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exposure assessment for
polycyclic aromatic hydrocarbons among residents
in the Athabasca oil sands region, Canada†

Faqiang Zhan,‡ Abha Parajulee, ‡ Matthew J. Binnington,‡ Anya Gawor
and Frank Wania *

Due to increasing emissions from ongoing development of the oil sands in Northern Alberta, Canada, there

is concern that local residents and organisms are experiencing elevated exposures to hazardous

contaminants. We modified an existing human bioaccumulation model (ACC-Human) to represent the

local food chain in the Athabasca oil sands region (AOSR), the focus of oil sands development in Alberta.

We used the model to assess the potential exposure to three polycyclic aromatic hydrocarbons (PAHs)

among local residents that have a high intake of locally sourced traditional foods. To place these

estimates into context, we complemented them with estimated PAH intake through market foods and

smoking. Our approach was able to produce realistic body burdens of the PAHs in aquatic and terrestrial

wildlife and in humans, both in magnitude and with respect to the relative difference between smokers

and non-smokers. Over the model simulation period (1967–2009), market food was the dominant

dietary exposure route for phenanthrene and pyrene, while local food, and in particular local fish,

dominated the intake of benzo[a]pyrene. Exposure to benzo[a]pyrene therefore was also predicted to

increase over time in concert with expanding oil sands operations. Those smoking at the average rate of

Northern Albertans take in an additional amount of all three PAHs that is at least as large as dietary

intake. Estimated daily intake rates are below toxicological reference thresholds for all three PAHs.

However, daily intake of BaP in adults is only ∼20 fold below those thresholds and is predicted to

increase. Key uncertainties in the assessment included the effect of food preparation on the PAH

content in food (e.g., smoking of fish), the limited availability of market food contamination data specific

to Canada, and the PAH content of the vapor phase of first-hand cigarette smoke. Considering the

satisfactory model evaluation, ACC-Human AOSR should be suited to making predictions of future

contaminant exposure based on development scenarios in the AOSR or in response to potential

emission reduction efforts. It should also be applicable to other organic contaminants of concern

released by oil sands operations.
Environmental signicance

The exposure to contaminants and the associated health hazard among human populations living in the vicinity of fossil fuel extraction operations is
a considerable concern. This concern is elevated in the Alberta oil sands region, because of the immense scale of those developments, and the reliance of local
First Nations populations on locally sourced traditional foods, such as sh, meat and plants. Exposure assessments are complex because of the large number of
potentially relevant contaminants, emission rates that have been changing over decadal time scales, and the confounding presence of contaminant exposures
that are not related to oil sands operations, such as the intake with market foods and smoking. The model-based assessment strategy introduced and applied
here to three polycyclic aromatic hydrocarbons can complement assessments based on empirical measurements, by lling data gaps related to levels below
detection limits, dietary items that have not been analyzed, and contaminants that have not been quantied. The approach further provides the opportunity for
both retrospective analysis and forecasting of future exposures.
ntal Sciences, University of Toronto

o, Ontario, Canada M1C 1A4. E-mail:
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f Chemistry 2023
1. Introduction

The bitumen reserves in Alberta, Canada constitute the third
largest reserve of petroleum in the world.1 The continued
exploitation of this resource has led to concerns over increasing
local emissions of hazardous contaminants, such as certain
Environ. Sci.: Processes Impacts, 2023, 25, 755–766 | 755
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polycyclic aromatic hydrocarbons (PAHs).2,3 Elevated concen-
trations of PAHs in local soil,4 water bodies5 and air6–8 have all
been linked to oil sands operations. Industry-derived PAHs have
been associated with reproductive, developmental, and immu-
nological changes in local biota.9–11 Concerns have also been
raised about the potential health effects on local First Nations
populations arising from oil sands development.12–15

Concern regarding chronic and high-dose human exposure
to some PAHs is due to their known or suspected carcinogenic,
teratogenic, and genotoxic effects, while acute and low-dose
effects are relatively poorly characterized.16 Major pathways for
non-occupational PAH exposure include inhalation of ambient
air, dietary ingestion, and cigarette smoking. The mean excess
cancer risk for First Nations populations in Northern Alberta
arising from inhalation and inadvertent soil ingestion of PAHs
was assessed to be negligible.17 However, contaminated biota
may also be an important contributor to PAH body burdens for
local residents, especially for First Nations communities for
whom locally-sourced, traditional food (TF) have nutritional
and cultural signicance.18 Oil sands pollutants have been
found in First Nations' TF sources in Northern Alberta.19

