
Dr. David Schindler 

 Critique of Shell Jackpine Expansion Environmental Impact Statement (EIS) and 
related matters 

A. General comments on flaws in the overall EIS prepared by Shell 

A.1 Reliance of conclusions on questionable monitoring data 

Throughout this EIS, data from RAMP are relied on for background.  Likewise, the 
Cumulative Effects Assessment is based heavily on RAMP.  Yet 2004 and 2010 internal 
reviews of RAMP, as well as recent reports of expert panels appointed by the Federal and 
Provincial Ministers of Environment indicate that the RAMP monitoring program is 
thoroughly flawed.  These reports, plus additional reports by the Royal Society of Canada 
(http://www.rsc-src.ca/en/expert-panels/rsc-reports/environmental-and-health-impacts-
canadas-oil-sands-industry) and the Auditor General’s department (http://www.oag-
bvg.gc.ca/internet/English/parl_cesd_201110_02_e_35761.html) question the credibility 
of past monitoring.  Together, these reports indicate that lack of background information 
limits how reliable predictions of changes may be.  RAMP continues to be the primary 
vehicle of industry-sponsored monitoring.  This must cease, if reliable predictions of 
impacts are to be made, especially when projected into the future.  As a result of reliance 
on questionable data, the reliability of the EIS is a matter of great concern. 

The Alberta Minister of Environment appointed a panel (AEMP) to make 
recommendations on a “world class” monitoring program. The panel’s main 
recommendation was that the governance of monitoring must be independent of either 
Alberta Environment or the Federal Department of Environment, because of their 
inadequate oversight of past monitoring.  In February of 2012, the Minister appointed a 
working group to recommend the form that governance of the monitoring must take.  
This report has been submitted to the Minister but not publicly released as of September 
2012.   

It is now three years since inadequacies in the monitoring program were first published 
(Kelly e tal. 2009, 2010) and two since the scientific review panels cited above. For many 
parameters, it is acknowledged that past data are insufficient to draw any conclusions 
about trends caused by industrial development.  This situation has not improved, and 
release of a monitoring plan that is comprehensive and governed at arms length from 
government and industry must be a condition of any future approvals.  In addition, there 
are already ten projects in operation and in development in the Muskeg River watershed.  
In line with EUB directive 2008-128, a comprehensive plan to mitigate effects on the 
watershed should be developed before more approvals are considered.  However, there is 
evidence that the Muskeg River and watershed are already in serious condition, as 
outlined below. 

Recommendation:  A proper, independently managed, transparent and publicly 
accessible monitoring program as prescribed by the AEMP panel and following the 
expert monitoring plans described in Environment Canada’s phase 1 and phase 2 
documents must be in place before further projects are approved. 
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A.2 Excessive use of unverified models to make predictions, and ignoring peer 
reviewed published literature 

Almost all aspects of this EIS are based on models developed for other regions.  Some 
have been repeatedly used in other oil sands EISs.  Certainly, by now it is reasonable to 
expect that verification of the past predictions of models with real –time data is possible.  
This is a necessary part of any science-based EIS, because science is by nature a process 
which self-corrects.  Of course, this is made difficult by the now well-known deficiencies 
in the monitoring data base, but it should be possible for a few topics where data are 
known to be reliable.  Some examples of where errors have occurred due to erroneous 
modeling assumptions are given below. 

Similarly, there is excessive reliance by the EIS on older reports by the consultants, rather 
than on peer reviewed, published literature (several examples below).  This is simply not 
acceptable. Spot checking some of these consultants’ reports indicate that they, too, rely 
heavily on unverified models.  In short, the whole EIS process takes on a “house of cards” 
framework. 

Recommendation: All models used for previous EIAs must be verified by real time data 
and corrections made before re-use in other EIAs. 

A.3 Exceedances of Water Quality Guidelines: An unsuitable basis for decision 
making 

In this and other documents, much of the evaluation of water quality relies on the 
frequency with which CCME water quality guidelines are exceeded.  Such exceedances 
are normally explained away as rare, or natural events. Such  an explanation is called into 
question by the above reviews of monitoring programs.  In fact, the frequency of current 
exceedances is a poor basis to use for review panels or companies in planning 
developments.   Therefore it is reasonable to have a monitoring program that can project 
trends into the future, so that future problems can be anticipated at the design stage.  In 
short, a monitoring program must be capable of predicting what the trends in average 
concentrations, and exceedances, are likely to be in the future.  At present, there are few 
reliable trends available from the start of oil sands development, as the Provincial Data 
panel has pointed out.  In short, development plans and approvals based on monitoring to 
date are very risky, both for investors and for the Canadian public. 

In addition, there are no CCME guidelines for many of the toxins of concern, i.e. 
alkylated PAHs, naphthenic acids and for many trace metals.  CCME guidelines are 
much less stringent than other jurisdictions, and are subject to change (usually downward) 
as data and toxicological assays improve.  It is widely recognized that many pollutants 
have synergistic effects, and that others interact with other environmental phenomena to 
increase toxicity, i.e. some PAHs become much more toxic in the presence of ultraviolet 
light.  

The bottom line is not whether guidelines are exceeded, but whether the biological health 
of watersheds and rivers has been compromised.  Below, I present evidence that the 
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Muskeg River has suffered serious biodiversity losses, apparently without exceeding a 
single guideline (Volume 4a, summary on p 485). 

Recommendation: A vastly improved science based monitoring scheme, designed and 
operated by the best available scientific minds, with no opportunity for political, 
industrial, or bureaucratic interference, is essential to restoring the confidence of 
investors, Albertans and Canadians. In the words of the Alberta Environmental 
Monitoring Panel: “The Alberta Environment study included monitoring at a limited 
number of stations, and was not specifically intended to determine impacts from the oil 
sands operations. The RAMP program has many monitoring sites, but the low sampling 
frequency each year limits this program’s ability to determine impacts from oil sands 
operations.”  

B. Specific criticisms 

B.1 Mercury 

Mercury concentrations in predatory fish species of the Athabasca River and Delta have 
been high since the earliest measurements were made in the 1970s.  While a recent 
analyses was unable to detect any upward trends in fish (Evans and Talbot 2012, 
Environmental Monitoring), the authors admit that the data base for predicting trends is 
inadequate, due to small sample sizes, combining fish of several sizes in some samples, 
analyzing different tissues at different times, using different analytical methods without 
intercalibration, and comparing fish from several locations in others.  In short, past 
monitoring has been too deficient to reliably assess trends in mercury.  A recent  analysis 
that corrects for size and uses consistent collection and analytical methods (2008; 
Radmanowich draft MSc thesis) indicates that roughly 75% of northern pike, 72% of 
goldeye and 80% of walleye in the lower Athabasca River exceeded consumption 
guidelines for frequent consumers (0.2 µg/g wet weight).  On the other hand, lake 
whitefish averaged well below guideline values.  Subsistence fishermen must now choose 
between getting sufficient protein and consuming a potent neurotoxin, which has 
particularly damaging effects on fetuses and newborn infants.   

Recent studies show clearly that mercury is partly anthropogenic.  Global background 
deposition is estimated to be 2 to 3 fold higher than it was historically.  NPRI data show 
that mercury emissions from upgraders in the area have increased several fold in the 
decade ending in 2010.  Kelly et al. (2010, Proc Nat. Acad. Sci. USA) showed that 
mercury deposition in snow has increased near oil sands development.  Similar snow data 
from Environment Canada were presented at the 2011 SETAC meeting.   

Harris et al. (2007 Proc. Nat. Acad. Sci. USA) experimentally added mercury that was 
tagged with a stable isotope to a small lake.  The added mercury was reflected in the 
lake’s fish within months.  Given the inadequacies of the monitoring data base for the 
Athabasca River, the Harris et al. results suggest that adding more mercury to the oil 
sands area will aggravate an already serious problem.  Curtis et al. (2010) show that 
mercury emissions from the oil sands are also contaminating lakes of the area, with 
increases in a Lake northeast of the oil sands about 40% higher than they were in 1980.  
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Petrogenic spherules increased as well, strongly implicating combustion sources in the oil 
sands rather than natural sources.   The technology is available for controlling airborne 
emissions of mercury.  It is time to restrict the emissions of this toxic element from oil 
sands, as is now commonplace on coal-fired power plants. 

