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What is “Environmental Forensics” ? 

The systematic examination of historical and 
environmental information (which may be used in 
litigation) to allocate responsibility for contamination 
 

“The application of 
scientific methods to 
identify the origin and 
timing of a contaminant 
release” 
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Environmental Forensics of the Oil 
Sands 

•  NPRI (National Pollutant Release 
Inventory) did not require reporting of 
PAHs from industry facilities pre-2000 

•  No baseline completed in 1960s for PAHs 
–  Instrumentation would not have allowed it if 

they did (all ND) 
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The absence of well-executed environmental monitoring in the
Athabasca oil sands (Alberta, Canada) has necessitated the use of
indirect approaches to determine background conditions of fresh-
water ecosystems before development of one of the Earth’s largest
energy deposits. Here,we use highly resolved lake sediment records
to provide ecological context to∼50 y of oil sands development and
other environmental changes affecting lake ecosystems in the re-
gion. We show that polycyclic aromatic hydrocarbons (PAHs) within
lake sediments, particularly C1-C4–alkylated PAHs, increased signif-
icantly after development of the bitumen resource began, followed
by significant increases in dibenzothiophenes. Total PAH fluxes in
the modern sediments of our six study lakes, including one site ∼90
km northwest of the major development area, are now ∼2.5–23
times greater than ∼1960 levels. PAH ratios indicate temporal shifts
from primarily wood combustion to petrogenic sources that coincide
with greater oil sands development. Canadian interim sedimentqual-
ity guidelines for PAHs have been exceeded since the mid-1980s at
the most impacted site. A paleoecological assessment of Daphnia
shows that this sentinel zooplankter has not yet been negatively
impacted by decades of high atmospheric PAH deposition. Rather,
coincident with increases in PAHs, climate-induced shifts in aquatic
primary production related to warmer and drier conditions are the
primary environmental drivers producing marked daphniid shifts af-
ter ∼1960 to 1970. Because of the striking increase in PAHs, elevated
primary production, and zooplankton changes, these oil sands lake
ecosystems have entered new ecological states completely distinct
from those of previous centuries.

atmospheric deposition | Cladocera | contaminants | environmental
stressors | paleolimnology

Bituminous oil sands in northern Alberta and Saskatchewan
comprise 97% of Canada’s proven oil reserves. They represent

the world’s third largest reserves (1) and are a significant North
American economic driver, with a staggering growth trajectory. In
1980, oil production was 100,000 barrels per day. Production today
is ∼1.5 million barrels per day and is projected to increase by
150% (to 3.7 million barrels per day) between 2010 and 2025 (2).
With stakeholders having polarized views on Canada’s oil sands
development, attention is fixated on the region because of envi-
ronmental and perceived public-health concerns, as well as the
significant economic benefits and evolving governmental macro-
economic and energy policies. Environmental concerns result pri-
marily from the industrial activities associated with surface mining,
in situ recovery, and upgrading of bitumen. Collectively, these in-
dustrial activities yield significant landscape disturbance and hab-
itat loss (3, 4) and add to the controversy regarding water quantity
and quality issues (5). The potential and realized emissions of
pollutants (6, 7), including greenhouse gases (8) and mercury (9),
are also contentious. Some of the controversy results from a lack of
systematic environmental monitoring of industrial activities before
the establishment of the industry-funded Regional Aquatics Mon-
itoring Program (RAMP) in 1997. Furthermore, weaknesses
highlighted by scientific reviews of RAMP, in its inability to rec-
ognize effects on freshwaters (10–12), leads to additional criticism
by some stakeholders.

A paradox exists between the pace and scale of oil sands de-
velopment after ∼1980 and the claims that development has
minimal or no detectable impacts and that contaminants result
mainly from natural sources (13). Of particular concern are the
atmospheric loadings and distributions of contaminants associated
with oil sands surface-mining and processing activities (6, 7, 14,
15), many of which are carcinogens and rank in the top 10 haz-
ardous substances on the US Agency for Toxic Substances and
Disease Registry (16). Polycyclic aromatic hydrocarbons (PAHs)
are one such example, with natural and anthropogenic pathways to
ecosystems (17). PAHs are a diverse group of organic compounds
with multiple aromatic rings and are produced by the incomplete
combustion of fossil fuels and biomass. They are relatively in-
soluble in water and bind to organic particles in the water column,
persist in lake sediments, occur in complex mixtures, and have the
potential to impact aquatic organisms at several trophic levels,
particularly in the presence of other stressors (18–21).With similar
properties to PAHs, the sulfur-containing dibenzothiophenes
(DBTs) are a related class of aromatic compounds. C1-C4– alky-
lated PAHs and DBTs are both recognized as prominent com-
ponents of Athabasca oil sands bitumen (6, 22).
Almost two decades of environmental monitoring within the oil

sands region has failed to establish background concentrations of
highly toxic contaminants. RAMP data of PAH measures in
Athabasca River Delta sediments showed increases of ∼30%
between 1999 and 2009 and yet no significant increases in PAHs
from control sites (15). Others have challenged these findings. For
example, based on three lake sediment records within well-un-
derstood hydrological settings ∼200 km north of the major de-
velopment area, natural erosional processes in regional rivers
were identified as the key vector of PAH delivery to sediments in
seasonally flooded Athabasca Delta lakes (14). Analysis of PAHs
in dated sediment cores from western Lake Athabasca and
Richardson Lake in the Athabasca Delta also found no increases
in total PAHs from the∼1950s to 1998 (23). The lack of consensus
among the few temporal-focused PAH studies to date, and the
shortcomings of oil sands monitoring programs to adequately
recognize the deposition patterns of atmospheric contaminants
(6, 7), leave justifiable cause for concern as to the ecological
implications of oil sands development. Establishment of back-
ground PAH concentrations and historic loadings is essential and
would allow the impacts of development, including industrial
PAH contributions, to be compared with the natural range in
variability and composition of these contaminants in lake sedi-
ments from the region.
As noted repeatedly in previous assessments of the impacts of

the Alberta oil sands operations, insufficient monitoring data
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Monitoring Programs Limited 
•  Routine water quality and metals (sensitive 

enough indicators?) 
•  Benzene, Toluene, Ethyl-benzene, Xylenes (T½ = 

days) 
•  Petroleum Hydrocarbon Fractions F1, F2, F3, and 

F4 (high DLs, in ppm) 
•  Polycyclic Aromatic Hydrocarbons (PAHs) (limited 

number and potentially high DLs, in ppb) 
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Trust level down in own province 

•  Ever feel that the odds are not in our 
favour… 

 

•  Even Albertans don’t trust their own 
scientists. 
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Monitoring Changed Hands 
•  Proud to be Albertan, did not like to 

see loss of control 
•  Environment Canada scientists 

directed to study oil sands 
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EIAs for Oil Sands Development 
•  One researcher tried to find emissions data 
•  Mine dust may have been underestimated 
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Table 3-87 PAC Emission by Source Type (Base Case) 

PAC 
 

Stacks 
(kg/d) 

Plant 
Fugitives 

(kg/d) 
Mine Fleet 

(kg/d) 
Mine Face 

(kg/d) 

Tailings 
Areas  
(kg/d) 

Non-
industrial 

(kg/d) 

All 

(kg/d) % 

Acenaphthene 0.27 0.00 1.95 0.00 0.00 0.16 2.38 0.8 

Anthracene 0.29 0.00 1.27 0.00 0.00 0.10 1.66 0.6 
Benz(a)anthracene 0.18 0.00 0.30 0.00 0.00 0.03 0.51 0.2 
Benzo(a)pyrene 0.17 0.00 0.00 0.00 0.00 0.00 0.17 0.1 
Benzo(b)fluoranthene 0.16 0.00 0.00 0.00 0.00 0.00 0.16 0.1 

Benzo(g,h,i)perylene 0.17 0.00 0.00 0.00 0.00 0.00 0.17 0.1 

Benzo(k)fluoranthene 0.16 0.00 0.00 0.00 0.00 0.00 0.16 0.1 

Chrysene 0.19 0.00 0.34 0.00 0.00 0.03 0.56 0.2 
Dibenz(a,h)anthracene 0.17 0.00 0.00 0.00 0.00 0.00 0.17 0.1 
Fluoranthene 0.29 0.00 5.36 0.00 0.00 0.44 6.10 2.1 
Indeno(1,2,3-cd)pyrene 0.18 0.00 0.00 0.00 0.00 0.00 0.18 0.1 

Naphthalene 95.42 13.36 62.44 7.86 67.69 8.41 255.22 89.0 

Phenanthrene 1.08 0.00 9.42 0.00 0.00 0.78 11.29 3.9 

Pyrene 0.31 0.00 7.28 0.00 0.00 0.60 8.18 2.9 
Total 99.03 13.36 88.36 7.86 67.69 10.55 286.90 100.0 

NOTE: 
Results are shown for the Base Case 
Only the 14 PACs used for the water assessment are shown 
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Science is building… 
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Century-Long Source Apportionment of PAHs in Athabasca Oil Sands
Region Lakes Using Diagnostic Ratios and Compound-Specific
Carbon Isotope Signatures
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ABSTRACT: Evaluating the impact that airborne contamination
associated with Athabasca oil sands (AOS) mining operations has
on the surrounding boreal forest ecosystem requires a rigorous
approach to source discrimination. This study presents a century-
long historical record of source apportionment of polycyclic
aromatic hydrocarbons (PAHs) in dated sediments from two
headwater lakes located approximately 40 and 55 km east from
the main area of open pit mining activities. Concentrations of the
16 Environmental Protection Agency (EPA) priority PAHs in
addition to retene, dibenzothiophene (DBT), and six alkylated
groups were measured, and both PAH molecular diagnostic ratios
and carbon isotopic signatures (δ13C) of individual PAHs were
used to differentiate natural from anthropogenic inputs. Although
concentrations of PAHs in these lakes were low and below the Canadian Council of Ministers of the Environment (CCME)
guidelines, diagnostic ratios pointed to an increasingly larger input of petroleum-derived (i.e., petrogenic) PAHs over the past 30
years concomitant with δ13C values progressively shifting to the value of unprocessed AOS bitumen. This petrogenic source is
attributed to the deposition of bitumen in dust particles associated with wind erosion from open pit mines.