However, in recent decades market foods that are not locally-
produced have comprised an increasing fraction of the diets
of various northern Indigenous communities.20 In Alberta,
declining TF consumption is due to the decreasing availability
of equipment, transportation, and hunters in the household.21

As a result, market foods may also account for a signicant
fraction of PAH exposure in the Athabasca oil sands region
(AOSR). Finally, considering that 59% of First Nations adults in
boreal Alberta are smokers,21 and that PAHs are a few of the
many constituents of mainstream cigarette smoke,22 smoking is
also expected to elevate PAH exposure depending on individual
smoking habits.

The relative importance of inhalation, dietary ingestion, and
cigarette smoking as PAH exposure pathways is highly depen-
dent on individual behaviors and lifestyle characteristics.
Among non-smoking adults, diet typically contributes at least
90% of PAH intake.23,24 A diet rich in foods prepared with high
temperature cooking methods (e.g., grilling) further eclipses
any PAH contributions from inhalation.25 In areas with signi-
cant atmospheric PAH contamination, the dietary contribution
may be less, e.g., 70% in Beijing, China.26 For smokers, one pack
of cigarettes per day can account for 40 to 63% of an individual's
PAH intake.27

Multi-pathway exposure assessments to determine major
intake pathways typically use some combination of environ-
mental and biological monitoring, oen for one or multiple
groups of people with similar age, gender, and occupational
and smoking statuses, over a limited span of time. Given
sufficient information about chemical and environmental
properties and individual lifestyle characteristics, a time-variant
mechanistic model presents some advantages over these
empirical methods.28 First, developing and applying such
a model is much less resource-intensive, particularly in
comparison to biological monitoring methods. In addition, this
type of model can provide long-term, temporally variable
exposure estimates, allowing insight into both key life stages for
756 | Environ. Sci.: Processes Impacts, 2023, 25, 755–766
exposure, and comparisons between individuals born and
raised under varying chemical emissions scenarios. A mecha-
nistic approach also facilitates extrapolation to other
compounds of potential exposure concern. Finally, a mecha-
nistic model can serve as a management tool for making
predictions of future contaminant exposure based on future
AOSR development scenarios or in response to potential emis-
sion reduction efforts.

In the present study we apply this approach to individuals in
the AOSR. Specically, we modied and parametrized an
existing time-variant, mechanistic bioaccumulation model to
include food items relevant to residents in the region. Then, we
applied the model to calculate the inhalation and dietary
exposure of the residents of varying ages to PAHs emitted to the
local environment by AOSR operations. Finally, we compared
PAH uptake due to local TF, market foods and cigarette
smoking, as well as temporal patterns of PAH uptake amongst
individuals born at different times relative to development in
the AOSR.
2. Methods
2.1 Overview of modeling approach

Fig. 1 depicts a conceptual overview of the model approach. We
modied and validated the existing human bioaccumulation
model ACC-Human29 by including food items local to Northern
Alberta. Using TF intake rates for the region21 and time trends of
abiotic environmental contamination obtained previously by
modelling,30 we estimated time-variant human PAH uptake (i.e.,
intake corrected for absorption efficiency in gut or lung) arising
from industrial development within the AOSR for different
human birth cohorts. Pathways being considered include
inhalation of ambient air and ingestion of locally-sourced
drinking water, soil and TF. To place those estimates into
context, we further used literature data to estimate PAH uptake
due to consumption of market foods and smoking. With this
approach, we were able to compare the relative importance of
sources of human PAH exposure arising from AOSR develop-
ment (intake of local air, water, soil and TF) with sources not
impacted by that development (market food and cigarette
smoking). Three PAHs were selected to represent a broad range
of environmental partitioning properties: phenanthrene (PHE:
most volatile, least hydrophobic), pyrene (PYR: intermediate
volatility and hydrophobicity), and benzo[a]pyrene (BAP: least
volatile, most hydrophobic). The approach is described in
further detail in the following section.
2.2 Modeling the different exposure pathways