Recommendation: No oil sands activities which contribute additional mercury to the 
environment should be allowed.  Mitigation should be required to reduce the rapidly 
increasing emissions reported to NPRI.   

B.2 Other toxic elements 

There are also concerns about other metals that are not addressed in the EIS.  Gueguen et 
al. (2011, Journal of Environmental Monitoring) concluded that colloidal dissolved 
organic carbon increased in water as the result of oil sands mining.  This changed the 
speciation and hence the mobility of many trace metals.  In the authors’ words: “It was 
also found that a significant amount of metals were associated with the non-DGT labile 
fraction (i.e. colloidal DOM) and colloid abundance was more important than suspended 
particulate matter abundance in influencing metal mobility near Athabasca oil soils 
development. Since changes in colloidal DOM levels are likely to be the result of surface 
mining activities, this confirms the serious effects of oil sands activities on metal 
biogeochemical cycles in the lower Athabasca River.” Kelly et al. (2010 PNAS) showed 
that concentrations of mercury and other toxic metals were elevated in snow for a radius 
of approximately 50 km around the upgraders in the oil sands, including the Muskeg 
River basin.  While few concentrations exceeded CCME guidelines, the critical snowmelt 
period when chemicals are likely to be highest and in most toxic form were not sampled.  
Data for the snowmelt period are inadequate for the entire oil sands area, despite an 
extensive literature showing that it is the most sensitive period for toxic effects from 
acids and trace metals. In short, a modern EIS and modern monitoring program must go 
well beyond compiling huge, dizzying lists of the total amounts of elements in water 
samples without detailed quality control procedures. 
 
Recommendation: Measures should be taken to reduce emissions of toxic elements and 
compounds from upgraders, and prevent their transport to streams from mined areas and 
infrastructure. 
 

C. The Muskeg River: Candy coating the destruction of an important watershed 
and its biodiversity 

Public concerns about the Muskeg River have been heard for several years, in fact in 
every hearing for projects in the watershed since 2003.  The concerns were considered 
important enough for the Joint Panel on Imperial Oil’s Kearl Project to require an Interim 
Management Framework for the Muskeg Watershed (EUB 2006-128).  The plan stems 
from CEMA's Watershed Integrity Task Group (WITG) of the Surface Water Working 
Group (SWWG) to address cumulative environmental impacts to water resources in 
Muskeg River watershed.  The WITG had been charged with the objective to “Establish 
environmental criteria and management systems to address watershed integrity of the 
Muskeg River drainage basin.”   
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WITG did not produce the management framework it was tasked with, and Alberta 
Environment eventually took over responsibility for completing it. An interim framework 
was released by AE in June 2008 and the IMF stated it was temporary to guide regulatory 
decision making until the end of 2009.  It sets arbitrary targets and management 
objectives for water quantity and quality that do not reflect the potential impacts of 
mining.  This ad hoc process has left the Muskeg River inadequately protected.  The IMF 
process was extended, first for two years, and later until the LARP for the lower 
Athabasca River was in place (1 Sept 2012).  Meanwhile, development of previously 
approved projects has been proceeding in the absence of a detailed IMF.  The following 
is a documentation of how the pace of development has outstripped protection of the 
Muskeg River, and successive EIAs, monitoring programs and hearing panels seem to 
have overlooked the fact that the Muskeg was already in serious trouble several years ago, 
as described below. 

The first IMF annual report (AENV 2008) states: “A strong message has been sent to the 
Government of Alberta that managing the cumulative environmental effects must be a top 
priority, as noted in the Oil Sands Consultation: Multistakeholder Committee final report 
(June 30, 2007) and the Aboriginal consultation final report (June 30, 2007). Both reports 
reflect the views and input of stakeholders in establishing a vision and principles to guide 
the future development of Alberta’s oil sands together with environmental management. 
One of the key recommended actions of these reports is to focus on cumulative effects 
management, integrated regional planning and comprehensive watershed management as 
means to minimize environmental impacts. The recommendations of both reports were 
adopted by the Government of Alberta in October 2007 and are now recognized by all 
ministries.” [1] 

[1] Alberta Environment. 2008. Muskeg River Interim Management Framework for 
Water Quantity and Quality; Management Guidance for Aquatic Components of the 
Muskeg River Watershed June 2008 

This report listed 10 projects in the Muskeg watershed, which were estimated to 
potentially destroy 50 to 60% of the watershed.  It is noteworthy that watershed 
destruction on this scale should have effects that are easily discernible on the biology of 
the Muskeg River.  For example, Palmer et al. (2010, Science) were able to detect 
changes to stream benthos when only one percent of a watershed was disturbed by coal 
mining. 

One of the IMF’s major recommendations was that the physical integrity of the Muskeg 
River channel be maintained for two years, until cumulative effects mitigation plan was 
in place.  But late in the IMF process, the JPME was submitted, the first project to 
propose physical destruction of the upper reaches of river channel and to mine the upper 
part of the Muskeg watershed.  The 2008 IMF report therefore does not account for 
JPME.  Moreover, several of the projects approved before 2008 were still under 
construction, so that their full impact could not be assessed by the IMF.   

However, it is noteworthy that data in the JPME EIS indicate that the Muskeg River 
biological health had already been severely damaged by 2005, before the IMF began (see 
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below).  This should have led to a greatly accelerated monitoring and IMF program, and 
certainly to postponing any more project approvals until an IMF was in place that 
included mitigation of damage that was already obvious at that time.  Tragically, the 
damage was either unnoticed or ignored. 

The Muskeg River drains a catchment of 1476 km2, one of the larger tributaries 
downstream of Fort McMurray.  The river was the site of intensive pre-impact biological 
monitoring as part of the AOSERP program in the 1970s.  Reports from those studies 
show that the river contained 19 species of fish, including several species valued for sport 
or assistance, and supported a run of several thousand fish a year which used the stream 
for spawning (Bond and Machniak 1979, AOSERP report).  There was also a very 
diverse community of benthic macroinvertebrates (Barton and Wallace 1979 AOSERP 
report). Later studies (AXYS 2005) increased the number of fish species to 22.  In 
Volume 4B, appendix 4-6 lists 26 species for the watershed. 

Volume 1, section 17.8 of the JPME EIS (pdf page 519) states “For the Muskeg River…. 
negligible environmental consequences on environmental health were predicted.” This 
despite the fact that the Muskeg River has been or will be affected by ten past projects, 
including the Syncrude Aurora North, Syncrude Aurora South, Albian Muskeg River 
Mine and Expansion, Imperial Kearl, PetroCanada Fort Hills and Shell Jackpine Phase 1 
projects (a complete list is given in Table 2.1 of the above-mentioned IMF). The full 
impacts of all of these mines on the Muskeg River have not yet been felt, as some are not 
yet fully operational.  Similarly, the EIS for Jackpine Phase 1 (pdf page 176) states 
“residual effects on benthic macroinvertebrates of the Muskeg River are expected to be 
negligible,” and on the following page, no net loss of fishes is predicted as the result of 
“maintenance and creation of fish habitat.”  Elsewhere, a “naturalized stream channel and 
created lake” are mentioned, and some detail is given in Volume 4B, appendix 4-6 (see 
below).  Obviously, the damage to the Muskeg River has been missed in several earlier 
review processes. 

Nothing is mentioned in the current EIS about whether these past predictions were 
accurate, or whether there has truly been no net loss to fish habitat.  Checking the 
accuracy of past predictions is a necessary part of science, which is by definition a self-
correcting process.  Assuming that the EIS process is supposed to be based on science, 
each EIS’s predictions must be regarded as hypotheses to be tested, and any errors 
corrected as they are discovered.  Only by such a process of evaluating and correcting 
errors made in earlier predictions can science, including the science of impact assessment, 
be improved.  This part of the scientific process is not evident in the JPME EIS, and 
appears to have been missing for some time in the EIS process used in the oil sands.  
Below are some obvious examples. 

