAHs are a group of complex hydrocarbons comprised of two or more fused benzenoid
rings. Figure 2-1 shows the 16 most commonly evaluated unsubstituted PAHs.

PAHs can be produced during combustion, released from fossil fuels and other petroleum
products, or formed from natural plant and bacterial products. PAHs are common
constituents of fuels and lubricating oils. Obvious possible sources of PAH inputs to a
site include fuel spills, and leaks from aboveground and underground storage tanks
(USTs). The combustion of fuels and coal has caused widespread environmental PAH
contamination on a global scale in association with atmospheric transport pathways
(Laflamme and Hites, 1978). The combustion of organic material, especially of coal and
wood, can also produce PAHs. Many PAHs also have natural sources; for example,
through combustion of organics during forest fires or as primary or secondary products of
natural plant and microbial metabolism. Sources of PAHs are described in more detail in
Section 2.5.

The unsubstituted PAHs shown in Figure 2-1 are a very small subset of a much larger
suite of unsubstituted and substituted PAHs. “Substituted” PAHs exhibit other
substituents at one or more positions around the ring structure; these substituents include
alkyl-groups, chlorines and/or bromines, hydroxy-, dihydroxy-, or dihydrodiol- groups,
arene oxides, methylsulfones, or other groups.

There is a large body of scientific literature on unsubstituted PAHs, including studies of
physicochemical properties, environmental fate, ecotoxicology and particulars of
environmental degradation [Varanasi (1989) and Wilson and Jones (1993) provide good
reviews]. The environmental and toxicological significance of substituted PAHs,
however, is largely unknown; yet alkyl-substituted PAHs, in particular, comprise a much
greater portion of most petroleum deposits and products than unsubstituted PAHs.
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Lower Molecular Weight PAHs

Naphthalene Acenaphthene Acenaphthylene
(2-ring)
Fluorene Anthracene Phenanthrene

Higher Molecular Weight PAHs

o8
Or© QO QU
Fluoranthene Pyrene Benz(a)anthracene *
]
o oo o%
Chrysene* Benzo(b)fluoranthene *
Bénzo(k)fluoranthene *

Benzo(a)pyrene

Benzo(ghi)perylene Indeno (123-cd)pyrene *

Dibenz(a,h)anthracene *

Figure 2-1: Structure of sixteen commonly evaluated unsubstituted PAHSs.
Those indicated with an asterisk (*) were of particular interest based on possible
carcinogenicity.
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PAHs are often divided into two classes: low molecular weight PAHs (LPAHs) and high
molecular weight PAHs (HPAHs) (Figure 2-1). LPAHs (e.g., naphthalene, acenaphthene,
acenaphthylene, fluorene, anthracene, phenanthrene) tend to have a core structure of two
to three benzenoid rings (six-sided aromatic rings of carbon). HPAHs tend to have
molecular structures of four or more benzenoid rings, and include fluoranthene, pyrene,
benzo[a]pyrene, and benzofluoranthenes. The discrimination between different PAHs
based on molecular weight is a useful one, since the hydrophobicity, tendency for
bioaccumulation, resistance to biodegradation, and overall environmental persistence
generally increase with increasing molecular weight. LPAHs such as naphthalene tend to
be more acutely toxic to aquatic organisms than HPAH since they are more water-
soluble.

PAHs may be further categorized in alternant and non-alternant PAHs. Alternant PAHs
are those with a core ring structure composed entirely of benzenoid rings (In Figure 2-1:
naphthalene, phenanthrene, anthracene, pyrene, benz[a]anthracene, chrysene,
benzo[a]pyrene, benzo[g,h,i]perylene, dibenz[a,h]anthracene). Non-alternant forms also
include four, five, and six-member, non-aromatic ring structures; for example,
acenaphthene, and benzo[k]fluoranthene.

The toxicity and environmental cycling of PAHs may be further modified by the presence
of various molecular side groups around the central ring structure. This derivation
focuses primarily on the higher-molecular weight, unsubstituted PAHs shown in Figure
2-1. A brief discussion of some of the substituted forms is also provided.