2.2.1 The ACC-Human model. PAH body burdens in
humans and wildlife in the AOSR were estimated using ACC-
Human, a mechanistic non-steady state bioaccumulation
model.29,31 In ACC-Human, contamination of each organism,
represented by a one compartment sub-model, is calculated by
balancing inputs (respiration and ingestion) and outputs
(urinary or percutaneous excretion, respiration, egestion,
biotransformation, and, for females, childbirth and lactation).
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic representation of the approach to human PAH exposure assessment taken in this study.
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The concentration of contaminants in air, water, soil, and
sediment, which control the inputs, were taken from our
previous work estimating time trends of PAH contamination in
the AOSR environment from 1967, the start of oil sands opera-
tions, to 2009.30

The model calculates exposures of different human birth
cohorts throughout their entire life, assumed to last 80 years.
When presenting results, we focus on the three cohorts born in
1947 (20 years before oil sands development started), 1967 (start
of development), and 1987 (20 years into oil sands develop-
ment). These human cohorts represent the parts of the pop-
ulation residing in the AOSR, that rely heavily on locally sourced
food items, but complements those items with market foods.
They also potentially smoke at the average level of the local First
Nations population. The rationale for focusing on this part of
the population is that they are likely to experience the highest
potential exposure to locally emitted PAHs. Importantly, by
focusing assessment on the worst case, this analysis is not
a probabilistic exposure assessment.

Because we were interested in simulating the situation
during the time period of oil sands development, we only
present results for 1967 forward. No spin-up was deemed
necessary, i.e., we assumed that cohorts born prior to 1967 were
not exposed to PAHs until 1967. They were assumed to be living
in an environment that was relatively “clean” of PAHs. This
implies that we ignore PAHs arriving in the AOSR from else-
where by long range transport and PAHs from local natural
sources, such as bitumen outcrops32 or wildres,33 not just prior
to 1967, but throughout the entire simulation period. We also
assume that prior to 1967 intake of PAHs with market food was
negligible.

Because pregnant woman and infants are oen more
vulnerable to contaminant exposure, we modeled primiparous
females who give birth at age 29 to one child that is at chemical
equilibrium with the mother.34 For the rst 6 months of life,
infants exclusively consume breastmilk that is also assumed to
be at chemical equilibrium with the body tissue of the mother.35

Aer 6 months, humans consume a regular diet that is scaled
for age according to the assumption that 25 year-olds have the
highest food intake rate, and is also corrected for gastrointes-
tinal absorption efficiency. Whole-body biotransformation
Table 1 Comparison of the daily intakes of three PAHs in ng per day p
Northern Alberta residents with a high intake of TF with tolerable dail
Michigan Department of Environmental Quality55

Chemical PHE

Cohort birth year 1947 1967 1987

Infancya 44 46
Toddlerb 31 32
Childhood & adolescencec 22 23
Adulthoodd 45 46 47
TDI 7100e

a Infancy: 0–1 year old, body weight: 3.5 kg. b Toddler: 1–3 years old, body w
kg. d Adulthood: 20–22 years old, body weight: 60 kg. e Ref. 55. f Ref. 54.

758 | Environ. Sci.: Processes Impacts, 2023, 25, 755–766
occurs according to rst-order kinetics. As detailed in Section
S2.2 in the ESI,† biotransformation rate constants for humans
were estimated considering values obtained by two prediction
methods and by allometrical scaling of biotransformation rate
constants measured in sh and rats (specic values listed in ESI
Table S1†). These rate constants were assumed to be constant
over an individual's lifespan.

2.2.2 Local food and environment. ACC-Human was
modied to represent a food chain reecting locally-sourced TF
consumption in the AOSR. In the new “ACC-Human AOSR”,
selected TF were those with the highest reported consumption
rates in a recent survey of food consumption habits among First
Nations people in northern boreal Alberta.21 In the modied
model, humans consume moose (Alces alces), northern pike
(Esox lucius), whitesh (Coregonus clupeaformis), mallard duck
(Anas platyrhynchos), ruffed grouse (Bonasa umbellus), berries
(Vaccinium spp., Amelanchier alnifolia), and mint (Mentha spp.).
Prey items were also added for the moose (willow, Salix spp.),
ruffed grouse (lodgepole pine, Pinus contorta), and mallard
(cattail, Typha latifolia, plankton), while the two sh species
were incorporated into existing sub-food chains for sh
(northern pike – northern pike, whitesh, plankton, benthos;
whitesh – plankton). Biotransformation rate constants for
model organisms were estimated using the allometric scaling
method described in 2.2.1 for humans, except for plants, which
were assumed tometabolize PAHs at the same rate as ryegrass.36