■ INTRODUCTION
The Athabasca oil sands (AOS) found in Northern Alberta,
Canada, are one of the world’s largest oil reserves, containing
∼170 billion barrels.1 The continued development and
expansion of this resource, however, has raised concerns
regarding its potential impact on the surrounding environment.
Of particular interest are polycyclic aromatic hydrocarbons
(PAHs), a group of organic contaminants that are toxic to a
wide range of aquatic wildlife2,3 and are suspected or known
carcinogens.4,5 Naturally present in AOS bitumen at concen-
trations of up to ∼3.0 × 106 ng g−1 (alkylated and unsubstituted
Environmental Protection Agency (EPA) parent PAHs),6

PAHs are also released to the environment through the
incomplete combustion of organic matter, including both
modern biomass (e.g., forest fires) and fossil fuels and via
diagenetic processes. Evaluating atmospheric emissions asso-
ciated with oil sands mining activities thus requires
discrimination between anthropogenic and natural inputs.
Recent work has reported substantial loadings of airborne

particulates containing PAHs to snowpack within an approx-
imately 50 km radius from the center of the oil sands mining
operations.7 The subsequent spring snowmelt was thus
suggested as an important vector for the export of elevated
levels of PAHs to the Athabasca River and its watershed. The
extent to which distal sites are impacted by airborne oil sands-

derived contaminants, however, remains unclear.8 While Hall et
al.9 found no evidence to support a recent increase in
atmospherically transported PAHs to the Athabasca Delta
(situated ∼200 km north of the main area of oil sands
operations), Kurek et al.10 reported significant up-core
increases in total PAH concentrations (parent, alkylated, and
sulfur-containing dibenzothiophenes, DBTs) in sediments from
six AOS region lakes that were attributed to atmospheric
transport of oil sands-derived, petrogenic PAHs originating
from bitumen upgrading facilities and/or unweathered bitumen
in the form of dust particles from open pit mines. Although
PAH concentrations in most of the lakes studied were below
Canadian interim sediment quality guidelines, the range of
atmospheric deposition was suggested to extend as far as 90 km
to the northwest from the geographic center of oil sands mining
operations. Their conclusion was based on elevated levels of
bitumen-associated PAHs (e.g., alkylated PAHs, DBTs)6 and
on distinctive patterns in PAH molecular diagnostic ratios
believed to be characteristic of either wood combustion or
petrogenic sources.
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Characterization and Quantification of Mining-Related “Naphthenic
Acids” in Groundwater near a Major Oil Sands Tailings Pond
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ABSTRACT: The high levels of acid extractable organics
(AEOs) containing naphthenic acids (NAs) found in oil sands
process-affected waters (OSPW) are a growing concern in
monitoring studies of aquatic ecosystems in the Athabasca oil
sands region. The complexity of these compounds has
substantially hindered their accurate analysis and quantifica-
tion. Using a recently developed technique which determines
the intramolecular carbon isotope signature of AEOs
generated by online pyrolysis (δ13Cpyr), natural abundance
radiocarbon, and high resolution Orbitrap mass spectrometry
analyses, we evaluated the sources of AEOs along a
groundwater flow path from a major oil sands tailings pond
to the Athabasca River. OSPW was characterized by a δ13Cpyr
value of approximately −21‰ and relatively high proportions
of O2 and O2S species classes. In contrast, AEO samples located furthest down-gradient from the tailings pond and from the
Athabasca River were characterized by a δ13Cpyr value of around −29‰, a greater proportion of highly oxygenated and N-
containing compound classes, and a significant component of nonfossil and, hence, non-bitumen-derived carbon. The
groundwater concentrations of mining-related AEOs determined using a two end-member isotopic mass balance were between
1.6 and 9.3 mg/L lower than total AEO concentrations, implying that a less discriminating approach to quantification would have
overestimated subsurface levels of OSPW. This research highlights the need for accurate characterization of “naphthenic acids” in
order to quantify potential seepage from tailings ponds.

■ INTRODUCTION
Naphthenic acids (NAs), a complex suite of alkyl-substituted
acyclic and cycloaliphatic carboxylic acids found naturally in
bitumen, are one of the main contaminants of interest
associated with the Athabasca oil sands mining operations.
Their general chemical formula is CnH2n+ZO2, where n indicates
the carbon number and Z is zero or a negative, even integer
that specifies the hydrogen deficiency resulting from ring
formation.1 NAs negatively affect reproductive physiology, are
endocrine disrupting, and are acutely toxic to a range of
organisms.2−5 While ambient levels of NAs in northern Alberta
rivers in the Athabasca oil sands region are generally below 1
mg/L,6,7 NAs become concentrated in oil sands process-
affected waters (OSPW) during bitumen extraction. With
concentrations of NAs in OSPW often exceeding 100 mg/L,
surface water and shallow groundwater are prone to potential
contamination by seepage from tailings ponds.7−9

Owing to their complexity, however, the characterization and
quantification of NAs in water samples remains a significant

analytical challenge. This in turn makes it difficult to
understand their behavior and fate in the shallow subsurface.
Coextractives such as humic and fulvic acids contained within a
sample’s acid extractable organic (AEO) fraction interfere with
the detection of NAs and contribute to significant discrepancies
in concentrations between different quantitative methods.10−14

Additionally, several recent studies utilizing ultrahigh resolution
mass spectrometry (MS) and multidimensional comprehensive
gas chromatography mass spectrometry (GC×GC-MS) have
shown that a large component of the polar organics found in
OSPW are not described by the “classical” NA formula given
above.11,15−17 For instance, OSPW may contain aromatic
carboxylic acids,17 tricyclic diamondoid acids,16 and sulfur-
containing species such as O2S.

15 Yet while high and ultrahigh
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Extraction, Separation, and Intramolecular Carbon Isotope
Characterization of Athabasca Oil Sands Acids in Environmental
Samples
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ABSTRACT: Here we report a novel approach to extract,
isolate, and characterize high molecular weight organic acids
found in the Athabasca oil sands region using preparative
capillary gas chromatography (PCGC) followed by thermal
conversion/elemental analysis−isotope ratio mass spectrome-
try (TC/EA-IRMS). A number of different “naphthenic acids”
surrogate standards were analyzed as were samples from the
bitumen-rich unprocessed McMurray Formation, oil sands
process water, groundwater from monitoring wells, and surface
water from the Athabasca River. The intramolecular carbon
isotope signature generated by online pyrolysis (δ13Cpyr)
showed little variation (±0.6‰) within any given sample across a large range of mass fractions separated by PCGC. Oil sand,
tailings ponds, and deep McMurray Formation groundwater were significantly heavier (up to ∼9‰) compared to surface water
and shallow groundwater samples, demonstrating the potential use of this technique in source apportionment studies.

■ INTRODUCTION
The organic acids found naturally in bitumen that become
concentrated in oil sands process water pose a serious threat to
surface water and shallow groundwater.1−3 These compounds
are collectively described as naphthenic acids (NAs), a complex
mixture of alkyl-substituted acyclic and cycloaliphatic carboxylic
acids that follow the general chemical formula CnH2n+ZO2,
where n indicates the carbon number and Z is zero or a
negative, even integer that specifies the hydrogen deficiency
resulting from ring formation.4 New developments in high- and
ultrahigh-resolution mass spectrometry (MS) and multidimen-
sional comprehensive gas chromatography mass spectrometry
(GC × GC-MS), however, have shown that this “classical”
definition of NAs cannot be used to describe the majority of
components comprising the polar organics in fresh surface
waters and oil sands process waters.5−7 The difficulty in
separating “NAs” from interfering coextractives such as humic
and fulvic acids thus contributes to significant discrepancies in
concentrations between different analytical methods used for
quantification.5,8−11 And while high and ultrahigh resolution
MS and multidimensional comprehensive GC-MS provide
valuable insight into the molecular species and individual
compounds comprising NAs, the complex mass spectra
generated by these techniques do not generally lend themselves
to an easily interpretable format suitable for quantification and
hence source apportionment.
Natural abundance stable carbon isotope ratios (δ13C) have

the potential to discriminate sources of NAs, though the

considerable overlap in the range of δ13C signatures found for
fossil fuels and other types of organic matter can significantly
inhibit its applicability in source apportionment studies.12 As a
result, initial attempts to use δ13C signatures to trace oil sands
mining-related contamination have thus far been limited to
indirect approaches with minimal success, such as the isotopic
characterization of different carbon pools from various types of
oil sands reclamation sites.13,14

In contrast to total or “bulk” δ13C values that are measured
on the CO2 generated by oxidation, however, intramolecular
carbon isotope analysis of polar organic compounds that
measures the δ13C signature of the CO2 generated by pyrolysis
of carboxyl groups (−COOH) may offer a more direct
approach to source discrimination of NAs. As has been
observed in low molecular weight (MW) organic acids in the
C2−C6 range, the carboxyl group can undergo exchange with
typically more 13C-enriched dissolved inorganic carbon (DIC)
under hydrous pyrolysis conditions which can significantly
influence the carbon isotope composition of the entire
molecule.15,16 The rate of this exchange reaction is thought
to increase as pH becomes more alkaline.16 Consequently, as a
result of the alkaline hot water process used by commercial oil
sands operations to extract bitumen or due to isotopic
variability associated with the original geological depositional

Received: September 14, 2012
Accepted: November 5, 2012
Published: November 5, 2012

Article

pubs.acs.org/ac

© 2012 American Chemical Society 10419 dx.doi.org/10.1021/ac302680y | Anal. Chem. 2012, 84, 10419−10425

Profiling Oil Sands Mixtures from Industrial Developments
and Natural Groundwaters for Source Identification
Richard A. Frank,† James W. Roy,† Greg Bickerton,† Steve J. Rowland,‡ John V. Headley,§

Alan G. Scarlett,‡ Charles E. West,‡ Kerry M. Peru,§ Joanne L. Parrott,† F. Malcolm Conly,§

and L. Mark Hewitt*,†

†Water Science and Technology Directorate, Environment Canada, 867 Lakeshore Road, Burlington, Ontario, Canada L7R 4A6
‡Petroleum and Environmental Geochemistry Group, Biogeochemistry Research Centre, University of Plymouth, Drake Circus,
5 Plymouth PL4 8AA, U.K.
§Water Science and Technology Directorate, Environment Canada, 11 Innovation Boulevard, Saskatoon, Saskatchewan, Canada,
S7N3H5

*S Supporting Information

ABSTRACT: The objective of this study was to identify
chemical components that could distinguish chemical mixtures
in oil sands process-affected water (OSPW) that had poten-
tially migrated to groundwater in the oil sands development
area of northern Alberta, Canada. In the first part of the study,
OSPW samples from two different tailings ponds and a broad
range of natural groundwater samples were assessed with
historically employed techniques as Level-1 analyses, including
geochemistry, total concentrations of naphthenic acids (NAs)
and synchronous fluorescence spectroscopy (SFS). While
these analyses did not allow for reliable source differentiation,
they did identify samples containing significant concentrations
of oil sands acid-extractable organics (AEOs). In applying Level-2 profiling analyses using electrospray ionization high resolution
mass spectrometry (ESI-HRMS) and comprehensive multidimensional gas chromatography time-of-flight mass spectrometry
(GC × GC-TOF/MS) to samples containing appreciable AEO concentrations, differentiation of natural from OSPW sources was
apparent through measurements of O2:O4 ion class ratios (ESI-HRMS) and diagnostic ions for two families of suspected
monoaromatic acids (GC × GC-TOF/MS). The resemblance between the AEO profiles from OSPW and from 6 groundwater
samples adjacent to two tailings ponds implies a common source, supporting the use of these complimentary analyses for source
identification. These samples included two of upward flowing groundwater collected <1 m beneath the Athabasca River,
suggesting OSPW-affected groundwater is reaching the river system.

1. INTRODUCTION
The Canadian oil sands region contains an estimated 168.6
billion barrels of recoverable bitumen,1 accounting for 97% of
Canada’s petroleum reserves and ranking Canada third globally
in terms of domestic oil reserves.2 Recent studies investigating
the loading of inorganic and neutral organic compounds have
identified significant aerial depositions of priority pollutants3,4

associated with mining activities. These results, combined
with recent calls for a greater understanding of the potential
environmental impacts resulting from industrial development
of the oil sands,5−7 have catalyzed the implementation of a
new Canada−Alberta Joint Oil Sands Monitoring Program
(JOSMP8).
One of the objectives of the JOSMP is to evaluate the nature

and extent of the possible migration of contaminants associated
withmining developments to regional aquatic ecosystems.5,7 The
proximity of several large containment structures (e.g., tailings
ponds) containing oil sands process-affected water (OSPW) to

the Athabasca River and its tributaries provides an obvious focus
for this investigation. Process-affected waters contain complex
mixtures of neutral and polar organic compounds, in addition to
dissolved metals and major ions (e.g. Na, Cl, SO4, HCO3).