Volume 4A of the JPME EIS (pdf page 103) states that “negligible environmental 
consequences to aquatic health were predicted.”  On page 104, it is stated that the 
Conceptual Compensation Plan will ensure that there are no net losses to fisheries.  
Further, p 6-626 “Closure conditions are not expected to be dramatically different from 
pre-development, suggesting effects on benthic invertebrates will be transient” and later 
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on that page “The Muskeg River is predicted to supply habitat for benthic invertebrates 
into the far future.” 

However, the analysis of impacts used to reach this conclusion is done from data taken 
only in the last few years, ignoring the AOSERP studies referenced above. Few recent 
samples of invertebrates were from the Muskeg River were included in the analysis in 
this EIS exercise, despite it being the most impacted stream in the area (pdf page 2699). 
In JPME Volume 4, Aquatics Environmental Setting Report, Table 5.4-16 (pdf page 
2827), why are the thorough studies of Barton and Wallace (1979) not included in the 
analysis?  They are the only pre-development data for the Muskeg River. As a result of 
excluding this pre impact study, the EIS (pdf page 2975) makes the claim that  “available 
data do not provide clear evidence of temporal trends….”. 

Later,  data from Barton and Wallace are included without comment (see EIS Vol 4 appd. 
Table U8 summary, pdf page 3206).  In contrast to the above analysis and assertion, by 
2005 there had already been a major loss of benthos in the Muskeg River.  Data in Table 
U8 indicate that 86 to 89 % of all taxa have been lost, with losses of 62 to 100% for most 
invertebrate groups.  Plecoptera (stoneflies), Ephemeroptera (mayflies) and Trichoptera 
(caddis flies), which are widely used in water quality assessments because of their 
sensitivity to pollutants, show losses of 100%.  Odonata (dragon flies) and Coleoptera 
(beetles) are also completely lost.  In the eyes of most biologists, this would be 
considered as a catastrophic decline in benthos.  Yet this had happened by 2005, and the 
Muskeg River has unquestionably been much more seriously impacted in the seven years 
since that time.  It is well known that macrobenthic invertebrates are a major food source 
for fish, so that these losses represent a serious loss of critical fish habitat. 

Damage to fish in the Muskeg River is similarly understated, by ignoring the detailed 
studies of Bond and Machniak (1979) except for a casual mention. These authors 
identified 19 fish species from the river in 1976-77, counting 5000-over 6000 fish 
through a weir near the river’s mouth each year. They concluded that arctic grayling and 
both white sucker and longnose sucker used the river as spawning habitat just after ice-
out, and that several other species used the lower reaches of the river as a resting area on 
spawning runs between rapids upstream of Fort McMurray and Lake Athabasca, or as a 
nursery area for small fish.  On page 94 of their report, they describe a sport fishery for 
grayling on the river. 

Curiously, Vol 4, Table 5.4-2 (pdf page 2772) shows a major decline in most fish species 
since the 1970s, yet this fact is not mentioned in the text, and obviously has been 
excluded from the assessment of ecosystem health.  Grayling had declined dramatically 
already by 1995, and in all annual fence counts in 1998 and thereafter, only 0 to 2 fish 
were recorded.  Mountain whitefish had similarly almost totally disappeared by the mid 
1990s. There are also huge declines shown for longnose sucker, northern pike, and other 
species. 

But the JPME EIS Volume 4, Aquatics (pdf page 2869) states: “of 14 fish species (from 
the upper and middle reaches) five were captured,” and the fact that grayling, mountain 
whitefish and northern pike, all sportfish species, as well as several forage species, were 
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among the missing is given no interpretation. Overall, the decline in fish produced in the 
Muskeg River is 86% since pre-development.  The JPME will add to this decline. 

On page 140 of Volume 4B, it is noted that the five regular migrant species have declined 
severely, but this is attributed to beaver activity.  This interpretation ignores the fact that 
beaver and fish have co-existed in this watershed for millennia, and the many papers that 
conclude that beavers increase fish habitat and wetland areas.  As to effects on migrations, 
beaver dams seldom last for more than a few years, and even when intact, are usually 
overtopped by spring melt flows.  Low runs of fish have been recorded since the mid 
1990s, as mentioned above.  As stated on a website run by the University of Minnesota 
(http//www.beaverdam.info): “Fish migrations are seasonal, and typically occur in the 
springtime.  In the spring high flows often overtop dams, and the downstream water level 
approaches that of the upstream side of the dam.  The fish that evolved under pristine 
conditions in North America can easily swim over dams in these conditions.  These flow 
conditions in the northern latitudes usually occurred in the spring when the water was 
colder.  This presents a clear advantage to trout and similar native species over warm 
water species such as carp (non native).  The temperature of the water charge during low 
flow periods will be cooler given the fact that low flows in rivers are the result of 
groundwater flow.  In most climates low flows (droughts) occur during the summer 
season.  Groundwater most always recharges rivers and streams during droughts at the 
average seasonal temperature.  Trout seek these cool spring fed areas during the warmer 
weather.  In some cases, as previously discussed, beaver dams will form wetlands and 
meadows, in this case the benefits to fish are seen downstream of the dams, with 
improved water quality in downstream lakes and streams.”   

To attribute the loss of aquatic biodiversity in the Muskeg River to beaver while several 
mega projects destroy the watershed, including destroying and otherwise affecting many 
km of stream channel is absurd!  

Volume 4B, Appendix 4-6 contains a detailed description of the Conceptual Closure Plan.  
It documents a succession of diversions of headwater streams and lakes via a diversity of 
long channels and pipes.  Eventually, pipes will carry all of the outflow from Kearl Lake 
and several tributaries.  Fish will be transported by humans to remaining habitat in the 
upper reaches, details unspecified.  Fish habitat is assumed to be estimable as “wetted 
area,” a totally unproven assumption.  On page 128, it is mentioned that there may even 
be “positive changes” associated with higher winter flows in the far future!  This 
allegation is preposterous.  The Muskeg River has already been adversely affected, and 
the destruction of 22 km of mainstem river will further aggravate the problem.  Nothing 
in the proposed mitigation can offset the damage to this important ecosystem.  

In summary, the JPME EIS ignores major impacts to fish and fish habitat and serious 
impacts on the Muskeg River are downplayed.  Tragically, all this has been missed not 
only by consultants who have constructed several EIA’s for projects in the basin, but by 
the tardy IMF process, even though the damage has been apparent since 2005.  Similarly, 
the huge losses appear not to have been detected by RAMP or AENV monitoring 
programs, which might be expected as the result of the huge deficiencies in those 
programs identified in recent panel reports, including those to provincial and federal 
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Ministers of Environment.  In summary, there has been much paper generated over 
protecting the Muskeg River, but meanwhile the river’s biological health has been 
destroyed….. apparently, if RAMP and the JPME EIS are to be believed, without 
exceeding a single guideline for water quality!  This says much about the quality of a 
process based on unverified models and questionable monitoring data. 

Recommendations:  No more projects should be approved for the Muskeg River 
watershed until the impacts of current development are thoroughly investigated, an 
appropriate monitoring and thorough management plan is in place, and mitigation 
measures are in place to repair damage to date.  Management plans must include having 
up to date assessments of past projects and mitigation that corrects problems caused by 
past development before new developments are considered. 

D. Damage to benthic organisms in surrounding lakes 

There has been no long-term biological monitoring to assess biological damage to lakes 
in the regions (Parsons et al. 2010, J. Limnol.).  In a study of 32 lakes in the oil sands 
area, these authors found that the macrobenthos community of five nearest to the oil 
sands had impaired benthic communities.  The EIS makes no mention of such damage. 

Recommendation: Reducing emissions of acids and toxic substances from airborne 
sources is required.   

E. Acid Rain  

In appendix 3.2, air emissions and predictions, it is concluded that 23 lakes in the area 
already suffer from deposition of acidifying sulfur and nitrogen compounds that exceed 
their critical loads.  In addition, lichens and other sensitive forest plants are threatened.  
However, this appendix, though recent, does not appear to include the most recent 
estimates of critical loads for the area (Whitfield et al. 2010 J. Limnol.). 

Recent publications documenting acidifying airborne emissions from the oil sands are not 
presented.  McLinden et al. (2012, Geophys. Res Letters) state: “The magnitude of these 
enhancements, quantified in terms of total mass, are comparable to the largest seen in 
Canada from individual sources.” They particularly underscore the enormous rate of 
increase in NOx between 2005 and 2010, which was assessed at 3.5%/year.  Curtis et al. 
(2010 J. Limnol.) illustrate that at least one sensitive lake in the area has been acidified 
by oil sands, and that emissions from oil sands combustion sources are reaching lakes 
over quite a large area. 