Human consumption rates were daily averages reported for
“heavy” TF consumers aged 19 to 50 (Table 1 in ref. 21). Because
73% of survey respondents reported using tap water as drinking
water, and 62% of households reported receiving their water
from a treatment plant, we assumed that the source of this
drinking water was local surface water. Soil ingestion was
included in the model using the median soil ingestion rate re-
ported for a rural population in Northern Alberta practicing
a wilderness lifestyle.37 Soil ingestion was restricted to those
aged 12 to 60. Similar to food, soil and water ingestion were
scaled according to age and gender, and also corrected for
gastrointestinal absorption efficiency. Further model details,
including equations describing model transport pathways,
estimation of biotransformation rate constants, and model
validation details can be found in the ESI.†
er kg body weight estimated for different cohorts and age groups of
y intake (TDI) thresholds recommended by Health Canada54 and the

PYR BaP

1947 1967 1987 1947 1967 1987

8.8 9.7 0.87 1.7
6.1 6.8 0.55 1.2
4.5 5.1 0.61 1.1

11 11 12 1.8 2.3 2.9
30 000f 67f

eight: 12 kg. c Childhood & adolescence: 3–18 years old, body weight: 45

This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2em00526c


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

56
6.

 D
ow

nl
oa

de
d 

on
 3

/7
/2

56
7 

18
:2

4:
09

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.2.3 Ingestion of PAHs with market foods. Intake of PAHs
with market food was estimated by multiplying consumption
rates, scaled for age as in ACC-Human, with PAH concentra-
tions in market foods taken from the literature. Intake was then
converted to uptake using the gut absorption efficiency imple-
mented in ACC-Human. The market foods consumed in the
greatest quantities by First Nations adults in northern boreal
Alberta are water, coffee, tea, soup, potatoes, other vegetables,
pasta/noodles, pork, chicken, and fruit (Table 1 in ref. 21). We
assumed the market food intake rates were the same for both
males and females. PAH concentrations in these foods were
taken from the literature (Table S14†), with an attempt to use
only concentrations in foods found in Canadian markets if
possible. Detailed information on the sources and methods
used to obtain PAH concentrations in all of these food items is
provided in the ESI.† We used concentrations in raw foods to
facilitate a more valid comparison with the raw TF concentra-
tions calculated by ACC-Human AOSR.

2.2.4 Smoking. First Nations adults aged 19 to 50 in Alberta
were reported to smoke an average of 9 cigarettes per day.21

Intake rates of PHE, PYR and BaP due to smoking were calcu-
lated using the smoking rate and mass of PAH consumed per
cigarette. The latter is based on Vu et al.,38 who report the
average yields of PAHs per cigarette in mainstream smoke
across 50 different cigarette brands in the United States and two
methods of smoking (varying puff interval, puff duration, etc.)
(Table S14†). ACC-Human corrects inhalation rates with an
absorption factor (0.7, constant across gender and age) that
represents the fraction of inhaled air that is in contact/
equilibrium with blood.29 Inhalation is also corrected with
a scaling factor that accounts for differences in inhalation rates
across age, assuming that 25 year-olds have the greatest inha-
lation rates. The estimated PAH intake rates due to smoking
were also reduced by these same factors. In addition, in
consideration of legal age restrictions for the purchase of
cigarettes in Alberta, PAH intake via smoking in the model was
restricted to those aged 18 and over.

3. Results & discussion
3.1 Model evaluation

We needed to establish condence in the results of the ACC-
Human simulations, before we could use them in an overall
exposure assessment. We sought to do this by collecting all of
the empirical measurements of PAHs in traditionally consumed
food items from Northern Alberta and comparing them with
predictions. Sometimes this effort was hampered by data being
reported as the sum of PAHs or as “not detected”, with limits of
detection not always reported. Of particular value were the
studies on PAHs in shes from the Athabasca and Slave River
up- and downstream of the AOSR39 and in sh, moose, mallard,
and grouse collected from the Bigstone Cree Nation in Northern
Alberta.40 We also used concentration data on pooled plant
samples4 and moose scat41 from the AOSR.