9 Of
significance are the acid-extractable organics (AEOs), which
include naphthenic acids (NAs). These are attractive from a
monitoring perspective because they have demonstrated
acute10,11 and sublethal12 toxicity.13 Furthermore, their enhanced
water solubility makes them prime candidates for possible migra-
tion beyond containment structures via groundwater, which is
important given the zero-discharge policy for surface water re-
leases within mining lease licenses. Advancements in analytical
techniques including electrospray ionization high resolution mass
spectrometry (ESI-HRMS) and comprehensive multidimensional
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Short communication

Calibration and application of PUF disk passive air samplers for
tracking polycyclic aromatic compounds (PACs)q
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h i g h l i g h t s

! PUF disk passive air samplers are characterized for polycyclic aromatic compounds (PACs).
! PUF disk sampling rates are on the order of 5 m3 day"1.
! There are no differences in sampling rates between particle-phase and gas-phase PACs.
! This is the first application of the samplers for alkylated PAHs and dibenzothiophenes.
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a b s t r a c t

Results are reported from a field calibration of the polyurethane foam (PUF) disk passive air sampler for
measuring polycyclic aromatic compounds (PACs) in the atmosphere of the Alberta oil sands region of
Canada. Passive samplers were co-deployed alongside conventional high volume samplers at three sites.
The results demonstrate the ability of the PUF disk sampler to capture PACs, including polycyclic aro-
matic hydrocarbons (PAHs), alkylated PAHs and parent and alkylated dibenzothiophenes. Both gas- and
particle-phase PACs were captured with an average sampling rate of approximately 5 m3 day"1, similar to
what has been previously observed for other semivolatile compounds. This is the first application of the
PUF disk sampler for alkylated PAHs and dibenzothiophenes in air. The derived sampling rates are
combined with estimates of the equilibrium partitioning of the PACs in the PUF disk samplers to estimate
effective sample air volumes for all targeted PACs. This information is then applied to the passive
sampling results from two deployments across 17 sites in the region to generate spatial maps of PACs.
The successful calibration of the sampler and development of the methodology for deriving air con-
centrations lends support to the application of this cost-effective and simple sampler in longer term
studies of PACs in the oil sands region.

! 2013 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Development of the oil sands industry in Alberta has led to
concerns regarding health risk to humans, and other terrestrial and
aquatic wildlife associated with exposure to toxic chemicals that
are emitted as a by-product of the oil sands industry (Kelly et al.,
2009, 2010). In response to these concerns the federal

government developed the Integrated Monitoring Plan for the Oil
Sands in July 2011 (Canada, 2011). This was followed by a joint
Canada/Alberta implementation plan for oil sands monitoring,
released in early 2012 (Government of Canada and Government of
Alberta, 2012). During the time period that these plans were being
developed, smaller-scale reconnaissance studies were initiated to
assess immediate concerns associated with air toxics deposition
and related ecosystem effects. One of these studies included a
feasibility assessment of the GAPS-type (Global Atmospheric Pas-
sive Sampling Network) (e.g. Pozo et al., 2009) polyurethane foam
(PUF) disk sampler to measure the spatial distribution of polycyclic
aromatic compounds (PACs) in air. PUF disk samplers have been
used previously for polycyclic aromatic hydrocarbons (PAHs) (e.g.
Jaward et al., 2004; Motelay-Massei et al., 2005; Bartkow et al.,

q This is an open-access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-No Derivative Works License, which per-
mits non-commercial use, distribution, and reproduction in any medium, provided
the original author and source are credited.
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Emissions of organic substances with potential toxicity to humans
and the environment are a major concern surrounding the rapid
industrial development in the Athabasca oil sands region (AOSR).
Although concentrations of polycyclic aromatic hydrocarbons
(PAHs) in some environmental samples have been reported,
a comprehensive picture of organic contaminant sources, path-
ways, and sinks within the AOSR has yet to be elucidated. We
sought to use a dynamic multimedia environmental fate model to
reconcile the emissions and residue levels reported for three
representative PAHs in the AOSR. Data describing emissions to
air compiled from two official sources result in simulated concen-
trations in air, soil, water, and foliage that tend to fall close to or
below the minimum measured concentrations of phenanthrene,
pyrene, and benzo(a)pyrene in the environment. Accounting for
evaporative emissions (e.g., from tailings pond disposal) provides
a more realistic representation of PAH distribution in the AOSR.
Such indirect emissions to air were found to be a greater contrib-
utor of PAHs to the AOSR atmosphere relative to reported direct
emissions to air. The indirect pathway transporting uncontrolled
releases of PAHs to aquatic systems via the atmosphere may be as
significant a contributor of PAHs to aquatic systems as other sup-
ply pathways. Emission density estimates for the three PAHs that
account for tailings pond disposal are much closer to estimated
global averages than estimates based on the available emissions
datasets, which fall close to the global minima. Our results high-
light the need for improved accounting of PAH emissions from oil
sands operations, especially in light of continued expansion of
these operations.

The bitumen deposits underlying Alberta, Canada, represent
the third largest proven reserve of crude oil in the world (1).

It is predicted that investment in oil sands developments and its
operations will contribute 2.28 trillion CAD to Canada’s gross
domestic product from 2010 to 2035 (2). Presently, most of the
bitumen is extracted through surface-mining processes that ne-
cessitate clearing of overlying vegetation, resulting in loss of
habitat, migration corridors, and breeding grounds (3). The
surface mineable deposits cover 4,800 km2 of the largest oil
sands deposit, the Athabasca oil sands, and surround the region
of Fort McMurray in northeastern Alberta.
During the surface mining process, bitumen is extracted from

up to 100 m below the surface and is separated from other oil
sands constituents using hot water (40–60 °C) and frothing pro-
cesses. The residual fluids from the extraction process are trans-
ported to on-site settling basins, commonly known as “tailings
ponds,” and consist of a small percentage of residual bitumen in
addition to sand, clay, dissolved metals, and organic compounds,
including polycyclic aromatic hydrocarbons (PAHs), 16 of which
are listed as priority pollutants by the US Environmental Pro-
tection Agency (EPA). Following extraction and separation of
bitumen from the oil sands, the bitumen is subjected to upgrading,
which often involves high temperatures (∼460–500 °C). The left-
over material from this process—known as petroleum “coke” and
enriched in heavier compounds, such as heavier PAHs—may

be shipped abroad or left on-site (4) (e.g., as capping over
tailings areas in a recently developed reclamation strategy),
and is also subject to wind erosion and transport.
The Alberta government enforces a zero-discharge policy, which

resulted in the on-site storage of ∼720 million m3 of oil sands
process water in 2009 (5). Despite the presence of seepage-capture
facilities and interceptor ditches to limit export of process waters
from tailings ponds (6), it has been estimated that seepage from
various tailings areas travels to the Athabasca River at a rate of
0.0864–5.6 million L/d (7). In addition, the quantities of PAHs
reported by oil sands developers in the Athabasca Oil Sands region
(AOSR) to the Canadian government’s National Pollutant Re-
lease Inventory (NPRI) (8) as disposal to tailings ponds are up to
five orders-of-magnitude larger than quantities reported as direct
atmospheric emissions, highlighting the possibility of volatilization
of PAHs from these ponds and their subsequent deposition to soils
and waters. Other sources of PAHs resulting from oil sands
operations include emissions from industry-associated vehicle
traffic and stacks, in addition to wind erosion and transport of
exposed bitumen from mine faces.
Past studies have found various aquatic species native to the

AOSR suffer adverse health effects when exposed to oil sands
process water and sediments produced in the region (e.g., refs.
9–12). The toxic nature of oil sands process waters discerned
through controlled field and laboratory studies and the car-
cinogenic nature of some PAHs warrant concern when con-
sidered alongside the concentrated presence of PAHs in tailings
ponds, and the pathways connecting these ponds to freshwater
bodies in the AOSR. Recent findings by Kelly et al. (13) suggest
that development in the AOSR during the 2 y preceding their
study was related to increased concentrations of dissolved
PAHs observed in the Athabasca River and its tributaries, and

Significance

Our study shows that emissions of polycyclic aromatic hydro-
carbons estimated in environmental impact assessments con-
ducted to approve developments in the Athabasca oil sands
region are likely too low. This finding implies that environmental
concentrations in exposure-relevant media, such as air, water,
and food, estimated using those emissions may also be too low.
The potential therefore exists that estimation of future risk to
humans and wildlife because of surface mining activity in the
Athabasca oil sands region has been underestimated.
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The absence of well-executed environmental monitoring in the
Athabasca oil sands (Alberta, Canada) has necessitated the use of
indirect approaches to determine background conditions of fresh-
water ecosystems before development of one of the Earth’s largest
energy deposits. Here,we use highly resolved lake sediment records
to provide ecological context to∼50 y of oil sands development and
other environmental changes affecting lake ecosystems in the re-
gion. We show that polycyclic aromatic hydrocarbons (PAHs) within
lake sediments, particularly C1-C4–alkylated PAHs, increased signif-
icantly after development of the bitumen resource began, followed
by significant increases in dibenzothiophenes. Total PAH fluxes in
the modern sediments of our six study lakes, including one site ∼90
km northwest of the major development area, are now ∼2.5–23
times greater than ∼1960 levels. PAH ratios indicate temporal shifts
from primarily wood combustion to petrogenic sources that coincide
with greater oil sands development. Canadian interim sedimentqual-
ity guidelines for PAHs have been exceeded since the mid-1980s at
the most impacted site. A paleoecological assessment of Daphnia
shows that this sentinel zooplankter has not yet been negatively
impacted by decades of high atmospheric PAH deposition. Rather,
coincident with increases in PAHs, climate-induced shifts in aquatic
primary production related to warmer and drier conditions are the
primary environmental drivers producing marked daphniid shifts af-
ter ∼1960 to 1970. Because of the striking increase in PAHs, elevated
primary production, and zooplankton changes, these oil sands lake
ecosystems have entered new ecological states completely distinct
from those of previous centuries.

atmospheric deposition | Cladocera | contaminants | environmental
stressors | paleolimnology

Bituminous oil sands in northern Alberta and Saskatchewan
comprise 97% of Canada’s proven oil reserves. They represent

the world’s third largest reserves (1) and are a significant North
American economic driver, with a staggering growth trajectory. In
1980, oil production was 100,000 barrels per day. Production today
is ∼1.5 million barrels per day and is projected to increase by
150% (to 3.7 million barrels per day) between 2010 and 2025 (2).
With stakeholders having polarized views on Canada’s oil sands
development, attention is fixated on the region because of envi-
ronmental and perceived public-health concerns, as well as the
significant economic benefits and evolving governmental macro-
economic and energy policies. Environmental concerns result pri-
marily from the industrial activities associated with surface mining,
in situ recovery, and upgrading of bitumen. Collectively, these in-
dustrial activities yield significant landscape disturbance and hab-
itat loss (3, 4) and add to the controversy regarding water quantity
and quality issues (5). The potential and realized emissions of
pollutants (6, 7), including greenhouse gases (8) and mercury (9),
are also contentious. Some of the controversy results from a lack of
systematic environmental monitoring of industrial activities before
the establishment of the industry-funded Regional Aquatics Mon-
itoring Program (RAMP) in 1997. Furthermore, weaknesses
highlighted by scientific reviews of RAMP, in its inability to rec-
ognize effects on freshwaters (10–12), leads to additional criticism
by some stakeholders.