Alkylated PAHs, having attached carbon-hydrogen chains (especially methyl groups, but
also isopropyl or other alkyl groups), have been frequently identified in environmental
samples. In addition, the environmental chemistry of halogenated PAHs, especially those
containing chlorine or bromine atoms, is of strong current interest to several
environmental chemists. These aromatic chloro- and bromohydrocarbons may be
produced by the combustion of PCB oils, municipal waste incineration, fuel
consumption, wood fires, or other methods. Processes such as pulp krafting or bleaching,
waste water disinfection and wood preservative/pesticide manufacture could also produce
halogenated PAHs (e.g., polychloroanthracenes, polychloropyrenes). Basic research on
alkylated and halogenated PAHs in the environment has been very limited up to the last
five to ten years; therefore, knowledge of environmental cycling or toxicity is very
limited.

Alkyl-PAHs can be analyzed as individual isomers (e.g., as 2,6-dimethylnaphthalene) as
well as the sums of homologue groups (CO-, C1-, C2-, C3-, C4-, C5-,...) derived from
total ion chromatograms using gas chromatographic/mass spectrometric analysis. For
example, the two alkyl-PAHs shown in Figure 2-2 would have the same molecular
weight, and would jointly be reported as C3-naphthalenes; i.e., naphthalene compounds
with three carbons attached as part of side groups. Homologue group totals are derived
assuming that all compounds with identical mass are structural isomers, and the
chromatographic peaks do not represent other, unrelated compounds.
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2-isopropylnaphthalene 1,2,3-trimethylnaphthalene

Figure 2-2: Example of Alkyl-PAHs

Possible concern over alkylated PAHs derives from both the routine occurrence of
relatively high concentrations in hydrocarbon-contaminated environmental samples and
the potential for adverse effects on living organisms. Lee et al., (1981) reviewed studies
of the toxicity of alkylated PAHs relative to their unsubstituted (parent) analogues: Some
alkylated PAHs are less toxic than the unsubstituted compound, whereas other alkylated
forms are considerably more toxic. Chrysene, for example, is considered to be only
slightly carcinogenic (cancer-causing) to rodents, while 5-methylchrysene is a far more
potent carcinogen, and is commonly used as a model carcinogen in scientific studies. The
location of alkyl groups around the ring structure may strongly influence carcinogenicity
and other toxic effects, and understandings from quantitative structure activity
relationships in the last ten years have improved our predictive ability in this area.

Anthracene is generally considered to be non-carcinogenic, whereas 9,10-
dimethylanthracene may be strongly carcinogenic (Searle, 1984). Similarly, while
unsubstituted benz[a]anthracene and 1- or 2-methylbenz[a]anthracene are only weakly
carcinogenic, 7- and 12-methylbenz[a]anthracene are more potent carcinogens. The C2-
benz[a]anthracene 1,12-dimethylbenz[a]anthracene does not induce carcinogenic lesions
in laboratory models, whereas 7,12-dimethylbenz[a]anthracene is strongly carcinogenic
(Searle, 1984) and has also been used extensively as a model carcinogen for cancer
research. The effect of degree and position of methylation on carcinogenicity of
benz[a]anthracene is apparent in Table 2-1.

The relative carcinogenicity of different positional isomers (PAHs differing only in the
position of the alkyl group) is related in part to the fact that PAHs must undergo
metabolic activation in the receptor organism to act as a carcinogen (described in greater
detail in the next section). It is the production of electrophilic, metabolic intermediates of
PAHs that facilitates covalent bonding to the host cell DNA, leading possibly to
neoplastic cell transformation. The position and number of alkyl groups will directly
influence the stereochemistry (three dimensional molecular shape) of the ‘activated’
metabolic intermediates, as well as the electron charge delocalization around the ring
structure. Whereas 7,12-dimethylbenz[a]anthracene is strongly carcinogenic, 5,7,12-
trimethyl-benz[a]anthracene is not (Pullman and Pullman, 1955).
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Table 2-1: Carcinogenic Activity of Unsubstituted and Alkyl-substituted