These comparisons are presented in Tables S8–S12 in the
ESI.† Overall, the level of agreement was better for aquatic
species than for organisms in the terrestrial environment.
This journal is © The Royal Society of Chemistry 2023
Specically, the predicted levels in whitesh and northern pike
are in excellent agreement with the data reported for these sh
species from the Athabasca and Slave Rivers39 and the Wabasca
Lakes40 (Table S9†). For terrestrial plants (Table S11†) and the
mammalian (Table S10†) and avian (Table S12†) herbivores
eating them, the model tended to predict levels that are at the
lower end of, or slightly lower than, the range of measured
values. However, only in grouse was this discrepancy notable,
i.e., the predictions were lower than the measurements by an
order of magnitude (Table S12†). A potential reason for this
discrepancy could be that grouse are not solely feeding on pine,
as is assumed in the model, but also on worms and insects that
are potentially more contaminated with PAHs.

To the best of our knowledge no biomonitoring data on
PAHs in human samples from the AOSR are available. While the
Alberta Biomonitoring Program included PAHs among the
compounds targeted in serum samples collected during phase
1, they were not detected above limits of detection.42 To at least
conrm the plausibility of the PAH residue concentrations
calculated by our approach, we compared the predicted, age-
matched exposures in women with measurements in human
breastmilk from Turkey,43 the Czech Republic44 and the USA.45

The mean of the predicted PHE and PYR concentrations (0.7
and 0.17 ng per g lipid for non-smokers, and 1.36 and 0.36 for
smokers, respectively) are approximately one order magnitude
lower than the measurements (PHE: 9.4–20 ng per g lipid, PYR:
0.67–5.4 ng per g lipid for non-smokers; PHE: 24 ng per g lipid,
PYR: 8.2 ng per g lipid for smokers). For BaP, the predictions for
non-smokers (0.05 to 0.08 ng per g lipid) are about three times
lower than the measurements (0.14–0.27 ng per g lipid).
However, predicted (0.16 ng per g lipid) and measured (0.27 ng
per g lipid) BaP exposures for smokers are similar. More details
are provided in Table S13.† Because predictions and measure-
ments apply to very different human populations, it is not
possible to conclusively explain why the predictions are lower.
However, in addition to dietary contamination differences
between human populations, discrepancies may be related to
an overestimation of the human biotransformation rate
constants of the PAHs. Importantly, predicted PAH concentra-
tions differed between smokers and non-smokers by a factor of
∼2, similar to the differences in average concentrations of PHE,
PYR, and BaP in human breastmilk between smokers and non-
smokers in Turkey, which ranged from 1.1 to 1.6-fold.43 It is also
similar to the average difference of 1.3 to 4.2 times found
between breastmilk concentrations of PHE and PYR in smoking
versus non-smoking women in Italy.46
3.2 Temporal trends in simulated body burdens

The time trends in lipid-normalized PAH body burdens for the
three cohorts of women born in 1947, 1967, and 1987 are pre-
sented in Fig. 2. The trends in males were almost identical,
except they did not include the decrease in body burdens during
nursing.

3.2.1 The age dependence of the simulated body burden
arising from dietary intake. The sum of the blue and orange
areas in Fig. 2 represents the body burden of a PAH arising
Environ. Sci.: Processes Impacts, 2023, 25, 755–766 | 759
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Fig. 2 Time trends of phenanthrene (top), pyrene (middle), and benzo[a]pyrene (bottom) body burdens [ng per g lipid] in various age cohorts
(birth year, left: 1947, middle: 1967, right: 1987). Colors represent contributions from the assessed PAH exposure sources: local food and
environment (blue), market food (orange), and cigarettes (grey). The data have been smoothened to remove seasonal variability.

Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

56
6.

 D
ow

nl
oa

de
d 

on
 3

/7
/2

56
7 

18
:2

4:
09

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
mostly from dietary intake (intake of air, water and soil makes
a negligible contribution). This body burden for all three PAHs
is calculated to increase in infancy, peak at an age around 3 to 5,
then decrease rapidly during adolescence, with minor changes
during the remainder of life. Levels of PHE and PYR decline
slightly, whereas those of BaP trend upwards during adulthood.
This is an age trend predicted to occur for all but the most
persistent organic contaminants taken up from the diet.47 This
trend arises as a result of the age dependence of two factors.
First, changes in the rate of dietary intake are mostly respon-
sible for the increase in body burden in the rst few years of life
and also explain the slight decrease during adulthood. Second,
the rapid increase in the amount of body lipids during adoles-
cence, with a lifetime minimum in body lipid occurring during
childhood, is the reason for the rapid decrease in body burden
during adolescence, i.e., it is the result of a dilution effect.