The JPME EIS concluded that the streams in the area are not acid sensitive (Volume 4, 
pdf page 283; Appd  3.2., pdf page 130). There are some erroneous assumptions that 
skew model results. Firstly, it is assumed that the alkalinity of streams measured in 
summer is representative of that during spring melt.  This is not the case, as studies have 
repeatedly shown.  Streamflow in the spring is highly diluted with low-alkalinity, low 
conductivity snowmelt water, which is poorly able to buffer against acidification.  For 
example, measurements of conductivity for the Steepbank and Firebag rivers showed a 
great dilution by snowmelt (Schindler 1996 Report to Clean Air Strategic Alliance).  Due 
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to the amounts of strong acids in snow at that time (1990), pH declines of more than 2 
units (> 100X increase in acidity) were occurring in these two rivers already in 1990.  
Minimum pH values were < 6.0 (i.e. in the range where biological damage is known to 
occur).  Acidifying emissions in the oil sands have increased over 2 fold since that time, 
so larger excursions would be expected now.  This discrepancy is exemplary of the errors 
that can occur when predictions are based on models unverified by actual measurements.  
While it is impossible to review the model, it is possible that it only accounts for the 
effects of strong acid addition to stream water, ignoring the dilution effect that lowers 
alkalinity during spring melt, and the chromatographic effect that concentrates chemicals 
beyond their average concentration in snowpack.  These are well known features of 
snowmelt chemistry (Johannessen and Henriksen 1978, Water Resour. Res.).  In addition, 
such acid pulses usually mobilize high concentrations of aluminum and other trace metals 
from soils and shallow ground water, sometimes reaching toxic concentrations.  Such 
pulses of acids and toxic elements will add to the releases that are certain to occur as the 
result of mining activity in the Muskeg River watershed. 
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Recommendation:  Measures must be taken by all companies to significantly reduce 
concentrations of acid precursors to the atmosphere.  Monitoring programs must be 
intensive enough in spring to ensure that spring melt pulses are not causing damage to 
aquatic ecosystems. 

F. Reclamation 

In Volume 4A, reclamation to “equivalent land capacity…..” is stated as an important 
goal of mitigation. Throughout the EIS, assessments of overall long-term (“Far future”) 
damage caused by development are based on the assumption of acceptable reclamation to 
minimize the overall damage predicted from the project. 

Yet recent studies show that reclamation to a landscape of equivalent habitat is not 
possible. In fact it is not even predicted by company reclamation plans (Rooney et al. 
2012 Proc. Nat. Acad. Sci. USA).  In particular, there will be an enormous loss of 
wooded fen habitat of the sort that is critical habitat for woodland caribou, and provides 
seepage to maintain baseflow conditions in area streams during dry periods and under 
winter ice.  Increased salinity after mining prevents such fens from being reestablished. 
In this regard, oil sands companies have been deluding the public via the popular press as 
in the example below, which was carried by the Vancouver Sun: 

 

In addition, Alberta Environment shows that oil sands companies are accumulating an 
enormous “reclamation debt” which is increasing exponentially, whereas attempts at 
reclamation is increasing linearly, and at a much lower rate (see below).  In short, in the 
absence of proven methods to restore wooded fen habitats, mining activities in the 
Muskeg River watershed will irreparably damage the river, and the ecosystems that 
constitute its natural watershed. 
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Recommendation: Decision makers and the public must be assured that successful 
reclamation is both possible and undertaken in a timely manner in order to avoid 
companies causing major and irreversible losses of biodiversity and ecosystem services 
in the oil sands region.  At present, reclamation is questionable, making all forecasts 
about the far future doubtful.  Stringent “truth in advertising” regulations should apply 
to public advertisements, in order to protect the reputations of all companies for integrity. 

Also see Rooney, Bayley & Schindler 2012 PNAS paper.  
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Above: Top photo-natural wooded fen in the oilsands area, >300 spp. 

Bottom photo: reclaimed forest.  Photos by SE Bayley 

 

G. End Pit Lakes (EPLs) 

As usual, predictions about water levels, discharge and quality are entirely based on 
models for lakes and reservoirs that have not been verified for EPLs by any real time 
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testing.  As the Royal Society (2010) pointed out (pdf page 158), “while modeling studies 
and industrial proponents suggested that development and operation of EPLs poses a low 
risk to the environment, there is much uncertainty.” Later “… the first tailings pond was 
approved in concept in 1993 subject to demonstrated success, yet 17 years (now 19 years) 
later, the EPL concept has yet to be demonstrated.” This concern is repeated in their final 
summary statement of concerns on p 307 of their report. 

The entire success of the wet landscape reclamation plan thus hangs on an unverified 
model that projects that in a reasonably short time (several decades) toxins will decay to 
the point where they cause no biological harm.  To an aquatic scientist with over 40 years 
of experience, this seems a huge stretch of the imagination.  For example, it is generally 
assumed that diffusion will keep contaminants in submerged tailings from reaching the 
water column, but it has recently been discovered that methane and hydrogen sulfide are 
released from the tailings, bubbling into overlying water.  It is time that the panel 
demanded more substantial verification that end pit lakes will work, at least some full-
scale field studies of rates of decay of some of the critical compounds.  In particular, this 
EIS places undue reliance on unsubstantiated decay rates of contaminants in end pit lakes 
to conclude that future contaminant concentrations will be below guideline values.  This 
is complete nonsense. 

Recommendation: No more end pit lakes should be constructed until several existing 
examples are independently assessed to verify that they will fulfill the functions of water 
purification and aquatic habitat suggested in past EISs. 

H. Effects of climate change on water supplies and flows in the Muskeg River 
and downstream 

The predictions are that climate change will have minimum impacts on water levels and 
flows (Vol 4A).  Yet this prediction ignores several recent published papers that predict 
more dire consequences, by Rood, Prowse, Peters, Dery, Mannix and others.  This whole 
section needs to be reanalyzed in light of published literature.  For example, Rasouli et al. 
(2012) show that the flow of the Athabasca River, which provides most of the water to 
Lake Athabasca as well as to the oil sands, has declined 21% in the past 50 years due to 
climate change alone, causing the lake level to decline by 0.4 meters, and 0.9 meters in 
the past 70.  A further decline in lake level of 2-3 meters is predicted.  In turn, reduced 
lake levels will cause decreased flows in the Slave River. 

The predictions of the EIS with respect to climate change on oil sands operations are also 
unduly rosy, when compared to those of Mannix et al (2010), who examined several wet 
and dry scenarios.  They indicate that by 2020, oil sands use may have to be severely 
reduced.  In particular, they point out that if an Ecological Base Flow is adopted, it is 
likely to cause periods when water use is prohibited, if the current “first in right, first in 
time” water licensing method continues.  Squires et al. (2009) found that flows in the 
lower Athabasca River had declined greatly in recent years, especially during the low 
flow period.  They also found easily detectable increases in sodium, sulfate, chloride, and 
total phosphorus, which for some reason have eluded environmental impact assessments, 
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including this one.  They present a simple model for assessing cumulative effects.  Oddly, 
it too has been ignored in the EIA process. 

In summary, recent literature shows that climate change is already causing substantial 
decreases in the flow of the Athabasca River, with projected serious consequences for 
Lake Athabasca and the Slave River.  Further withdrawals and modifications to tributary 
flows will aggravate an already serious problem.  

Rasouli, K., M.A. Hernandez-Henriquez and S.J. Dery. 2012.  Streamflow input to Lake 
Athabasca, Canada. Hydrol. Earth Syst. Sci. Discuss. 9: 9065-9093. 

Mannix, A., Chokri, D., and W. L. Adamowicz. 2010.  Water availability in the oil sands 
under projections of increasing demand and changing climate: An assessment of the 
lower Athabasca Water Management Framework (Phase 1). Can. Wat. Resour. Jour. 35: 
29-52. 

Recommendation:  Emissions of GHG from the oil sands must be substantially reduced 
and climate must be better accounted for in the EIS predictions. 