Benzanthracenes
(after Searle, 1984) (-’ inactive, '+’ weak, ‘++’ moderate, ‘+++’ strong)
Compound Experimentally Determined Activity
benz[a]anthracene +
1-methylbenz[a]anthracene t
2-methylbenz[a]anthracene *
3- methylbenz[a]anthracene +
4-methylbenz[a]anthracene +
5-methylbenz[a]anthracene +
6-methylbenz[a]anthracene ++
7-methylbenz[a]anthracene +++
8-methylbenz[a]anthracene ++
9-methylbenz[a]anthracene +
10-methylbenz[a]anthracene +
11-methylbenz[a]anthracene +
12-methylbenz[a]anthracene ++
1,12-dimethylbenz[a]anthracene -
7,12-dimethylbenz[a]anthracene ++++

2.2 What is Cancer?

Much of the great interest in PAHs is based on the role of these substances in causing
cancerous tumours in humans and laboratory rodent models. Among the earliest insights
into environmental carcinogenesis was the observation in 1775 by British surgeon
Percival Pott that London chimney sweeps tended to have a very high incidence of scrotal
cancer, and that this originated from occupational exposure to PAH-containing soot
(Bostrom et al., 2002). Volkman, in 1875, later observed elevated skin cancers in workers
in the coal tar industry, and there has since been a large body of evidence confirming the
carcinogenic potential of soot, coal tar, and coal tar pitch (Bostrom et al., 2002).

Cancer is exceedingly complex as a human health/toxicological endpoint, being a multi-
step, multi-mechanism process. Overall, carcinogenesis involves genotoxic events (i.e.,
the formation of genetic mutations) and agents that are known mutagens are sometimes,
but not always, demonstrated carcinogens as well. Carcinogenesis also necessarily
involves altered gene expression at the transcriptional, translational and/or post-
translational level (epigenetic events), altered cell survival, and perturbations to normally
programmed cell senescence and death (apoptosis).

The process of carcinogenesis can be divided into three major phases (Figure 2-3)

following uptake from the environment of chemical carcinogens such as benzo[a]pyrene:
(1) initiation; (ii) promotion, and (iii) progression.
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Uptake of PAHs across the gastrointestinal tract following the incidental ingestion of soil
or dust or via dermal contact has been less well studied than the initiation stage of
carcinogenesis. Initiation includes those steps between internalization of the PAH dose
and interaction with the cell’s DNA leading to a potentially non-lethal mutation. The
internalized PAHs are not themselves potent mutagens, and parent PAHs have little
tendency to bind to DNA. Initiation commences for carcinogenic PAHs through
activation by the cytochrome P450 oxidase (CYP) suite and phase II biotransformation
enzymes. These catalyze the metabolic conversion of PAHs and other heterocyclic or
polyaromatic hydrophobic substances to much more hydrophilic forms in preparation for
excretion from the body.

2.2.1 Initiation

Conversion of PAHs to more reactive intermediates, especially by CYP1A-type isoforms
of the cytochrome P450 oxidase enzyme complex, is the first step in mutagenesis/
genotoxicity. CYP1A enzyme activity itself may be inducible at the transcriptional and
translational level by not just those PAHs demonstrated to be mammalian carcinogens,
but also by PAHs and other polyaromatic compounds that have little tendency to cause
cancerous lesions in laboratory rodents. The dependence of carcinogenesis on multiple
stages and mechanisms makes the evaluation of dose-response relationships very
challenging.

Inhibition of toxicity may occur, for example, when the metabolic modification of a PAH
to its more toxic intermediate is prevented or minimized by the preferential metabolism
of another co-occurring compound. Conversely, an enhancement of toxicity can occur
when prior exposure to a CYP-active xenobiotic results in enhanced enzyme activity, and
an increased rate of conversion of potentially carcinogenic PAHs to their more toxic
metabolic intermediates. Overall, the carcinogenic or otherwise toxic potential of a
specific PAH will depend on which enzymes have been induced, the relative affinity for
the suite of enzymes for the internalized chemical mixture, and the relative toxicity of the
metabolized compounds (WHO/IPCS, 1998).
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Figure 2-3: Theoretical model for cancer induction by PAHs