3.2.2 The relative contribution of market food and local TF
to dietary intake. Comparing the orange and blue areas in Fig. 2
we can assess the relative contribution of market and TF to
human body burdens. The model simulations suggest that
market food dominates the dietary intake of PHE and PYR,
whereas TF is the dominant source of exposure to BaP. Over
760 | Environ. Sci.: Processes Impacts, 2023, 25, 755–766
time, the relative importance of TF as a source of PAH exposure
increases, i.e., the blue areas are slightly larger for the more
recent birth cohorts, whereas the orange areas remain the same
size. This is a result of the assumption that market food
contamination during the entire simulation period stayed
constant, whereas the contamination of the local foods
increased gradually with the increase in oil sands development.
In reality it is likely that the contamination of market foods with
PAHs declined during the simulated time period, because of
reduction in PAH air concentrations48,49 in response to emission
reductions.50 Because market foods dominate dietary intake of
PHE and PYR, human dietary exposure to these PAHs did not
increase notably over time, despite the increasing contamina-
tion of local foodstuffs. However, because of the importance of
TF to BaP intake, the model predicts that (i) BaP body burdens
slightly increase with age in every birth cohort, and (ii) strongly
increase from one birth cohort to another. For example, the
model suggests that the 1987 cohort experiences almost triple
the childhood exposure to BaP compared to the 1967 cohort. It
is important to recall that these simulations assume no change
in the relative intake of market and TF between cohorts,
because they focus on the part of the First Nations population
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Average fractional contribution to uptake fluxes from 1967 to
2009 of phenanthrene, pyrene, and benzo[a]pyrene from sources in
the local environment, local foods, and market foods for individuals
born in 1947, 1967, and 1987.
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that continued to have a relatively high reliance on TF. Quan-
tifying the effect of the intergenerational shi from TF to
market food occurring at the population level would require
a different modelling scenario.51

3.2.3 The PAH exposure added by smoking. The grey areas
in Fig. 2 show the added body burden of PAHs if the human is
a smoker. Smoking resulted in an approximate two-fold
increase in simulated concentrations of all three PAHs. In
other words, someone smoking at the average rate of First
Nations in Alberta doubles their PAH exposure compared to
dietary intake alone. The impact of age-specic lifestyle
behaviors, most notably smoking, on PAH uptake has been
suggested by previous observations of concentration differences
in urinary PAH metabolites in different age cohorts in
Australia.52

While smoking adds to the PAH exposure in adulthood, the
model also indicates added exposure during nursing, coming
from smoking mothers with elevated PAH body burdens
themselves. Incidentally, the loss of PAHs in the nursing
mother is evident in a slight decline in the calculated body
burden at age 29. This effect was also more pronounced for
infants nursing in 1987, which is an artifact of the assumption
that individuals born prior to 1967 were assumed to not expe-
rience any PAH uptake prior to this date. As a result, mothers
giving birth in 1987 had a longer history of PAH exposure,
including via smoking, relative to mothers that gave birth in
1967.

3.2.4 The seasonality in PAH body burden. Following
seasonal concentration patterns in abiotic environmental
media (greater concentrations in winter relative to summer),
seasonal patterns in body burdens were also evident for all three
chemicals (not shown in Fig. 2, which displays temporally
smoothened data). This variability was most obvious for BaP
concentrations, which were most affected by local food
concentrations, which were in turn a result of local environ-
mental contamination. On the other hand, the seasonality in
PHE and PYR body burdens was much less pronounced. This is
because there was no seasonality presumed in the contamina-
tion of rst-hand cigarette smoke andmarket foods, which were
overwhelmingly the major contributors to PHE and PYR uptake.
Seasonality in human PAH body burdens has been previously
suggested by observations of greater PAH concentrations in
human breastmilk of non-smoking Czech females in winter
relative to summer, though this effect was more pronounced for
PHE and PYR, and not observed at all for BaP.44
3.3 Items dominating PAH intake

Fig. 2 only distinguishes between three types of PAH intake:
market foods, TF combined with intake with air, water and soil,
and smoking. Fig. 3 provides more nely resolved information
on which food items are more important for PAH intake. Of the
local food sources of PAHs, sh were most important for all
three chemicals (Fig. 3). This is because residents of Northern
Alberta report eating far more sh lipids than lipids derived
from plant-eating animals (moose and birds),21 and biotrans-
formation is assumed to be quite fast in plants but non-existent
This journal is © The Royal Society of Chemistry 2023
in zooplankton. Importantly, while our model's underestima-
tion of terrestrial food chain contamination with PAHs (see
Section 3.1) also results in an underestimation of human PAH
intake from plants, birds and moose, the dominance of PAH
uptake from sh is so large, that even an order of magnitude
underestimation of the contamination of terrestrial foods has
a very limited impact on the estimated overall dietary intake.