I. PAHs 

The JPME EIS consistently concludes that neither the base case nor the proposed 
development will have any significant effect on water quality of groundwaters, streams, 
lakes or rivers in the area.  For PAHs, where guidelines are predicted to be exceeded, 
natural sources are deemed to be responsible.  However, there is little mention of airborne 
sources to water, and of some groups of PAH related compounds, such as alkylated PAHs 
and dibenzothiophenes, which are known to be increased in airborne emissions (Kelly et 
al, 2009, Proc. Nat. Acad. Sci. USA).  These are now known to travel at least 90 km from 
upgraders in the area, and to have increased the background burden of lakes by from 2.5 
to over 50 fold (Kurek et al. in review).  Detailed analysis shows that the compounds are 
from petrogenic sources, rather than combustion (i.e. forest fires) that are commonly used 
to explain recent PAHs in the area in the absence of detailed data (Kurek et a, 2012, in 
review). 

In Volume 4A (pdf page 492), it is explained that the project will produce no PAHs other 
than the emissions from the vehicle fleet.  Clearly, this is not the case if the bitumen is to 
be upgraded, whether in the oil sands or other areas.  On page 493, no mitigation 
measures for airborne sources are deemed necessary. 

On page 494, many references are given to justify the conclusion that development of the 
oil sands does not contribute PAH to local lakes and rivers. All of the studies were done 
when the oil sands were operating at half or less their current capacity, and most were 
“gray literature” that has not been peer reviewed.  The above conclusion is in contrast to 
the detailed studies of deposition over time of Kurek et al. 2012.  It also ignores the 
recent analysis of RAMP data by Timoney and Lee (2011, Environ. Sci. Technol.). 
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At page 529,  a2003 study is used to conclude that there is no increase in PAHs in 
sediments of the Athabasca River.  This study uses data from when capacity of the oil 
sands was less than half that at present.  It ignores Timoney and Lee (2011). 

It is noteworthy that at several points, the EIS has concluded that PAHs in water are 
below the limits of detection.  However, RAMP’s limits of detection are far poorer than 
state of the art. Again, the EIS significantly underpredicts the potential impacts of 
development in the watershed, including the additional impacts of the JPME. 

Recommendation:  PAH emissions from upgraders must be significantly decreased, as 
well as sources in road and mine dust.  EIS predictions must be updated to account for 
the more recent studies.  
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Controversy Background Information. Large-scale commercial oil
sands mining near the Athabasca River began in the late 1960s (1),
approximately 250 km upstream of the northern Alberta commu-
nity of Fort Chipewyan. Residents have since reported long-term
declines in the populations of many fish and wildlife species and in
the quality of water and fish obtained from the river, its delta and
Lake Athabasca (2, 3), part of lands guaranteed to indigenous
inhabitants by Canada under Treaty 8 of 1899.

Concerns about the health of residents emerged well over a
decade ago with recommendations in the 1990s for ongoing mon-
itoring of environmental and human health throughout the north-
ern river basins [Northern River Basins Study (4)]. A companion
study, on the health of Albertans residing in the Peace and
Athabasca River basins, specifically recommended inclusion of Fort
Chipewyan’s Nunee Health Authority in environmental health
studies because of ‘‘their unique interest in environmental contam-
inants resulting from their geographic location and consumption of
foods from local sources’’ (5). Recommended monitoring included
measuring fish, wildlife, human exposure, and human health out-
comes related to local contaminants of concern (4, 5).

In 2006, local physician Dr. John O’Connor reported an unusual
incidence of rare cancers, thyroid problems, and other diseases
related to immune impairment in Fort Chipewyan (3, 6). A
subsequent study suggested that cancer rates in Fort Chipewyan
were comparable with Alberta provincial averages, although the
incidence of hypertension, renal failure, diabetes, and lupus was
elevated (7). However, a more recent detailed study indicated that
the overall cancer rate and incidence of blood and lymphatic system
cancers, grouped biliary tract cancers, and soft tissue cancers in Fort
Chipewyan were higher than expected (8). Residents attribute
increased cancer rates to environmental contamination from in-
dustrial sources, including oil sands development (3, 8). The degree
to which oil sands development contributes to chemical contami-
nants in the Athabasca River and its tributaries, and to the health
of people in the region, remains highly controversial.

Oil sands contain a broad array of the chemicals typical of
petroleum, including three- to five-ringed polycyclic aromatic hy-
drocarbons (PAHs) and a variety of trace metals (9–11). Many of
these constituents are highly toxic, some are carcinogenic, and all
can be distributed widely via gases and dust originating from oil
sand mining and processing. These facilities and in situ operations
can also affect nearby water bodies via land clearing, excessive water
withdrawals, pipeline and road crossings that increase erosion and
sedimentation rates, release and deposition of airborne pollutants,
and spills or leaks from operations or tailings ponds (6).

Contaminant releases to the Athabasca River have been docu-
mented. In June 1970, an oil pipeline leak to the Athabasca River
disrupted the drinking water supply of Fort MacKay and Fort
Chipewyan and commercial fishing on Lake Athabasca (12). A
winter tailings spill under ice in 1981–82 contaminated a large
downstream section of the Athabasca River with PAHs, dibenzo-
thiophenes, phenolics, and other contaminants (13).

One difficulty with assessing time trends in many of the contam-
inants in the Athabasca River is that many of the sensitive analytical
methods in use today were not available in the early years of oil
sands mining. Also, as rapid development has proceeded, there are
few remaining pristine catchments that can serve as reference
watersheds within the area where mining is possible.

In 2003, the Northern Rivers Ecosystem Initiative concluded that
natural erosion of oil sands caused slight to moderate impacts to the
Athabasca River, but found ‘‘no evidence that industrial oil sands

operations were having an impact’’ (14). Tailings ponds leak
pollutants into soil, groundwater and surface water (15, 6), but
industry and the government suggest that quantities are insignifi-
cant (6), despite recent reports that leakage rates are 11 million
L/day (16).

The Regional Aquatic Monitoring Program (RAMP) has been
responsible for studying the effects of oil sands mining on the
Athabasca River and its tributaries since 1997, and results have
consistently suggested that impacts on water quality are negligible
to low, or within regional baseline conditions (e.g., ref. 1). The 2008
RAMP community update, based on 2006 RAMP data, stated that
‘‘there were no detectable regional changes in aquatic resources
related to oil sands development… only localized, site specific
exceptions’’ (17). The only potential anthropogenic effect on water
quality noted within the Athabasca River, its delta, or tributaries
followed an approved diversion of the Tar River (17).

The RAMP is industry-funded and includes representatives of
industry, government, local and aboriginal communities and envi-
ronmental organizations. The program was highly criticized by a
peer review of the program’s five year report (1997–2001), which
described the number of monitoring sites as inadequate, identified
sampling practices that could ultimately neither measure nor detect
impacts and stated that the program design could not assess
cumulative impacts on water quality (18). The reviewers also ‘‘felt
there was a serious problem related to scientific leadership, that
individual components of the plan seemed to be designed, operated
and analyzed independent of other components, that there was no
overall regional plan, that clear questions were not addressed in the
monitoring and that there were significant shortfalls with respect to
statistical design of the individual components.’’ Elsewhere, ‘‘the
problems with the report are found in lack of details of methods,
failure to describe rationales for program changes, examples of
inappropriate statistical analysis, and unsupported conclusions’’
(18). The review was never made public, and RAMP raw data are
considered to be proprietary and are not readily available for
further analysis and critical review.

The Nunee Health Authority contracted a review of available
data from 1997 to 2006, which also criticized the RAMP for
inconsistent monitoring, weak data analyses, including bias, errors
and overly conservative interpretations. The review noted a paucity
of monitoring data near Fort Chipewyan and western Lake Atha-
basca (3). For these reasons, aboriginal and environmental groups
have become increasingly critical of RAMP (6), and some have
resigned from the program.