A paradox exists between the pace and scale of oil sands de-
velopment after ∼1980 and the claims that development has
minimal or no detectable impacts and that contaminants result
mainly from natural sources (13). Of particular concern are the
atmospheric loadings and distributions of contaminants associated
with oil sands surface-mining and processing activities (6, 7, 14,
15), many of which are carcinogens and rank in the top 10 haz-
ardous substances on the US Agency for Toxic Substances and
Disease Registry (16). Polycyclic aromatic hydrocarbons (PAHs)
are one such example, with natural and anthropogenic pathways to
ecosystems (17). PAHs are a diverse group of organic compounds
with multiple aromatic rings and are produced by the incomplete
combustion of fossil fuels and biomass. They are relatively in-
soluble in water and bind to organic particles in the water column,
persist in lake sediments, occur in complex mixtures, and have the
potential to impact aquatic organisms at several trophic levels,
particularly in the presence of other stressors (18–21).With similar
properties to PAHs, the sulfur-containing dibenzothiophenes
(DBTs) are a related class of aromatic compounds. C1-C4– alky-
lated PAHs and DBTs are both recognized as prominent com-
ponents of Athabasca oil sands bitumen (6, 22).
Almost two decades of environmental monitoring within the oil

sands region has failed to establish background concentrations of
highly toxic contaminants. RAMP data of PAH measures in
Athabasca River Delta sediments showed increases of ∼30%
between 1999 and 2009 and yet no significant increases in PAHs
from control sites (15). Others have challenged these findings. For
example, based on three lake sediment records within well-un-
derstood hydrological settings ∼200 km north of the major de-
velopment area, natural erosional processes in regional rivers
were identified as the key vector of PAH delivery to sediments in
seasonally flooded Athabasca Delta lakes (14). Analysis of PAHs
in dated sediment cores from western Lake Athabasca and
Richardson Lake in the Athabasca Delta also found no increases
in total PAHs from the∼1950s to 1998 (23). The lack of consensus
among the few temporal-focused PAH studies to date, and the
shortcomings of oil sands monitoring programs to adequately
recognize the deposition patterns of atmospheric contaminants
(6, 7), leave justifiable cause for concern as to the ecological
implications of oil sands development. Establishment of back-
ground PAH concentrations and historic loadings is essential and
would allow the impacts of development, including industrial
PAH contributions, to be compared with the natural range in
variability and composition of these contaminants in lake sedi-
ments from the region.
As noted repeatedly in previous assessments of the impacts of

the Alberta oil sands operations, insufficient monitoring data
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Athabasca river and surrounding 
areas are impacted by oil sands 

development 

•  Still be below guidelines for most targeted 
analytes 

9 Watertech 2014 - © Chemistry Matters Inc. 2014 



PAHs 

•  Naturally present in oil sands at low % 
quantities (dust from open pit mining) 

•  Produced during combustion (upgrading) 
•  Resist degradation (persist in environment) 
•  Analytical methods available 

–  Careful on method though… 
•  Well understood toxicity 

10 

benzo[a]pyrene
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What are PAHs? 

•  Poly - multiple 
•  Cylic - rings 
•  Aromatic – double bonds in a ring 
•  Hydrocarbons – contain carbon and 

hydrogen 
 

11 

naphthalene phenanthrene perylene 
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How are PAHs formed? 
Three formation mechanisms: 
•  High temperature pyrolysis (pyrogenic) 
•  Low/moderate temperature diagenesis of 

organic matter (petrogenic) 
•  Natural biosynthesis by microbes and 

plants 

12 

retene 
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US EPA Priority Pollutants 
 PAH Compounds 

benzo[k]fluoranthene benzo[a]pyrene

benzo[b]fluoranthenepyrenef luoranthenechrysene

f luorenephenanthreneacenaphthyleneanthraceneacenaphthenenaphthalene

benzo[ghi]perylenedibenz[a,h]anthracene indeno[1,2,3-cd]pyrene

benzo[a]anthracene

2-ring 3-ring 

4-ring 

5-ring 6-ring 

LMW 

HMW 

List predates 1977 



Analysis of PAHs  
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PAH Analysis  
•  Many interferences exist in low molecular 

weight range 
–  Depends on matrix, clean up method 
–  Need better ‘analytical cleanup’ or more specific 

detector 
•  Specificity of HRMS allows better accuracy 

and precision 
•  Comes at a cost – 4x 
•  Lowers DLs to ppt 

Difference in measuring 252 
versus 252.30928 

Benzo(a)pyrene 
Watertech 2014 - © Chemistry Matters Inc. 2014 15 



Internal Standards vs. Surrogates 

naphthalene phenanthrene benzo(a)pyrene 

N+

O

O-

F

* 

* * 
* 
* 

* 13C 

* 
* * 

* 
* * 

* * 
* 

* 
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Quantification can be improved using isotopically labeled 
standards 

16 



Isotope Dilution Quantification 

•  Standards behave exactly like compounds 
being analyzed 

•  Loss of compounds during analtyical 
method, included in measurement 

•  Matrix interferences in method, can usually 
be seen with standards as well 

•  THE most accurate measurement available 

Watertech 2014 - © Chemistry Matters Inc. 2014 17 



‘New’ PAHs 

•  EPA List of priority PAHs dates back 
pre-1977 

•  Upwards to 40 ‘parent’ PAHs 
potentially to monitor 

•  Starting to look at heterocycles (O, N, 
S containing) 

18 

7H-dibenzo(c,g)carazole  dibenzo(a,h)acridine  3-methyl chlolanthrene  

Watertech 2014 - © Chemistry Matters Inc. 2014 



Expanding the List of PAHs 
 

Alkylated-PAHs and Other PAHs 

C1-Phenanthrenes 

1 

2 

3 4 5 6 

7 

8 

9 10 

CH3

C2-Phenanthrenes 

Phenanthrene 

CH3

CH3

CH3

H3C CH2 CH3

C3-Phenanthrenes 

C4-Phenanthrenes… (?) 

CH3

CH3

CH3

CH2

H2C

CH3
(5) 

(30) (?) 
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Chromatography Gets Busy 

C1-DBT 

C2-DBT 

C3-DBT 

C4-DBT 

Dibenzothiophene 

Each parent PAH has 
potentially 100s of 
alkylated homologues  

20 Watertech 2014 - © Chemistry Matters Inc. 2014 



Environmental Forensics in the Gulf 
Oil Spill 

•  Reddy et al. sampled oil directly above well to conduct 
comprehensive characterization 

–  Gas isotopes, GOR, fluid characteristics, API etc. 
–  Fingerprinted with 2D-GC-TOF 
–  Could distinguish between crudes 

Reddy et al. 2011, PNAS Early 
Edition, p.1-6 

Watertech 2014 - © Chemistry Matters Inc. 2014 21 



PAH Monitoring 

•  Routine method no longer cuts it 
•  More analytes currently possible 
•  Better analytical standards and lower 

detection limits 
•  More analytes to be mandatory (in 

the future) 
•  All PAHs could be monitored, if 

desired 

22 Watertech 2014 - © Chemistry Matters Inc. 2014 



Isotopes on PAHs 

•  Stable isotope data gives a “signature” to samples 

•   Samples may be linked or differentiated 

23 Watertech 2014 - © Chemistry Matters Inc. 2014 
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Oil Sands Environmental Forensics 
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ABSTRACT: Evaluating the impact that airborne contamination
associated with Athabasca oil sands (AOS) mining operations has
on the surrounding boreal forest ecosystem requires a rigorous
approach to source discrimination. This study presents a century-
long historical record of source apportionment of polycyclic
aromatic hydrocarbons (PAHs) in dated sediments from two
headwater lakes located approximately 40 and 55 km east from
the main area of open pit mining activities. Concentrations of the
16 Environmental Protection Agency (EPA) priority PAHs in
addition to retene, dibenzothiophene (DBT), and six alkylated
groups were measured, and both PAH molecular diagnostic ratios
and carbon isotopic signatures (δ13C) of individual PAHs were
used to differentiate natural from anthropogenic inputs. Although
concentrations of PAHs in these lakes were low and below the Canadian Council of Ministers of the Environment (CCME)
guidelines, diagnostic ratios pointed to an increasingly larger input of petroleum-derived (i.e., petrogenic) PAHs over the past 30
years concomitant with δ13C values progressively shifting to the value of unprocessed AOS bitumen. This petrogenic source is
attributed to the deposition of bitumen in dust particles associated with wind erosion from open pit mines.

■ INTRODUCTION
The Athabasca oil sands (AOS) found in Northern Alberta,
Canada, are one of the world’s largest oil reserves, containing
∼170 billion barrels.1 The continued development and
expansion of this resource, however, has raised concerns
regarding its potential impact on the surrounding environment.
Of particular interest are polycyclic aromatic hydrocarbons
(PAHs), a group of organic contaminants that are toxic to a
wide range of aquatic wildlife2,3 and are suspected or known
carcinogens.4,5 Naturally present in AOS bitumen at concen-
trations of up to ∼3.0 × 106 ng g−1 (alkylated and unsubstituted
Environmental Protection Agency (EPA) parent PAHs),6

PAHs are also released to the environment through the
incomplete combustion of organic matter, including both
modern biomass (e.g., forest fires) and fossil fuels and via
diagenetic processes. Evaluating atmospheric emissions asso-
ciated with oil sands mining activities thus requires
discrimination between anthropogenic and natural inputs.
Recent work has reported substantial loadings of airborne

particulates containing PAHs to snowpack within an approx-
imately 50 km radius from the center of the oil sands mining
operations.7 The subsequent spring snowmelt was thus
suggested as an important vector for the export of elevated
levels of PAHs to the Athabasca River and its watershed. The
extent to which distal sites are impacted by airborne oil sands-

derived contaminants, however, remains unclear.8 While Hall et
al.9 found no evidence to support a recent increase in
atmospherically transported PAHs to the Athabasca Delta
(situated ∼200 km north of the main area of oil sands
operations), Kurek et al.10 reported significant up-core
increases in total PAH concentrations (parent, alkylated, and
sulfur-containing dibenzothiophenes, DBTs) in sediments from
six AOS region lakes that were attributed to atmospheric
transport of oil sands-derived, petrogenic PAHs originating
from bitumen upgrading facilities and/or unweathered bitumen
in the form of dust particles from open pit mines. Although
PAH concentrations in most of the lakes studied were below
Canadian interim sediment quality guidelines, the range of
atmospheric deposition was suggested to extend as far as 90 km
to the northwest from the geographic center of oil sands mining
operations. Their conclusion was based on elevated levels of
bitumen-associated PAHs (e.g., alkylated PAHs, DBTs)6 and
on distinctive patterns in PAH molecular diagnostic ratios
believed to be characteristic of either wood combustion or
petrogenic sources.
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The absence of well-executed environmental monitoring in the
Athabasca oil sands (Alberta, Canada) has necessitated the use of
indirect approaches to determine background conditions of fresh-
water ecosystems before development of one of the Earth’s largest
energy deposits. Here,we use highly resolved lake sediment records
to provide ecological context to∼50 y of oil sands development and
other environmental changes affecting lake ecosystems in the re-
gion. We show that polycyclic aromatic hydrocarbons (PAHs) within
lake sediments, particularly C1-C4–alkylated PAHs, increased signif-
icantly after development of the bitumen resource began, followed
by significant increases in dibenzothiophenes. Total PAH fluxes in
the modern sediments of our six study lakes, including one site ∼90
km northwest of the major development area, are now ∼2.5–23
times greater than ∼1960 levels. PAH ratios indicate temporal shifts
from primarily wood combustion to petrogenic sources that coincide
with greater oil sands development. Canadian interim sedimentqual-
ity guidelines for PAHs have been exceeded since the mid-1980s at
the most impacted site. A paleoecological assessment of Daphnia
shows that this sentinel zooplankter has not yet been negatively
impacted by decades of high atmospheric PAH deposition. Rather,
coincident with increases in PAHs, climate-induced shifts in aquatic
primary production related to warmer and drier conditions are the
primary environmental drivers producing marked daphniid shifts af-
ter ∼1960 to 1970. Because of the striking increase in PAHs, elevated
primary production, and zooplankton changes, these oil sands lake
ecosystems have entered new ecological states completely distinct
from those of previous centuries.
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Bituminous oil sands in northern Alberta and Saskatchewan
comprise 97% of Canada’s proven oil reserves. They represent

the world’s third largest reserves (1) and are a significant North
American economic driver, with a staggering growth trajectory. In
1980, oil production was 100,000 barrels per day. Production today
is ∼1.5 million barrels per day and is projected to increase by
150% (to 3.7 million barrels per day) between 2010 and 2025 (2).
With stakeholders having polarized views on Canada’s oil sands
development, attention is fixated on the region because of envi-
ronmental and perceived public-health concerns, as well as the
significant economic benefits and evolving governmental macro-
economic and energy policies. Environmental concerns result pri-
marily from the industrial activities associated with surface mining,
in situ recovery, and upgrading of bitumen. Collectively, these in-
dustrial activities yield significant landscape disturbance and hab-
itat loss (3, 4) and add to the controversy regarding water quantity
and quality issues (5). The potential and realized emissions of
pollutants (6, 7), including greenhouse gases (8) and mercury (9),
are also contentious. Some of the controversy results from a lack of
systematic environmental monitoring of industrial activities before
the establishment of the industry-funded Regional Aquatics Mon-
itoring Program (RAMP) in 1997. Furthermore, weaknesses
highlighted by scientific reviews of RAMP, in its inability to rec-
ognize effects on freshwaters (10–12), leads to additional criticism
by some stakeholders.