PAH uptake viamarket foods was comprised mostly of pasta/
noodles, followed by coffee and tea (Fig. 3). Amongst all market
foods, consumption rates of pasta and noodles were not
unusually high. However, PAH contamination of pasta/noodles
was at least 2.4 to 5 times greater than all other market foods
(Table S14†). The estimated PAH concentrations in pasta/
noodles were based on only two studies that differed by
a factor of 10 in their measurements of PAH content. In coffee
and tea brews, PAH contamination results from environmental
uptake followed by processing techniques such as roasting
(additional contamination) and drying (concentration of exist-
ing contamination), and transfer of a fraction of PAHs into the
nal brewed liquid.53 Due to the low transfer efficiencies from
leaves and beans to brews, there was little difference in PAH
contamination of coffee and tea brews relative to other market
foods; rather, it was the relatively high intake rates of the brews
that resulted in their relatively large contribution to human
PAH uptake.

Intake of PAHs associated with inhaling ambient air, and
ingestion of local water and soils was calculated to be too small
Environ. Sci.: Processes Impacts, 2023, 25, 755–766 | 761
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to be visible in Fig. 2. Among these three pathways, inhalation
of PAHs is largest, whereas PAH ingestion with soil is very
limited (Fig. 3). Overall, however, these pathways make a negli-
gible contribution to human PAH exposure.

3.4 Total estimated intake versus toxicological reference
values

In order to assess whether the intake of PAHs estimated with
our modelling approach for those with a high consumption of
TF reaches levels of toxicological concern, we compared the
daily intakes estimated by themodel with Tolerable Daily Intake
(TDI) levels recommended for risk assessment in Canada54 and
in the US55 (Table 1). Because we are not aware whether age-
class specic TDI for PAH exist, we used those values for all
age classes.

While the estimated daily intakes for PHE and PYR are more
than two orders of magnitude below the TDI, the daily intake of
BaP estimated for young adults born in 1987 is only ∼23 times
lower than the TDI. It is noteworthy that BaP, for which the
margin of safety is the smallest, is also the PAH for which we
estimated that TF makes the largest contribution and therefore
the estimated exposure increases in response to expanding oil
sands development. Overall, however, the comparison in Table
1 indicates that intake of the three investigated PAHs does not
presently reach levels of concern.

3.5 Model limitations

While the modeling approach used in the current study offers
certain advantages over entirely empirical methods, there are
also some associated limitations to consider. These limitations
stem from elements both internal and external to the model.

The total dietary contribution to PAH uptake was likely
underestimated as foods were considered in their raw state.
Smoking of sh and meat is a common preparation method
among the First Nations of Northern Alberta and likely will lead
to an increase in the PAHs levels. Since PAH contamination of
food is induced by pyrolysis of fat and fuel sources, the fat
content of meat, cooking time, and exposure to smoke affects
the nal PAH content of prepared meals.56,57 Specically, high
temperature cooking methods result in the production of PAHs,
which are subsequently deposited on meat surfaces.58 For
example, Golzadeh et al.40 reported that PAHs were higher in
smoked moose meat than in non-smoked animal samples. Not
only does PAH contamination of raw tissue increase due to
cooking, but it can also increase if stored in close proximity to
food preparation facilities such as smokehouses.59 It is
conceivable that some of the conclusion derived in this study
may have to be revisited if the increase in the PAH content
during food preparation is taken into account. If we assume
that traditional and market foods experience similar changes in
PAH concentrations during preparation and that food prepa-
ration methods did not change over the investigated time
period, many of the model results, such as the relative impor-
tance of traditional and market foods and the temporal trends
in dietary exposure should not be strongly affected by the failure
to account for the effect of food preparation.
762 | Environ. Sci.: Processes Impacts, 2023, 25, 755–766
PAH uptake due to smoking is likely underestimated,
particularly for PHE, as Vu et al.38 only report particle-associated
PAH in rsthand smoke. Presumably, the inhaled vapor phase
of cigarette smoke also contains PAHs, including a greater
fraction of more volatile PAHs such as PHE, relative to BaP. We
also do not account for second and third hand smoke exposure,
e.g., among infants and children, even though it is known to
contribute to PAH exposure.60,61 Another possible reason for
underestimating exposure is that we do not take local PAH
emissions in the AOSR in account that are not related to the oil
sand developments. Examples are wildres and natural
bitumen outcrops.32,33