Timoney also concluded that the ‘‘people and biota of the
Athabasca River Delta and western Lake Athabasca are exposed to
higher levels of some contaminants than those upstream’’ (6). Of
primary concern were arsenic, mercury, and PAHs, which appeared
to be increasing above already high background concentrations
from 1997 to 2006. The report expressed concern for public health,
because some medical literature associated chronic exposure to
these contaminants with diseases prevalent in Fort Chipewyan (6).
For example, elevated arsenic concentrations have been associated
with cancers of the bile duct, liver, urinary tract, and skin as well as
vascular diseases and Type 2 diabetes (6). Another analysis of
Athabasca River water quality data from 1960 to 2007 revealed
decreasing trends in stream flow and increasing turbidity, nutrients
and concentrations of some metals at Old Fort within the Atha-
basca Delta, downstream of oil sands development (19). Anthro-
pogenic disturbance within the catchment was identified as a
possible source, but establishing causal links would require further
study (19).
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Recognizing the huge scale of oil sands mining, the extent of
potential impacts, and uncertainties due to inadequate monitoring
data, there have been many recommendations for further studies of
the sources, transport, fate and effects of contaminants in the
Athabasca system (e.g., refs. 3–6).

Analytical and Statistical Method Details. GIS analyses. Catchments
for each site were created using a 50 m shuttle radar topography
mission (20) digital model and catchment areas were calculated.
Digital disturbance data were assessed for relevence and a
change analysis of forest ecozones within Alberta (1991–2001)
(21), Canada access (roads, mines, forest fragments and reser-
voirs buffered by 500 m) (22), and the extent of oil sands
development in 2008 (23) were chosen for further analysis.
Disturbance and geologic formation data (24) were extracted
within the extent of each catchment and areas were calculated.
This process allowed for calculation of the proportion of each
catchment containing McMF, overall surface land disturbance (a
relative index), and land disturbance attributable to oil sands
mining in 2008. The Firebag River catchment extends outside of
Alberta into Saskatchewan where no comparable disturbance
and geology data were available, thus, our analysis only included
the Alberta portion of the Firebag River. For the same reason,
catchments for Athabasca River sites do not contain tributaries
that originate in Saskatchewan.
PAC analyses. Filters were dried by desiccator and weighed, and 0.1
g of oil sands sample was added to a 100 mL centrifuge tube.
Each PMD, filter and oil sands sample was spiked with d8-
Naphthalene, d10-Acenaphthene, d10-Phenanthrene, d12-
Chrysene, and d12-Perylene and extracted with 100 mL 80:20
(v:v) pentane:dichloromethane in an ultrasonic bath. The extract
was transferred to a 100 mL round bottom flask, evaporated to
approximately 8 mL with a rotary evaporator and transferred to
a 10 mL K-D contractor tube. The extract was concentrated to
1 mL under a stream of nitrogen and loaded onto a 1 cm ID
column packed with 2 g of activated silica gel (100–200 mesh) at
130 °C. The column was eluted with 8 mL of pentane to obtain
the alkane fraction and with 2 mL 80:20 (v/v) pentane:dichlo-
romethane and 8 mL 50:50 (v:v) pentane:dichloromethane to
collect the PAH fraction, which was concentrated under nitro-
gen and re-constituted in 1 mL of hexane. Snow extracts were
filtered through 50 grams of sodium sulphate, concentrated as
above and re-constituted with 1 mL of hexane. An internal
standard of 50 �L of 2-fluorobiphenyl was added to all extracts
for chromatograph with a mass selective detector (GC-MSD)
analysis. For each extract, 1.0 �L was injected in splitless mode
at 320 °C for separation on a 30 m, 0.25 mm ID, 0.5 �m film
DB-5MS fused silica capillary column (J&W Scientific, Folsom,
CA). The initial oven temperature was 60 °C for 2 minutes which
increased by 8 °C/min to 300 °C for 10 minutes and the flow rate
of Helium as the carrier gas was 1.0 mL/min. The PAH were
detected by selected ion monitoring (SIM) after ionization by a
70eV impact source.
QA/QC. Some of the deployed polyethylene membrane devices
(PMDs) were lost or vandalized (winter: MU2, AR15 top and
bottom, summer: ST3 and FR3, AR2 top and bottom). To be
conservative and not overestimate PAC concentrations, values
below method detection limits (Table S1) were not increased to the
method detection limit for analyses. Several samples were contam-
inated by diesel oil, as indicated by PAC distributions limited to two-
and three-ring homologues and were not included in analyses
(winter: EL3, AR14, summer: AR17up, MU3 dup, HOR3 top,
TR2, EL2, FR1, AR18, AR12, concentration range: 0.010 to 0.232
�g/L). This contamination likely arises from brief exposure to high
diesel concentrations caused by ephemeral spills from boating
activity, pipeline, or storage tank leaks, fuel transfers, unreported
spills, etc. Comparable instances of such contamination were
evident in a similar study of background PAC in Prince William

Sound, Alaska in 2004 (20). In summer, the relative percent
difference was �19.8% for duplicates from impacted and reference
sites. Dissolved PAC concentrations in trip (winter: 0.055, summer:
0.036 �g/L) and field (winter: 0.050 � 0.019, summer: 0.050 �
0.009) blanks were low in both seasons. In summer, field blanks
deployed at impacted sites contained more dissolved PAC than
those from reference sites, indicating that PMDs collected dissolved
PAC from the air. Dissolved PAC concentrations in PMDs de-
ployed at upstream and some midstream sites were lower than field
and trip blanks, indicating that ambient stream concentrations were
so low that PAC initially present in the deployed PMDs leached into
the sampled water stream, a phenomenon observed elsewhere (25).
PAC source identification. Analysis of four samples of oil sands
collected from the east (n � 2, ST3, east bank of the Athabasca
River) and west (n � 2, Syncrude and west bank of the Athabasca
River) sides of the Athabasca River contained PAC ranging from
64.9 to 282.5 �g/g. Four homologue groups accounted for most of
the PAC: dibenzothiophenes (28–42%), phenanthrenes/an-
thracenes (10–30%), fluoranthenes/pyrenes (13–28%), and benz-
anthracenes/chrysenes (9–21%). Ratios of (�-dibenzothio-
phenes):(�-phenanthrenes/anthracenes, or �D:�P) �0.8 and (�-
benzanthracenes/chrysenes:�-phenanthrenes/anthracenes, or
�C:�P) �0.065 were used as indicators of an oil sands source in the
PMD samples, with the low value of the second ratio reflecting the
much lower solubility of benzanthracenes/chrysenes compared with
phenanthrenes/anthracenes (dibenzothiophenes are somewhat
more soluble than phenanthrenes/anthracenes) (26). We consid-
ered PMD samples with both ratios lower than these values as
contaminated with diesel oil, because dibenzothiophenes and benz-
anthracenes/chrysenes are mostly removed from diesel oil by sulfur
removal and distillation, respectively. These criteria were only
applied to PMD samples that contained at least 100 ng of PAC in
the aliquot extracted to avoid misinterpretations due to benzan-
thracenes/chrysenes below detection limits.
Ratio of PAC to bitumen. The four oil sands samples analyzed for PAC
(see PAC source identification) were also analyzed for percent
organic extractable at the University of Alberta. Oil sands samples
were weighed before and after extraction with dichloromethane.
The percent organic extractable of the four oil sands samples
ranged from 11.3 to 16.9%, with a mean of 14.7%. PAC concen-
trations and percent organic extractable of the four samples were
used to calculate the PAC to bitumen ratio of 0.000649 � 0.000168.
The four oil sands samples may not be completely representative of
what is mined and processed, but were what was accessible. This
ratio should be relatively insensitive to change from volatility losses.
As shown in Fig. S4A, the relative abundances of the more volatile
PAC such as the naphthalenes and the parent and methyl-
substituted three-ring PAC are small compared with the more
substituted f luorenes, dibenzothiophenes, phenanthrenes/
anthracenes, f luoranthenes/pyrenes and benzanthracenes/
chrysenes. Furthermore, to the extent that volatility losses of PAC
exceed those of the remaining non PAC material in the bitumen, oil
deposition would be underestimated.
Estimation of aqueous PAC concentrations. PMD results were presented
as estimated aqueous PAC concentrations, based on the assump-
tion of equilibrium between the two phases. Sampling rates of PAH
by semipermeable membrane devices (SPMDs) and PMDs are
indistinguishable (27, 28), but PMDs reach equilibrium with am-
bient conditions more quickly because their absorptive capacity is
only �20% that of SPMDs per unit mass (27, 29). Naphthalenes
reach equilibrium with SPMDs in about 10 days, but �30 days are
required for three- and four-ring PAH (29). We used the equilib-
rium assumption because of the faster approach to equilibrium with
PMDs and because the aqueous concentrations calculated on this
assumption are underestimates to the extent that equilibrium was
not attained. The approach to equilibrium is sensitive to flow across
the PMD surface and to the extent of biofouling, so we cannot be
sure our PMDs reached equilibrium with all of the ambient PAC
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concentrations analyzed. The alternative approach of assuming
linear uptake (29) may have resulted in considerable overestima-
tion. We calculated PMD–water partition coefficients (Kmw) for
each PAC from a regression with corresponding octanol-water
partition coefficients (Kow) provided in Equation 3-6 of Huckins et
al. (29), using Kows from McGrath et al. (26). Results were
presented as micrograms of PAC/L (parts per billion).
Area-wide PAC deposition. The natural log of PAC loading (ng/m2)
was regressed against distance from AR6, which was calculated by
using ArcGIS. The estimated intercept was exponentiated to pro-