A paradox exists between the pace and scale of oil sands de-
velopment after ∼1980 and the claims that development has
minimal or no detectable impacts and that contaminants result
mainly from natural sources (13). Of particular concern are the
atmospheric loadings and distributions of contaminants associated
with oil sands surface-mining and processing activities (6, 7, 14,
15), many of which are carcinogens and rank in the top 10 haz-
ardous substances on the US Agency for Toxic Substances and
Disease Registry (16). Polycyclic aromatic hydrocarbons (PAHs)
are one such example, with natural and anthropogenic pathways to
ecosystems (17). PAHs are a diverse group of organic compounds
with multiple aromatic rings and are produced by the incomplete
combustion of fossil fuels and biomass. They are relatively in-
soluble in water and bind to organic particles in the water column,
persist in lake sediments, occur in complex mixtures, and have the
potential to impact aquatic organisms at several trophic levels,
particularly in the presence of other stressors (18–21).With similar
properties to PAHs, the sulfur-containing dibenzothiophenes
(DBTs) are a related class of aromatic compounds. C1-C4– alky-
lated PAHs and DBTs are both recognized as prominent com-
ponents of Athabasca oil sands bitumen (6, 22).
Almost two decades of environmental monitoring within the oil

sands region has failed to establish background concentrations of
highly toxic contaminants. RAMP data of PAH measures in
Athabasca River Delta sediments showed increases of ∼30%
between 1999 and 2009 and yet no significant increases in PAHs
from control sites (15). Others have challenged these findings. For
example, based on three lake sediment records within well-un-
derstood hydrological settings ∼200 km north of the major de-
velopment area, natural erosional processes in regional rivers
were identified as the key vector of PAH delivery to sediments in
seasonally flooded Athabasca Delta lakes (14). Analysis of PAHs
in dated sediment cores from western Lake Athabasca and
Richardson Lake in the Athabasca Delta also found no increases
in total PAHs from the∼1950s to 1998 (23). The lack of consensus
among the few temporal-focused PAH studies to date, and the
shortcomings of oil sands monitoring programs to adequately
recognize the deposition patterns of atmospheric contaminants
(6, 7), leave justifiable cause for concern as to the ecological
implications of oil sands development. Establishment of back-
ground PAH concentrations and historic loadings is essential and
would allow the impacts of development, including industrial
PAH contributions, to be compared with the natural range in
variability and composition of these contaminants in lake sedi-
ments from the region.
As noted repeatedly in previous assessments of the impacts of

the Alberta oil sands operations, insufficient monitoring data
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Legacy of a half century of Athabasca oil sands
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The absence of well-executed environmental monitoring in the
Athabasca oil sands (Alberta, Canada) has necessitated the use of
indirect approaches to determine background conditions of fresh-
water ecosystems before development of one of the Earth’s largest
energy deposits. Here,we use highly resolved lake sediment records
to provide ecological context to∼50 y of oil sands development and
other environmental changes affecting lake ecosystems in the re-
gion. We show that polycyclic aromatic hydrocarbons (PAHs) within
lake sediments, particularly C1-C4–alkylated PAHs, increased signif-
icantly after development of the bitumen resource began, followed
by significant increases in dibenzothiophenes. Total PAH fluxes in
the modern sediments of our six study lakes, including one site ∼90
km northwest of the major development area, are now ∼2.5–23
times greater than ∼1960 levels. PAH ratios indicate temporal shifts
from primarily wood combustion to petrogenic sources that coincide
with greater oil sands development. Canadian interim sedimentqual-
ity guidelines for PAHs have been exceeded since the mid-1980s at
the most impacted site. A paleoecological assessment of Daphnia
shows that this sentinel zooplankter has not yet been negatively
impacted by decades of high atmospheric PAH deposition. Rather,
coincident with increases in PAHs, climate-induced shifts in aquatic
primary production related to warmer and drier conditions are the
primary environmental drivers producing marked daphniid shifts af-
ter ∼1960 to 1970. Because of the striking increase in PAHs, elevated
primary production, and zooplankton changes, these oil sands lake
ecosystems have entered new ecological states completely distinct
from those of previous centuries.

atmospheric deposition | Cladocera | contaminants | environmental
stressors | paleolimnology

Bituminous oil sands in northern Alberta and Saskatchewan
comprise 97% of Canada’s proven oil reserves. They represent

the world’s third largest reserves (1) and are a significant North
American economic driver, with a staggering growth trajectory. In
1980, oil production was 100,000 barrels per day. Production today
is ∼1.5 million barrels per day and is projected to increase by
150% (to 3.7 million barrels per day) between 2010 and 2025 (2).
With stakeholders having polarized views on Canada’s oil sands
development, attention is fixated on the region because of envi-
ronmental and perceived public-health concerns, as well as the
significant economic benefits and evolving governmental macro-
economic and energy policies. Environmental concerns result pri-
marily from the industrial activities associated with surface mining,
in situ recovery, and upgrading of bitumen. Collectively, these in-
dustrial activities yield significant landscape disturbance and hab-
itat loss (3, 4) and add to the controversy regarding water quantity
and quality issues (5). The potential and realized emissions of
pollutants (6, 7), including greenhouse gases (8) and mercury (9),
are also contentious. Some of the controversy results from a lack of
systematic environmental monitoring of industrial activities before
the establishment of the industry-funded Regional Aquatics Mon-
itoring Program (RAMP) in 1997. Furthermore, weaknesses
highlighted by scientific reviews of RAMP, in its inability to rec-
ognize effects on freshwaters (10–12), leads to additional criticism
by some stakeholders.

A paradox exists between the pace and scale of oil sands de-
velopment after ∼1980 and the claims that development has
minimal or no detectable impacts and that contaminants result
mainly from natural sources (13). Of particular concern are the
atmospheric loadings and distributions of contaminants associated
with oil sands surface-mining and processing activities (6, 7, 14,
15), many of which are carcinogens and rank in the top 10 haz-
ardous substances on the US Agency for Toxic Substances and
Disease Registry (16). Polycyclic aromatic hydrocarbons (PAHs)
are one such example, with natural and anthropogenic pathways to
ecosystems (17). PAHs are a diverse group of organic compounds
with multiple aromatic rings and are produced by the incomplete
combustion of fossil fuels and biomass. They are relatively in-
soluble in water and bind to organic particles in the water column,
persist in lake sediments, occur in complex mixtures, and have the
potential to impact aquatic organisms at several trophic levels,
particularly in the presence of other stressors (18–21).With similar
properties to PAHs, the sulfur-containing dibenzothiophenes
(DBTs) are a related class of aromatic compounds. C1-C4– alky-
lated PAHs and DBTs are both recognized as prominent com-
ponents of Athabasca oil sands bitumen (6, 22).
Almost two decades of environmental monitoring within the oil

sands region has failed to establish background concentrations of
highly toxic contaminants. RAMP data of PAH measures in
Athabasca River Delta sediments showed increases of ∼30%
between 1999 and 2009 and yet no significant increases in PAHs
from control sites (15). Others have challenged these findings. For
example, based on three lake sediment records within well-un-
derstood hydrological settings ∼200 km north of the major de-
velopment area, natural erosional processes in regional rivers
were identified as the key vector of PAH delivery to sediments in
seasonally flooded Athabasca Delta lakes (14). Analysis of PAHs
in dated sediment cores from western Lake Athabasca and
Richardson Lake in the Athabasca Delta also found no increases
in total PAHs from the∼1950s to 1998 (23). The lack of consensus
among the few temporal-focused PAH studies to date, and the
shortcomings of oil sands monitoring programs to adequately
recognize the deposition patterns of atmospheric contaminants
(6, 7), leave justifiable cause for concern as to the ecological
implications of oil sands development. Establishment of back-
ground PAH concentrations and historic loadings is essential and
would allow the impacts of development, including industrial
PAH contributions, to be compared with the natural range in
variability and composition of these contaminants in lake sedi-
ments from the region.
As noted repeatedly in previous assessments of the impacts of

the Alberta oil sands operations, insufficient monitoring data
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diagnostic ratios comparing the pre-∼1960 and modern sediment
intervals suggests less influence from petrogenic sources than our
other study lakes.

VRS-Chla Reconstructions. Lake primary production (i.e., recon-
structions of chlorophyll a and its breakdown products as infer-
red by visible reflectance spectroscopy: VRS-chla) increased sub-
stantially, especially in the post late-1970s sediments (Figs. 1A
and 2A). All sediment records examined (Namur Lake was not
analyzed for VRS-chla because of lack of sediment) showed
highly significant increasing trends in VRS-chla (all P < 0.001).
The 210Pb-estimated year of 1978 ± 4.8 (SE) was recognized as
a highly significant breakpoint in the standardized time series
(r2= 0.63; P < 0.0001). VRS-chla inferences from SW22 increased
much earlier (∼1900) than at the other lakes and also showed
a decreasing trend between ∼1990 and recent times. Although the
Namur Lake sediment record lacked VRS-chla measurements,
diatom-based inferences from this lake indicated greater primary
production that began at ∼1900 and accelerated after ∼1990 (29).
Thus, the pattern observed at Namur Lake is generally consistent
with our other five study lakes.

Cladoceran Assemblages. Principal components analysis (PCA)
axis 1 sample scores reflected the dominant shifts in the cla-
doceran assemblages, capturing ∼30–62% of the variation (Fig.
1A). Two significant assemblage zones were recognized at all
sites, except NW35, where three significant zones were de-
lineated (Fig. 1A and Fig. S4). Generally, the timings of shifts in
axis 1 scores were consistent with the placement of zone
boundaries. Primary zone boundaries occurred during the
∼1960–1970s for all sites except SW22, where the boundary oc-
curred at ∼1900. The eastern sites demonstrated relatively stable
axis 1 scores for at least a century of lake history until the ∼1960–
1970s, after which Daphnia increased at the expense of Alona
and/or Chydorus. At SW22, axis 1 scores were generally stable
until the zone boundary at ∼1900. From ∼1900 to modern times,
axis 1 scores mainly decreased and generally reflect increased
abundances of Bosmina and Daphnia. At NW35, there was a di-
rectional trend in axis 1 scores that began near the earliest zone
boundary (Fig. 1A). This reflects a shift in the pelagic assemblage
from Bosmina- to Daphnia-dominated (Fig. 1A and Fig. S4).
Daphniids increased as a percentage of the cladoceran as-

semblage between about the mid-1900s and modern times at all
sites (Fig. 1A and Fig. S4), despite the low quantity of pelagic

Fig. 1. (A) Stratigraphies of visible reflectance spectroscopy (VRS) chlorophyll a inferences (green circles), total PAH concentrations (gray triangles), daphniid
abundances (gray bars), and principal components analysis scores of cladoceran assemblages (black circles). Modeled ages based on 210Pb dating are plotted.
The vertical lines (red) represent assemblage zone boundaries (SI Text). A Mann–Kendall nonparametric trend test assessed the significance of the VRS-chla
and ΣPAH time series. (B) Location of the five study sites near the major development area. Namur Lake is to the northwest. The dashed line shows a 50-km
radius surrounding site AR6 (6). Spatial data of industrial operations were acquired from the Energy Resource Conservation Board. Winds are generally from
the southwest and southeast (http://windatlas.ca/en/maps.php).
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PAHs in lake sediments 
•  Showed increase of PAHs by decade 
•  PAH diagnostic ratios switched from wood 

burning to unweathered petrogenic source 
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habitat in these shallow lakes. The magnitudes of the daphniid
increase varied depending on the dominance of Bosmina, Alona,
and/or Chydorus in each sediment record. NE20 showed, by far,
the largest daphniid increase beginning at ∼1970. At NE13 and
SE22, daphniids became more frequent and abundant in the
most recent assemblage zone, delineated at ∼1960. Daphniids
never exceeded ∼4% and 8% abundance at NE13 and SE22,
respectively. At the western sites, daphniids increased in abun-
dance in the post mid-1900s sediments. Between the mid-1900s
and modern times, daphniids tripled and doubled their average
abundance at NW35 and SW22, respectively; however, abun-
dances remained low.