The cancer initiation stage is perhaps the best understood mechanistically of all the stages
of carcinogenesis as a result of PAH exposures. For potentially carcinogenic PAHs to
interact with DNA and subsequently increase the probability of mutagenesis, there is
generally a prior requirement for metabolic modification. Initiation of carcinogenesis by
benzo[a]pyrene, for example, is hypothesized to begin with the CYP-dependent
conversion to start with oxidation at the 7-, and 8- positions to form a 7,8-epoxide,
followed by subsequent hydrolysis to 7,8-dihydrodiol (steps 1 and 2 in Figure 2-3). A
second epoxidation step yields the ultimate benzo[a]pyrene derived carcinogen: 7,8-
dihydrodiol-9,10-epoxide.
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Figure 2-4: Metabolic activation route for benzo[a]pyrene.

In addition to CYP1A1, other P450 cytrochrome oxidases such as CYP1A2, CYP1BI1
and CYP3A4 may participate in metabolic modification of PAHs. All of these enzyme
systems, in turn, tend to be activated following the interaction of partially planar aromatic
organic substances with the Ah-receptor (Aryl hydrocarbon receptor), found in the
cytosol of the vast majority of cell types in tissues of virtually all vertebrates examined so
far. The Ah-receptor is also the primary site of action of other polyaromatic substances
such as 2,3,7,8-tetrachlorodibenzo-p-dioxin.

If the 7,8-dihydrodiol structure shown in Figure 2-4 was examined in a three-dimensional
view, it would become more apparent that there are several possible stereoisomers of it,
depending on whether the hydroxyl group on the 8- position or the 9,10-epoxide ring are
positioned away from or toward the viewer (the rest of the aromatic ring structure is a
flat, planar structure). The diol epoxides with the highest cancer potency in mammalian
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cell cultures and laboratory rodent models are believed to be the anti-diastereomers, and
especially isomers with an R-absolute configuration at the benzylic arene carbon
(Bostrom et al., 2002). Cancer potency differences, therefore, are not associated just with
gross variations in the structure of individual PAHs, but also with small stereochemical
differences in the corresponding metabolites.

The position of the dihydrodiol complex and the epoxide group, as well as the
stereochemistry of the groups for any of the PAHs determines the shape of the electron
density cloud locally and across the entire molecule. This in turn directly influences the
affinity of the metabolically-modified PAH to bind to (or intercalate with) a variety of
regions on the DNA double-helix of higher animals, or the RNA of some prokaryote or
eukaryote organelle systems. In other words, some PAHs tend to form stronger PAH-
DNA “adducts” following their metabolic conversion than others.

The complexity and diversity of molecules and the associated vast array of emergent
properties that arise tends to obscure the simple fact that all molecules can be described
in terms of their atomic nuclei and electronic density cloud (Mezey et al., 1996). A half
century ago, Pullman (1945, 1947) introduced the terms “K- and L-region” to describe
the reactivity of PAH based on Hiickel molecular orbital calculations (Figure 2-5).
Discrete energy values for the electron cloud delocalization at the K- and L- regions of a
PAH molecule were thought to be correlated with its carcinogenic potency. The term
“bay region” was later introduced (Figure 2-5) to better account for structural correlates
of carcinogenicity, since categorizations based on the presence of a K- and L-region were
later found to be incompatible with emerging experimental results.

It is widely believed that PAHs with a bay region are carcinogenic, and this is based on
two conditions. First, the epoxide group of an ultimate metabolite must be directly
adjacent to the bay region, as in the case of the 7,8-dihydrodiol-9,10-epoxide of
benzo[a]pyrene. Second, the hydroxy groups of the diol epoxide must be added in the
“pre-bay region”. The presence of the epoxide group in the bay region facilitates ring
opening of the saturated benzene ring to which it is attached, since the delocalization
energy forming the carbonium ion is higher based on this configuration.

The carbonium ion thus formed is capable of serving as an alkylating agent, and thus
reacting with DNA, to form a PAH-DNA adduct, potentially leading to a mutation.
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Figure 2-5: PAH structures that have been associated with carcinogenicity

Tumour initiation involves mutation, although there are a large number of biochemical
mechanis