vide the estimated PAC loading at zero distance, and the slope was
the decay constant for the argument of the exponential that
multiplies distance (x). Expressing PAC � A e�kx for the relation of
PAC loading as a function of distance and integrated over a circle
of radius R � 50 km gave the total deposition within the circle.
ANOVA. Aqueous PAC concentrations estimated from correspond-
ing PMD analyses were natural log-transformed, which satisfied the
assumptions of normality and equality of variance for the ANOVA
analyses presented.
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Fig. S1. Site AR6 photographed 26 February 2008. (A) Dirty snow on the Athabasca River (facing south). (B) close-up of surface snow at AR6. (C) Snowpack at AR6.
Photographs courtesy of E.N.K.
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Fig. S2. Accumulation of particulate (A), particulate PAC (B), and dissolved PAC (C) in the snowpack as a negative exponential of distance from AR6 (near Syncrude
and Suncor upgrader facilities).
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Fig. S3. Melted snow in pots from sites AR1 (unimpacted) (A) and AR6 (near Syncrude and Suncor upgrader facilities) (B, C, and D). Note oil in melted snow from AR6
in B. Oil and dark particulates are noticeable at the bottom of the pot after draining the sample in C. The originally white paper towel used to wipe out the pot is visible
in D. Photographs courtesy of E.N.K.
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Fig. S4. Relative concentration of PAC in oil sands (includes oil sand from Syncrude, Steepbank stream mouth, east, and west bank of the Athabasca River) (A),
dissolved PAC in snow (B), PAC in snow particulate (includes snow sites AR2, AR16, AR4, AR6, AR7, AR8, BE2, BE3, EL2, EL3, MU1, MU2, MU3, ST1, ST2, ST3, TR2, TR3)
(C), and dissolved PAC in water (includes contaminated sites MCC, MACK, CALR, FOR, and EL3 sampled during the summer) (D). Gray vertical bars indicate averages,
black bars are ranges.
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Fig. S5. Estimated dissolved PAC concentrations (�g/L) during winter (W) and summer (S). (A) The Athabasca River tributaries [n � 3 for 1, 2, and 3 (W&S)]. (B)
Midstream tributary sites [nil to small: n � 2W, 2S), medium to large: n � 3W, 2S)]. (C) Stream mouth sites [nil to small: n � 4 (W) n � 6 (S), medium to large: n � 2 (W),
n � 6 (S)]. (D) the Athabasca River, Athabasca Delta and Lake Athabasca (W&S). *, indicates samples contaminated by diesel fuel. No tributary sites contaminated by
diesel fuel were included in figures. McMF, McMurray Formation. Error bars are standard error of the mean. (A) PAC concentrations differed significantly among sites
(two-way ANOVA, ln transformation, P � 0.006, � � 0.87), but not season (P � 0.228, � � 0.107). The greater apparent trend of increasing PAC downstream in summer
compared with winter was nearly significant (interaction P � 0.057) with only moderate power to detect actual differences with this test (� � 0.433). Post hoc testing
revealed that PAC concentrations in upstream and midstream sites were not significantly different (P � 0.568), but were significantly lower than at stream mouth sites
(P�0.009). (B) At midstream sites, disturbance effects and the interaction of season and disturbance were significant (two-way ANOVA, ln transformation, disturbance:
P � 0.006, � � 0.946, interaction: P � 0.035, � � 0.583). However the seasonal effect was not significant, but the power of the test was low, likely because of small sample
size (P � 0.717, � � 0.050). Post hoc testing revealed that winter and summer PAC concentrations were greater at sites with M-L development, than sites with N-S
development (W: P � 0.006, S: P � 0.004). (C) At stream mouth sites, both seasonal and disturbance effects were highly significant (two-way ANOVA, ln transformation,
P � 0.001, � � 0.976), however, the interaction of season and disturbance was not significant (P � 0.133, � � 0.201). Post hoc testing revealed that winter and summer
PAC concentrations were greater at sites with M-L development, than sites with N-S development (W: P � 0.041, S: P � 0.001).
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Fig. S6. New industrial development along the eastern bank of the Athabasca River, �8 km upstream of AR15, on August 12, 2008. Photograph courtesy of E.N.K.
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Fig. S7. ‘‘Winter haze’’ and erosion of ‘‘dust’’ from oil sands mining activity on February 26, 2008. Photograph courtesy of Dr. Kevin Timoney.
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Table S1. Instrument and methods detection limits for PAC analyses

Target analyte
Instrument detection

limit, �g/L
Method detection limit

for snow, ng/L*
Method detection limit for

PMD, ng/g of strip†

Method detection limit
for oil sand, ng/g

Naphthalene 0.42 0.05 0.36 4.16
C1 naphthalene 0.42 0.05 0.36 4.16
C2 naphthalene 0.42 0.05 0.36 4.16
C3 naphthalene 0.42 0.05 0.36 4.16
C4 naphthalene 0.42 0.05 0.36 4.16
Biphenyl 0.21 0.03 0.18 2.13
Acenaphthylene 0.19 0.02 0.17 1.93
Acenaphtene 0.71 0.09 0.61 7.10
Fluorene 0.53 0.07 0.45 5.26
C1 fluorene 0.53 0.07 0.45 5.26
C2 fluorene 0.53 0.07 0.45 5.26
C3 fluorene 0.53 0.07 0.45 5.26
C4 fluorene 0.53 0.07 0.45 5.26
Dibenzothiophene 0.30 0.04 0.26 2.97
C1 dibenzothiophene 0.30 0.04 0.26 2.97
C2 dibenzothiophene 0.30 0.04 0.26 2.97
C3 dibenzothiophene 0.30 0.04 0.26 2.97
C4 dibenzothiophene 0.30 0.04 0.26 2.97
Phenanthrene 0.22 0.03 0.19 2.20
C1 phenanthrene/anthracene 0.22 0.03 0.19 2.20
C2 phenanthrene/anthracene 0.22 0.03 0.19 2.20
C3 phenanthrene/anthracene 0.22 0.03 0.19 2.20
C4 phenanthrene/anthracene 0.22 0.03 0.19 2.20
Anthracene 0.38 0.05 0.32 3.77
Fluoranthene 0.26 0.03 0.22 2.59
Pyrene 0.32 0.04 0.27 3.17
C1 fluoranthenes/pyrenes 0.32 0.04 0.27 3.17
C2 fluoranthenes/pyrenes 0.32 0.04 0.27 3.17
C3 fluoranthenes/pyrenes 0.32 0.04 0.27 3.17
C4 fluoranthenes/pyrenes 0.32 0.04 0.27 3.17
Benzanthracene 0.63 0.08 0.54 6.27
Chrysene 0.66 0.08 0.57 6.59
C1 chrysene 0.66 0.08 0.57 6.59
C2 chrysene 0.66 0.08 0.57 6.59
C3 chrysene 0.66 0.08 0.57 6.59
C4 chrysene 0.66 0.08 0.57 6.59
Benzofluoranthene 0.47 0.06 0.40 4.69
Benzo[k]fluoranthene 0.74 0.09 0.63 7.35
Benzopyrene 0.74 0.09 0.64 7.40
Indeno[1,2,3-c,d]pyrene 1.30 0.16 1.12 13.03
Dibenzo[a,h]anthracene 0.37 0.05 0.32 3.73
Benzo[g,h,i]perylene 0.64 0.08 0.55 6.40