Discussion
Focused environmental monitoring of oil sands aquatic ecosystems
did not exist before the establishment of RAMP in 1997 through
industry funding. Furthermore, before 2000, Canada’s mandatory
National Pollutant Release Inventory (NPRI) did not require in-
dustrial facilities to report PAH emissions. Therefore, indirect
monitoring, provided by our paleolimnological approach, is the
only method available for establishing background conditions of
PAHs before extensive development of the oil sands began. To-
gether, the historic timings of PAH increases measured from our
lake sediments (Fig. 1), including the temporal shifts in charac-
teristic PAH ratios suggesting more petrogenic sources (Fig. S3),
and the results of a spatial PAH deposition survey (6) provide
compelling science-based evidence that local industrial activities
are important contributors of PAHs to aquatic ecosystems in the
Athabasca oil sands region. Additionally, lakes to the east of the
Athabasca River record particularly striking contaminant increa-
ses, consistent with the prevailing winds blowing across local
upgrading facilities and surface-mining areas. Atmospheric depo-
sitions of PAHs from upgrader emissions and/or unweathered bi-
tumen in the form of dust particles from surface-mining areas are
now likely a major source of PAHs entering regional aquatic
ecosystems. Industry’s role as a decades-long contributor of PAHs
to oil sands lake ecosystems is now clearly evident.

PAH concentrations and fluxes from our lake sediment records
have increased markedly since the ∼1960–1970s, coinciding with
over four decades of oil sands development (Fig. 2 and Fig. S2).
This temporal pattern is also evident at remote Namur Lake and
suggests that PAHs from oil sands operations are delivered out-
side of the 50-km zone of high-PAH deposition identified by
a March 2008 snowpack spatial survey (6). Of the few regional
sites investigated that potentially reflect atmospheric PAH de-
position, PAD 18 (∼200 km north of themajor development area)
in the Athabasca River Delta shows a strong decrease in PAHs
since the early 1800s (14). The modern lake sediments presented
here now record average ΣPAH and DBT concentrations and
fluxes that greatly exceed “natural” levels of the early-to-mid–
20th century. However, given these temporal trends, maximum
PAH concentrations and fluxes from our study lakes, except
NE20, are generally comparable to other remote lakes and much
lower than absolute values from lakes within more urbanized
catchments, including three Albertan lakes influenced by local-
ized coal and gasoline combustion sources of PAHs (Table S3).
Canadian interim sediment quality guidelines (CISQGs), which
are available for 13 specific PAHs (30), are currently exceeded for
seven compounds [i.e., phenanthrene, pyrene, benz(a)anthra-
cene, chrysene, benzo(a)pyrene, dibenz(a,h)anthracene, 2-meth-
ylnaphthalene] at NE20, the site receiving the highest deposition
of PAHs through time. Sediment concentrations of five PAHs at
NE20, including 2-methylnaphthalene, benz(a)anthracene, chrys-
ene, benzo(a)pyrene, and dibenz(a,h)anthracene, have exceeded
CISQGs for about two decades.
It is increasingly apparent that the compounding effects of

anthropogenic stressors have the potential for extraordinary
impacts to northern lake ecosystems (31–33). There is no doubt
that lakes in northeastern Alberta also experience other stressors
coincident with the effects of industrial-scale oil sands mining and
processing operations. For example, Fort McMurray annual air
temperatures have increased by ∼1.65 °C since 1960 and show
a significant increase since the early 1900s (Fig. S1). Climatic
observations also confirm decadal-scale patterns in annual pre-
cipitation. These patterns are consistent with other regional
observations over the past ∼100 y (34). In northern Alberta, shifts
in flood regime and an increase in the number of closed-drainage
lakes during the 20th century are unprecedented over the last
millennium and signify a shift in the region’s hydrology in re-
sponse to climatic changes (34, 35). In addition, the oil sands
industry is an obvious point source of atmospheric emissions of
key components of acidic precipitation, including sulfur and ni-
trogen oxides (3, 36, 37), although Alberta’s carbonate-rich soils
provide some buffering capacity.
Although our findings demonstrate that oil sands development

leads to greater PAHs in regional lake ecosystems, the ultimate
driver of increased primary production within our study sites
beginning in the late 1970s is likely an outcome of multiple en-
vironmental factors. As a consequence of climate warming, the
physical processes that lakes experience can be altered. Longer
ice-free season and enhanced thermal stability, coupled with
higher surface-water temperatures and the redistribution of
nutrients within the water column, contribute to greater algal
production within many lake ecosystems (38, 39). Paleolimno-
logical studies from a suite of lakes in Alberta (29, 36) and the
adjacent Northwest Territories (40) record notable shifts in lake
primary production, influenced to some degree by climatic con-
trol. Despite the acidification potential of emissions from
upgrading facilities, diatom-based analyses of 20 acid-sensitive
lakes in northern Alberta (29, 36) showed evidence of acidifi-
cation at only one site. To date, the overall pattern emerging
from paleolimnological studies conducted in the greater oil sands
region, including data presented here, is that 20th century biotic
assemblages (i.e., cladocerans, diatoms) and other sediment meas-
ures (i.e., VRS-chla, C:N) reflect greater lake primary production
and higher alkalinity (29, 36). If climate warming enhances limno-
logical conditions favorable to some algal species, such as cyano-
bacteria (38), then internal phosphorus loading during anoxia may

Fig. 2. Standardized values (Z scores) of visible reflectance spectroscopy
(VRS) chlorophyll a inferences from the five lakes proximate to major oil
sands operations (A). Standardized values (Z scores) of total PAH concen-
trations (B) and total DBT concentrations (C), from our six study sites. Two-
segmented, piecewise linear regression models identify the timings of
breakpoints (SI Text).
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The absence of well-executed environmental monitoring in the
Athabasca oil sands (Alberta, Canada) has necessitated the use of
indirect approaches to determine background conditions of fresh-
water ecosystems before development of one of the Earth’s largest
energy deposits. Here,we use highly resolved lake sediment records
to provide ecological context to∼50 y of oil sands development and
other environmental changes affecting lake ecosystems in the re-
gion. We show that polycyclic aromatic hydrocarbons (PAHs) within
lake sediments, particularly C1-C4–alkylated PAHs, increased signif-
icantly after development of the bitumen resource began, followed
by significant increases in dibenzothiophenes. Total PAH fluxes in
the modern sediments of our six study lakes, including one site ∼90
km northwest of the major development area, are now ∼2.5–23
times greater than ∼1960 levels. PAH ratios indicate temporal shifts
from primarily wood combustion to petrogenic sources that coincide
with greater oil sands development. Canadian interim sedimentqual-
ity guidelines for PAHs have been exceeded since the mid-1980s at
the most impacted site. A paleoecological assessment of Daphnia
shows that this sentinel zooplankter has not yet been negatively
impacted by decades of high atmospheric PAH deposition. Rather,
coincident with increases in PAHs, climate-induced shifts in aquatic
primary production related to warmer and drier conditions are the
primary environmental drivers producing marked daphniid shifts af-
ter ∼1960 to 1970. Because of the striking increase in PAHs, elevated
primary production, and zooplankton changes, these oil sands lake
ecosystems have entered new ecological states completely distinct
from those of previous centuries.

atmospheric deposition | Cladocera | contaminants | environmental
stressors | paleolimnology

Bituminous oil sands in northern Alberta and Saskatchewan
comprise 97% of Canada’s proven oil reserves. They represent

the world’s third largest reserves (1) and are a significant North
American economic driver, with a staggering growth trajectory. In
1980, oil production was 100,000 barrels per day. Production today
is ∼1.5 million barrels per day and is projected to increase by
150% (to 3.7 million barrels per day) between 2010 and 2025 (2).
With stakeholders having polarized views on Canada’s oil sands
development, attention is fixated on the region because of envi-
ronmental and perceived public-health concerns, as well as the
significant economic benefits and evolving governmental macro-
economic and energy policies. Environmental concerns result pri-
marily from the industrial activities associated with surface mining,
in situ recovery, and upgrading of bitumen. Collectively, these in-
dustrial activities yield significant landscape disturbance and hab-
itat loss (3, 4) and add to the controversy regarding water quantity
and quality issues (5). The potential and realized emissions of
pollutants (6, 7), including greenhouse gases (8) and mercury (9),
are also contentious. Some of the controversy results from a lack of
systematic environmental monitoring of industrial activities before
the establishment of the industry-funded Regional Aquatics Mon-
itoring Program (RAMP) in 1997. Furthermore, weaknesses
highlighted by scientific reviews of RAMP, in its inability to rec-
ognize effects on freshwaters (10–12), leads to additional criticism
by some stakeholders.