Considering the 10-fold difference in the only available
measurements of pasta, the contamination of popular market
foods such as pasta and soup available in Canadian grocery
stores is highly uncertain. Uncertainty also stems from poten-
tial exposure pathways unaccounted for in the current study.
Inhalation in the indoor environment has been identied as
potentially important for PHE exposure, less important for PYR
exposure, and negligible for BaP exposure62,63 due to indoor
sources such as cooking and burning of candles and incense.64

Also, certain types of home heating with solid fuels could
inuence indoor inhalation exposure to PAHs.65 This was not
considered in our study, even though wood stoves may be
important for winter heating in Northern Alberta and the
prevalence of their use may have changed during the simulation
period. In addition, depending on individual habits, certain
food preparation practices such as barbecuing66 can increase
inhalation and dermal exposure to PAHs, of which the latter
pathway was not considered here. While barbecuing likely
occurs on a limited and sporadic basis each year, it is uncertain
how frequently smokehouse activities occur in First Nations
communities in Northern Alberta.

4. Conclusion

Given population-specic food consumption and cigarette
smoking rates, our model approach provides insight into the
relative importance of various PAH exposure pathways and how
these vary across chemicals, age cohorts, and individual life-
times. In the present study we considered a First Nations pop-
ulation residing in the Athabasca oil sands region that
consumed market foods and smoked cigarettes at “average”
reported rates and consumed local foods at “heavy” rates. The
estimations presented here suggest that oil sands operations
are unlikely to contribute notably to human exposure to the
lighter PAHs, such as phenanthrene and pyrene. On the other
hand, the simulations suggest that local emissions may be
responsible for the majority of dietary BaP ingestion by those
who rely heavily on local foods. This intake may even match the
intake associated with smoking an average of 9 cigarettes a day.
The simulations further suggest that BaP exposure is mostly due
to sh consumption and much less due to the consumption of
terrestrial TF such as moose, grouse, and mallard. The esti-
mated intake from locally sourced food is predicted to increase
over the simulation period and is expected to continue doing so
with increasing industrial activity in the oil sands. While the
This journal is © The Royal Society of Chemistry 2023
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estimated BaP intake is currently below TDI reference values,
emissions are expected to increase in the future and BaP is only
one of many potentially toxic/carcinogenic compounds emitted
by oil sands operations.67

Among the advantages of the presented approach are the
ability to apply it to other organic contaminants emitted by oil
sands operations, as long as emission rates, physical chemical
properties and degradation and biotransformation rates can be
estimated. For example, Golzadeh et al.40 noted that concen-
trations of alkylated PAHs exceeded those of unsubstituted
PAHs in all TF samples from the Bigstone Cree Nation in
Northern Alberta. Other examples of contaminants present in
the AOSR are substituted PAHs, such as oxygenated and nitra-
ted PAHs.68 Furthermore, the approach's predictive capabilities
could enable the simulation of the contaminant exposures
arising from future oil sands development scenarios (e.g., as
part of environmental risk assessments) and of the effectiveness
of emissions abatement measures aimed at keeping such
exposures below toxicological reference values.

The model results also highlight key sources of uncertainty,
and thus parameters that require rening with empirical data.
The use of raw food concentrations for meat in particular likely
leads to the underestimation of the importance of dietary
ingestion. Future work could focus on quantifying the role local
food preparation techniques play in modifying PAH concen-
trations in TF. Also, measurements of body burdens of PAHs or
their metabolites in AOSR residents would allow for a more
robust assessment of the plausibility of modelled exposures.
Considering the estimated growth trajectory of oil sands oper-
ations and likely concomitant increases in local chemical
emissions, it is important to address these key uncertainties in
order to produce a multi-pathway exposure assessment that is
as informative as possible.
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