A paradox exists between the pace and scale of oil sands de-
velopment after ∼1980 and the claims that development has
minimal or no detectable impacts and that contaminants result
mainly from natural sources (13). Of particular concern are the
atmospheric loadings and distributions of contaminants associated
with oil sands surface-mining and processing activities (6, 7, 14,
15), many of which are carcinogens and rank in the top 10 haz-
ardous substances on the US Agency for Toxic Substances and
Disease Registry (16). Polycyclic aromatic hydrocarbons (PAHs)
are one such example, with natural and anthropogenic pathways to
ecosystems (17). PAHs are a diverse group of organic compounds
with multiple aromatic rings and are produced by the incomplete
combustion of fossil fuels and biomass. They are relatively in-
soluble in water and bind to organic particles in the water column,
persist in lake sediments, occur in complex mixtures, and have the
potential to impact aquatic organisms at several trophic levels,
particularly in the presence of other stressors (18–21).With similar
properties to PAHs, the sulfur-containing dibenzothiophenes
(DBTs) are a related class of aromatic compounds. C1-C4– alky-
lated PAHs and DBTs are both recognized as prominent com-
ponents of Athabasca oil sands bitumen (6, 22).
Almost two decades of environmental monitoring within the oil

sands region has failed to establish background concentrations of
highly toxic contaminants. RAMP data of PAH measures in
Athabasca River Delta sediments showed increases of ∼30%
between 1999 and 2009 and yet no significant increases in PAHs
from control sites (15). Others have challenged these findings. For
example, based on three lake sediment records within well-un-
derstood hydrological settings ∼200 km north of the major de-
velopment area, natural erosional processes in regional rivers
were identified as the key vector of PAH delivery to sediments in
seasonally flooded Athabasca Delta lakes (14). Analysis of PAHs
in dated sediment cores from western Lake Athabasca and
Richardson Lake in the Athabasca Delta also found no increases
in total PAHs from the∼1950s to 1998 (23). The lack of consensus
among the few temporal-focused PAH studies to date, and the
shortcomings of oil sands monitoring programs to adequately
recognize the deposition patterns of atmospheric contaminants
(6, 7), leave justifiable cause for concern as to the ecological
implications of oil sands development. Establishment of back-
ground PAH concentrations and historic loadings is essential and
would allow the impacts of development, including industrial
PAH contributions, to be compared with the natural range in
variability and composition of these contaminants in lake sedi-
ments from the region.
As noted repeatedly in previous assessments of the impacts of

the Alberta oil sands operations, insufficient monitoring data
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ABSTRACT: Evaluating the impact that airborne contamination
associated with Athabasca oil sands (AOS) mining operations has
on the surrounding boreal forest ecosystem requires a rigorous
approach to source discrimination. This study presents a century-
long historical record of source apportionment of polycyclic
aromatic hydrocarbons (PAHs) in dated sediments from two
headwater lakes located approximately 40 and 55 km east from
the main area of open pit mining activities. Concentrations of the
16 Environmental Protection Agency (EPA) priority PAHs in
addition to retene, dibenzothiophene (DBT), and six alkylated
groups were measured, and both PAH molecular diagnostic ratios
and carbon isotopic signatures (δ13C) of individual PAHs were
used to differentiate natural from anthropogenic inputs. Although
concentrations of PAHs in these lakes were low and below the Canadian Council of Ministers of the Environment (CCME)
guidelines, diagnostic ratios pointed to an increasingly larger input of petroleum-derived (i.e., petrogenic) PAHs over the past 30
years concomitant with δ13C values progressively shifting to the value of unprocessed AOS bitumen. This petrogenic source is
attributed to the deposition of bitumen in dust particles associated with wind erosion from open pit mines.

■ INTRODUCTION
The Athabasca oil sands (AOS) found in Northern Alberta,
Canada, are one of the world’s largest oil reserves, containing
∼170 billion barrels.1 The continued development and
expansion of this resource, however, has raised concerns
regarding its potential impact on the surrounding environment.
Of particular interest are polycyclic aromatic hydrocarbons
(PAHs), a group of organic contaminants that are toxic to a
wide range of aquatic wildlife2,3 and are suspected or known
carcinogens.4,5 Naturally present in AOS bitumen at concen-
trations of up to ∼3.0 × 106 ng g−1 (alkylated and unsubstituted
Environmental Protection Agency (EPA) parent PAHs),6

PAHs are also released to the environment through the
incomplete combustion of organic matter, including both
modern biomass (e.g., forest fires) and fossil fuels and via
diagenetic processes. Evaluating atmospheric emissions asso-
ciated with oil sands mining activities thus requires
discrimination between anthropogenic and natural inputs.
Recent work has reported substantial loadings of airborne

particulates containing PAHs to snowpack within an approx-
imately 50 km radius from the center of the oil sands mining
operations.7 The subsequent spring snowmelt was thus
suggested as an important vector for the export of elevated
levels of PAHs to the Athabasca River and its watershed. The
extent to which distal sites are impacted by airborne oil sands-

derived contaminants, however, remains unclear.8 While Hall et
al.9 found no evidence to support a recent increase in
atmospherically transported PAHs to the Athabasca Delta
(situated ∼200 km north of the main area of oil sands
operations), Kurek et al.10 reported significant up-core
increases in total PAH concentrations (parent, alkylated, and
sulfur-containing dibenzothiophenes, DBTs) in sediments from
six AOS region lakes that were attributed to atmospheric
transport of oil sands-derived, petrogenic PAHs originating
from bitumen upgrading facilities and/or unweathered bitumen
in the form of dust particles from open pit mines. Although
PAH concentrations in most of the lakes studied were below
Canadian interim sediment quality guidelines, the range of
atmospheric deposition was suggested to extend as far as 90 km
to the northwest from the geographic center of oil sands mining
operations. Their conclusion was based on elevated levels of
bitumen-associated PAHs (e.g., alkylated PAHs, DBTs)6 and
on distinctive patterns in PAH molecular diagnostic ratios
believed to be characteristic of either wood combustion or
petrogenic sources.
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However, the presence of DBTs and alkylated PAHs in
aquatic sediments may not necessarily point to a petrogenic
origin. The major source of DBT and its alkylated homologues
in sediments of the Puget Sound basin (Washington, USA) was
attributed to atmospheric input from forest fires.11 The
alkylated PAH retene (1-methyl-7-isopropyl phenanthrene) is
a known marker for coniferous wood combustion,12,13 and
other alkylated phenanthrene/anthracene homologues can also
comprise a significant component of the total PAHs generated
by biomass burning.14 For instance, Gabos et al.15 reported a
predominance of alkylated over parent PAHs in river sediments
near sites exposed to recent forest fire activity in a sparsely
populated region of Northern Alberta ∼200 km northwest of
the city of Edmonton. In addition to combustion or pyrolysis-
related inputs, a significant component of alkylated PAHs in
recent lake sediments can also originate from microbially
mediated diagenetic alteration of biogenic precursors.16,17

Furthermore, while PAH diagnostic ratios are good
qualitative tools to characterize and identify sources, particular
care must be taken when the concentrations of PAHs are low
and are known to originate from multiple sources.18 Limitations
to source discrimination using PAH diagnostic ratios are well
recognized and are in general due to different physicochemical
behavior of PAHs in the atmosphere (i.e., photocatalysis,
partitioning between gaseous and particulate phases, particle
scavenging by precipitation, and dry deposition) and intra-
source variability and intersource similarity of PAH source
signatures.19,20 Given the importance in understanding the
extent to which AOS mining operations contribute to
atmospheric emissions of contaminants at distal sites,
alternative approaches to PAH source discrimination are
essential.
In this study, we report a detailed historical analysis of

airborne PAH sources and deposition in the AOS region.
Sediment cores from two headwater lakes located approx-
imately 40 and 55 km east of the main area of mining
operations were dated and analyzed for PAH concentrations,
deposition fluxes, and molecular diagnostic ratios. Stable carbon
isotope ratios (δ13C) of three PAHs throughout the core from
one of the lakes were also measured to provide a robust and
independent indicator for source apportionment. Previous work
found that different petrogenic sources and PAH production
pathways such as coal burning, internal engine and biomass
combustion can lead to distinct δ13C values,21−23 and unlike
PAH diagnostic ratios, δ13C signatures of high molecular weight
PAHs are not significantly altered by postproduction photo-
degradation24,25 and biodegradation.24,26,27 Compound-specific
isotope analysis (CSIA) thus provides a valuable tool to
delineate PAH sources in aquatic sediments.22,28,29 To the best
of our knowledge, not only is this the first study to use CSIA as
a tool to examine sources of PAHs in the AOS region, but also
it is the first successful application of this technique to evaluate
sources of organic contaminants in dated boreal lake sediment
cores.

■ EXPERIMENTAL SECTION
Study Sites and Sampling. The study sites are two small

headwater lakes (2 to 3.5 km long and 500 m wide) surrounded
by boreal forest located in the Athabasca River watershed
unofficially named Alberta Lake D (ALD) and Alberta Lake E
(ALE). Like many lakes in the region, both lakes are relatively
shallow, with ALD having an average depth of 1 m and a
maximum depth of 1.5 m, and ALE having an average depth of

1.5 m and a maximum depth of 4 m. ALE is located 55 km
southeast of the main operations center,7,10 and ALD is located
40 km east of the operations (Figure 1). The prevailing winds

are in general from the southwest and southeast. Note that
PAH inputs should only be through atmospheric deposition
since the bitumen-containing McMurray Formation does not
crop out in the catchment of either lake.30

Sampling was carried out in September 2010 using a custom-
built raft transported by helicopter. Gravity cores were collected
from the sides of the raft at a spacing of ∼1 m and following a
grid pattern in the deepest parts of the lakes. Seven of these
cores per lake were subsampled at 1 cm intervals, and all layers
from the same depth intervals were pooled together.
Combining layers from seven cores was necessary in order to
obtain a sufficient amount of material required for CSIA on
potentially low levels of PAHs. An additional core was used to
measure 210Pb, 137Cs, and 214Pb to determine the age of the
sediment and the sediment accumulation rate at each sampling
site.

Analysis of PAHs. All the glassware used in the laboratory
was combusted for 4 h at 450 °C. Freeze-dried sediments were
solvent-extracted with 1:1 acetone/hexane using a Microwave
Accelerated Reaction System (MARS, CEM Corp.). Each
sample (∼10 g of freeze-dried sediment) was spiked with a
mixture of 9,10-dihydrophenanthrene and m-terphenyl as
recovery standards before extraction. Elemental sulfur was
removed by the addition of activated copper. The extracts were
then saponified with 0.5 M KOH in sealed glass bottles with
PTFE-lined caps for 2 h at 80 °C. A liquid/liquid extraction of
the saponified sample was done with hexane and repeated four
times. The hexane phase was then evaporated to 0.5 mL with
N2 and passed through a chromatographic column packed with
14.5 g of precombusted (450 °C for 4 h) 5% deactivated silica
gel (70−230 mesh, Silicycle). The top of the column was
covered with ∼0.5 g of anhydrous sodium sulfate to remove any
residual water. The extracts were separated into three fractions
(F1, hexane; F2 hexane/dichloromethane; F3, methanol) using

Figure 1. Map of the study area (Northern Alberta, Canada) showing
the locations of ALD (57.07° N, 110.82° W) and ALE (56.88° N,
110.57°W). The shaded gray area shows the current mining footprint;
the hatched area and dotted circle illustrate the local urban centers and
the star, the heart of the main area of surface mining operations.7,10
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ratios could be divided into two distinct pools; one from the
sediment surface to approximately 10 cm depth and the other
one for the rest of the core. The first pool (0−9 cm) was
plotted close to the petroleum end member, whereas the
second pool (11−23 cm) contained higher diagnostic ratios
indicating a greater contribution from combustion sources.
Although the source apportionment resolution was not as
sharp, the results from another set of diagnostic PAH ratios
(An/(Ph+An) and Fl/(Fl+Py)) showed similar trends to those
found for IcdP/(IcdP+BghiP) and Fl/(Fl+Py) ratios (Text S5
and Figure S1, Supporting Information).
Isotope Forensics. The δ13C signatures of DBT, C1−F,

and retene measured in ALE versus the estimated CRS dates
are plotted on Figure 5. Both DBT and C1−F are present in

variable concentrations in AOS bitumen,6,7,9 whereas retene is
not.6,9 Conversely, retene is a known marker for coniferous
wood combustion12,13 and can be produced by diagenesis of
abietic acid.16,17 DBT and retene deposition fluxes showed an
exponential increase in the last ten years after a long period of
nearly constant baseline whereas C1−F followed a similar trend
as the total PAH deposition fluxes in the last century (Figure
S2, Supporting Information). The dominant sources of C1−F
and DBT in atmospheric deposition prior to oil sands mining
operations may be forest fires11 in the area or global Northern
Hemisphere emissions. For DBT and C1−F, a small yet
significant (p-valueDBT = 9.80 × 10−4, p-valueC1−F = 8.98 ×
10−5; Text S3, Supporting Information) δ13C shift was observed
beginning in the early 1980s and continuing to the present. The
δ13C of C1−F and DBT remained constant around −27.2 ±
0.1‰ and −28.2 ± 0.2‰, respectively, until the early 1980s.
Beginning in the early 1980s, a negative δ13C shift for both
PAHs was observed from −27.2 to −28.1‰ for C1−F and
from −28.7 to −30.4‰ for DBT. The 1.0 to 1.5‰ δ13C
depletion from the pre-1980s to post-1980s periods moved in
the direction of the δ13C value (−30.1 ± 0.2‰, n = 7)
determined by EA-IRMS for the aromatic fraction containing
PAHs extracted from AOS (Figure 5), which is similar to that
previously determined for the AOS aromatic fraction (−30.4 ±

0.3‰)60 and bulk bitumen (−30.1 ± 0.4‰).62 We assume the
δ13C of the AOS aromatic fraction to be a good approximation
of the δ13C signature of AOS-derived C1−F and DBT
considering that the high molecular weight (HMW) fractions
of AOS have similar δ13C values63−65 and that the microbial
maturation of bitumen is not expected to fractionate the δ13C
of these HMW fractions.66 In contrast to the other two PAHs
reported here, the δ13C signature of retene showed no
discernible differences (p-valueretene = 0.29; Text S3, Supporting
Information) between the top and the bottom of the core. The
small variability in δ13C values for retene (−29.4 ± 0.4‰, n =
10) could reflect varying contributions of combustion and
diagenesis-related inputs over time.
Degradation of PAHs (and hence the preferential breakdown

of bonds containing 12C) in the sediment may potentially
explain the observation of heavier δ13C values down-core.
However, most studies have reported little or no significant
carbon isotope fractionation of PAHs during microbial
degradation,24,26,27 and where evidence does exist, it has been
mainly observed in 2-ringed PAHs (e.g., naphthalene67 and
alkylated naphthalenes68). Other degradation processes such as
photolytic decomposition are not associated with significant
carbon isotope fractionation effects.24,25 In addition, even in
instances where isotopic changes have been observed, the δ13C
signatures of sulfur-containing PAHs (e.g., DBT) appear to be
less affected by biodegradation.68 We therefore consider the
δ13C values of DBT and C1−F to reflect source inputs and
hence a change in the dominant source of PAH emissions over
the past 30 years. Considering the relatively depleted δ13C
signatures found for bitumen60,62 and aromatic compounds
(this study and ref 60) extracted from AOS, the negative
isotopic shift observed in DBT and C1−F points to a change in
source in the mid-1980s toward an input of predominantly
petroleum-derived PAHs from a predominantly combustion-
derived input in previous years.

Implications for Athabasca Oil Sands Development.
The deposition fluxes of PAHs (Jatm

∑PAHparent and Jatm
∑PAHalkyl) to ALE

point to a small yet significant increase in the atmospheric
loading of these compounds in the past ten to fifteen years
(Figure 3a,b) with a current maximum exceeding the peak due
to combustion engine emissions in the 1970s for Jatm

∑PAHalkyl

(Figure 3b). The ∑PAHalkyl profile in ALD shows a significant
increase in the top 10 cm of the core which is not masked by
the sediment mixing occurring in this lake (Figure 2f). Similar
up-core increases in PAH concentrations were also reported by
Kurek et al.10 in six lakes situated ∼6, 13, 25, 28, 34, and 90 km
away from the center of AOS mining activities, with the clearest
trends observed in the three lakes closest to (≤25 km) the
operations. Here, we have combined a robust historic
reconstruction of atmospheric PAH deposition with two
independent lines of evidence (well constrained PAH
diagnostic ratios and δ13C signatures) to provide the first
strong evidence of source apportionment in AOS region lakes
situated as far as 40 and 55 km east from the operations.
An increase in the loading of airborne particulates containing

high levels of PAHs to the snowpack was previously reported to
extend over an area of ∼50 km from the main center of oil
sands mining operations.7 The sources of airborne PAHs within
the 50 km radius were assumed to be wind erosion of the open
pit mines and emissions from the upgrading facilities.7 Coking
is responsible for PAH emissions69 and is one of the main
processes of bitumen upgrading. It is a pyrolysis reaction
occurring around 500 °C70 that involves the cracking of

Figure 5. δ13C values of DBT (dark circles), C1−F (green diamonds),
and retene (open circles) plotted against the CRS-derived chronology
for ALE. The gray dotted line indicates the δ13C value of the aromatic
fraction of Athabasca oil sands (−30.1‰). The vertical error bars
represent standard deviations of triplicate sample analyses.
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ABSTRACT: Evaluating the impact that airborne contamination
associated with Athabasca oil sands (AOS) mining operations has
on the surrounding boreal forest ecosystem requires a rigorous
approach to source discrimination. This study presents a century-
long historical record of source apportionment of polycyclic
aromatic hydrocarbons (PAHs) in dated sediments from two
headwater lakes located approximately 40 and 55 km east from
the main area of open pit mining activities. Concentrations of the
16 Environmental Protection Agency (EPA) priority PAHs in
addition to retene, dibenzothiophene (DBT), and six alkylated
groups were measured, and both PAH molecular diagnostic ratios
and carbon isotopic signatures (δ13C) of individual PAHs were
used to differentiate natural from anthropogenic inputs. Although
concentrations of PAHs in these lakes were low and below the Canadian Council of Ministers of the Environment (CCME)
guidelines, diagnostic ratios pointed to an increasingly larger input of petroleum-derived (i.e., petrogenic) PAHs over the past 30
years concomitant with δ13C values progressively shifting to the value of unprocessed AOS bitumen. This petrogenic source is
attributed to the deposition of bitumen in dust particles associated with wind erosion from open pit mines.

■ INTRODUCTION
The Athabasca oil sands (AOS) found in Northern Alberta,
Canada, are one of the world’s largest oil reserves, containing
∼170 billion barrels.1 The continued development and
expansion of this resource, however, has raised concerns
regarding its potential impact on the surrounding environment.
Of particular interest are polycyclic aromatic hydrocarbons
(PAHs), a group of organic contaminants that are toxic to a
wide range of aquatic wildlife2,3 and are suspected or known
carcinogens.4,5 Naturally present in AOS bitumen at concen-
trations of up to ∼3.0 × 106 ng g−1 (alkylated and unsubstituted
Environmental Protection Agency (EPA) parent PAHs),6

PAHs are also released to the environment through the
incomplete combustion of organic matter, including both
modern biomass (e.g., forest fires) and fossil fuels and via
diagenetic processes. Evaluating atmospheric emissions asso-
ciated with oil sands mining activities thus requires
discrimination between anthropogenic and natural inputs.
Recent work has reported substantial loadings of airborne

particulates containing PAHs to snowpack within an approx-
imately 50 km radius from the center of the oil sands mining
operations.7 The subsequent spring snowmelt was thus
suggested as an important vector for the export of elevated
levels of PAHs to the Athabasca River and its watershed. The
extent to which distal sites are impacted by airborne oil sands-

derived contaminants, however, remains unclear.8 While Hall et
al.9 found no evidence to support a recent increase in
atmospherically transported PAHs to the Athabasca Delta
(situated ∼200 km north of the main area of oil sands
operations), Kurek et al.10 reported significant up-core
increases in total PAH concentrations (parent, alkylated, and
sulfur-containing dibenzothiophenes, DBTs) in sediments from
six AOS region lakes that were attributed to atmospheric
transport of oil sands-derived, petrogenic PAHs originating
from bitumen upgrading facilities and/or unweathered bitumen
in the form of dust particles from open pit mines. Although
PAH concentrations in most of the lakes studied were below
Canadian interim sediment quality guidelines, the range of
atmospheric deposition was suggested to extend as far as 90 km
to the northwest from the geographic center of oil sands mining
operations. Their conclusion was based on elevated levels of
bitumen-associated PAHs (e.g., alkylated PAHs, DBTs)6 and
on distinctive patterns in PAH molecular diagnostic ratios
believed to be characteristic of either wood combustion or
petrogenic sources.
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Chemical fingerprinting of naphthenic acids 1147

Fig. 1. Representative structures of naphthenic acid fraction com-
ponents (NAFC) in OSPW (adapted with permission from ref.[2]

Copyright 2011 Taylor & Francis).

comparison to classical NAs with the general formula
CnH2n+ZO2, the broader definition of NAFC, or oil sands
NAs, includes oil sands acid extractable organics with aro-
matic ring functional groups, nitrogen and sulphur atoms,
along with unsaturated groups.[1–3,31,32] OSPW contains
thousands of polar organic compounds, many of which
can now be resolved using ultrahigh resolution mass spec-
trometry. Although the differences that may be diagnostic
for environmental forensics can be masked by interferences
in the sample matrix,[33–35] the advantages of ultrahigh res-
olution for the characterization of oil sands acids in the
presence of high matrix interferences are well described in
the literature.[1,17,18,36,37]

The unequivocal determination of whether oil sands
NAFC present in surface waters originate from industrial
processes or from natural weathering of deposits is diffi-
cult to fully address. The problem is that leakage of past
tailings pond containments will likely be in the form of
mixtures of NAFC, metals, salts, chemical additives, and

other unknown components. The chemical fingerprints of
such mixtures are subject to further erosion and weather-
ing, also affecting analogous mixtures leached from natural
oil sands deposits. Consequently, for chemical fingerprint-
ing oil sands bitumen and NAFC from OSPW in envi-
ronmental samples, a detailed understanding is needed of
many co-factors that can affect the fate and distribution
of such components. These include: (i) the relative adsorp-
tion of the mixture of compounds to tailings pond con-
tainment materials, sediments, and soils beneath tailings
ponds; (ii) groundwater interactions (oxygen-limited envi-
ronments and potential sorption to aquifer minerals); and
(iii) a general understanding of the geology and weathering
processes that may occur at sample sites.

This review will first discuss the analytical techniques
employed for the chemical characterization of bitumen as
source material; followed by methods used for the charac-
terization of water soluble components in OSPW, intercep-
tor well systems, groundwater, river water, sediments, and
biological tissues. Attention will be given to techniques that
are best suited to analyses of the complex mixtures in real-
world environmental samples. The extent to which a given
method is able to resolve interferences by chromatogra-
phy, mass resolution, or both, will be critical to assessing
the potential of the technique for routine analyses of total
oil sands NAs and application for environmental forensics.
Likewise, the goodness of a given approach which can dis-
tinguish features that are unique for industrially derived
versus naturally derived oil sands components will be of
key importance for fingerprinting analyses of oil sands ma-
terials in environmental samples.

Oil sands and oil sands process-affected water – What is
the composition?

Characterization of Athabasca oil sands – implications
for chemical fingerprinting

Defined in the simplest terms, “Oil sand is basically regu-
lar sand like the kind you would find on a beach that has
some oil trapped in it. It is black, sticky and smells like
oil.”[38] Oil sands are made up of approximately 83% sand,
4% water, 3% clay, and 10% bitumen. In addition to hy-
drocarbons, bitumen contains large amounts of chemical
impurities including S, N, Ni and V, mainly incorporated in
complex asphaltene aggregates. The extraction process for
obtaining oil from Athabasca oil sands is energy and water
intensive. Full details are given elsewhere,[39] describing the
processes for: (i) the separation of the bitumen from the
oil sand using hot alkaline water; (ii) the removal of wa-
ter and solids in a froth treatment step employing solvents
to clean up the hydrocarbon; (iii) the upgrading of the bi-
tumen where high temperatures, high pressure, hydrogen
and catalysts are used to convert the isolated bitumen to
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Chemical fingerprinting of naphthenic acids 1153

Fig. 4. GC × GC/TOF-MS total ion current chromatogram of oil sands NAs extracted from OSPW as methyl esters, illustrating
high chromatographic separation compared to GC/MS (white line on black background). (Reprinted [adapted] with permission from
ref.[25] Copyright 2012 Wiley-Blackwell) (color figure available online).
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Fig. 5. Structures of recently identified tricyclic C11-14 NAs (Z = −6) in OSPW reported by Rowland et al.[25,28,49] All structures were
confirmed by use of authentic standards (many more isomers were present).
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