*Snow MDL was calculated based on the extraction of 4 L of snow.
†The PMD MDL was calculated based on the mean weight of 1/2 a polyethylene strip.
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’ INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are a group of
more than 100 organic compounds with fused aromatic carbon
rings. They are found or formed in some geologic deposits
(petrogenic origin, e.g., in bitumen) and can be created during
combustion (pyrogenic origin) or throughmicrobial degradation
(diagenic origin). They typically exist as complex mixtures rather
than as single compounds. PAHs are hydrophobic and tend to
bind to organic matter and small particles in the water column, in
sediments, and in soils.1 PAHs can be found in air as vapors or
attached to dust particles.1 Petrogenic PAHs are characterized by
a predominance of C1�C3 alkylated forms of their parent
compounds. Pyrogenic PAHs generally have a high concentra-
tion of unsubstituted parent compounds and may have elevated
concentrations of some PAH species, such as of fluoranthenes/
pyrenes from anthropogenic combustion sources and of retenes
from wildfires.2

PAHs are common contaminants in many ecosystems and can
enter the environment along multiple pathways.1 Releases to air
include those from volcanoes, forest fires, combustion, vehicle
exhaust, evaporation and outgassing, and stack emissions. Re-
leases to water, soil, and sediment include industrial plant and
wastewater treatment plant discharges, precipitation of industrial
and natural dust particles, leaks from containers and pipelines,
and from seepage through and erosion of PAH-containing
materials.1 Fishes exposed to PAHs can display elevated liver

EROD,3 liver lesions, and damaged DNA.4 Fish hatching altera-
tions, increases in mortality, spinal malformations, reduced size,
cardiac dysfunction, edema, and reduction in the size of the jaw and
other craniofacial structures have been observed in fishes exposed to
PAHs found inAthabasca sediments.5�9 PAHs can enter the human
body through respiration, eating, drinking, or through the skin.
Many PAHs are known or suspected human carcinogens,1 but there
is little toxicity information on the alkylated PAH species that
comprise the majority of petrogenic PAHs.

Bitumen extraction and production contribute environmen-
tally significant amounts of PAHs to air, land, and water.10

Present concentrations of total PAHs in sediments of the lower
Athabasca River exceed by a factor of about 2�3 the threshold
observed to induce liver cancers in fishes.11,12 The view of the
Alberta Government, the primary agency responsible for envi-
ronmental management in the region, is that industrial activity is
not detectable in the concentrations of PAHs and other con-
taminants observed in the region.13,14

The western Canadian sedimentary basin contains about 2.3
trillion barrels of natural bitumen, 43% of the known global
reserve.15 Roughly 99% of Alberta’s known oil reserves are

Received: January 6, 2011
Accepted: April 11, 2011
Revised: April 6, 2011

ABSTRACT: The Athabasca River in Alberta, Canada, flows north
through an area undergoing extensive bitumen resource extraction and
processing before discharging its water and sediments into the Athabasca
Delta and Lake Athabasca. Polycyclic aromatic hydrocarbons (PAHs)
have been identified as an environmental concern in the region. We
analyzed environmental data collected by the Regional Aquatics Mon-
itoring Program and government agencies to determine whether temporal
trends exist in the concentration of sediment PAHs in the Athabasca River
Delta. We then determined what environmental factors related to the
trends in sediment PAH concentrations. Total PAH concentrations in the
sediment of the Athabasca River Delta increased between 1999 and 2009
at a rate of 0.05 mg/kg/yr ( 0.02 s.e. Annual bitumen production and
mined sand volume, extent of landscape disturbance, and particulate
emissions were correlated with sediment PAH concentrations as were total organic carbon in sediment and discharge of the
Clearwater River, a major tributary of the Athabasca River. Within four tributaries of the Athabasca River, only the Clearwater River
showed a significant correlation between discharge and sediment PAH concentration at their river mouths. Carefully designed
studies are required to further investigate which factors best explain variability in sediment PAH concentrations.
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contained in bitumen-bearing sands; currently, about 170 billion
barrels of bitumen are economically recoverable. Annual bitu-
men production in the lower Athabasca River region more than
doubled from 21.2 M m3/yr in 1998 to 47.9 M m3/yr in 2009.16

Processing of bitumen consumes more energy and produces
more CO2 than does processing of conventional feed stocks (the
raw materials processed into useful fuels). Analysis of United
States crude feed, processing, yield, and fuel data found that fuel
consumption for processing increased by 44 MJ/m3 for each
1 kg/m3 increase in density of crude feed stock.17 At the global
scale, a wholesale shift to heavy oil and bitumen feedstock could
double or triple refinery emissions and add 1.6 to 3.7 GT of CO2

to the atmosphere each year.17

Critical reviews of the Regional Aquatics Monitoring Program
(RAMP) in 2004 and 2010 concluded that the program is unable
to measure and assess development-related environmental
change.18,19 The Auditor General of Canada20 concluded that the
federal government has insufficient baseline environmental data
to track changes in Athabasca River water quality and environ-
mental health associated with bitumen development, and does
not monitor for PAHs. Given inadequate monitoring and that
PAHs in the lower Athabasca River may pose an environmental
risk,10,21 it is critical to know whether PAH concentrations are
changing and, if so, how and why. The purpose of this Article is to
test three hypotheses: (1) There is no temporal trend in sedi-
ment PAH concentrations in the Athabasca River Delta (ARD).
(2) Variations in sediment PAH concentrations are unrelated to
industrial activities. (3) Variations in sediment PAH concentra-
tions are due to variations in river discharge.

’STUDY AREA

The study area is located within the boreal forest natural
region of northeastern Alberta (Figure 1), upstream and adjacent
to Wood Buffalo National Park and the Peace-Athabasca Delta, a
Ramsar Wetland of International Significance and a UNESCO
World Heritage Site.

Surficial materials range in thickness from ∼1 to 140 m and
include till, glaciofluvial, glaciolacustrine, lacustrine, eolian, alluvial,
and organic deposits.22 The near surface bedrock includesDevonian
Waterways Formation (Fm) carbonates, CretaceousMcMurray Fm
bitumen-impregnated sandstone (the source of the bitumen now
being exploited in the region), Cretaceous Clearwater Fm shales,
Grand Rapids Fm sandstone, and undifferentiated Cretaceous
shales.22 For study area details, see the Supporting Information,
Appendix S1.

’MATERIALS AND METHODS

Total PAHs in sediment (dry weight, mg/kg, including parent
and alkylated forms) are derived from RAMP raw data files
(1998�2007) and from RAMP reports23,24 for 2008 and 2009.
For details on data handling and assumptions, see the Supporting
Information, Appendix S1. The four sample sites in the ARD
were Athabasca�Embarras divergence, Goose Island Channel,
Fletcher Channel, and Big Point Channel (stations ATR-ER,
GIC, FLC, and BPC), all of them downstream of industry and
McMurray Fm bitumen deposits (Figure 1). A parallel analysis of
“control” sites, unaffected or little affected by bitumen develop-
ment, was also conducted that followed the same methods
(Supporting Information, Appendix S1). Sediment percent sand,
silt, and clay are derived from RAMP raw data files (1998�2007),
and from RAMP;24 total organic carbon in sediment (fall data, dry

weight, percent) is derived fromRAMP.24 Sediment total PAH data
for the Clearwater (RAMP station CLR-1), Muskeg (MUR-2),
Mackay (MAR-1), and Steepbank Rivers (STR-1) were obtained
from RAMP to examine the relationship between tributary dis-
charge and tributary PAH concentration. To examine both raw and
averaged data, the PAH data were subdivided into three data sets
that differed only in degree of averaging, as follows: A (unaveraged
raw data, n = 32); B (mean of 1, 2, or 4 sites/year; n = 10); C (mean
of 2 or 4 sites/year; n = 8).

Annual bitumen production (m3) and annual mined sand
(m3) data16 were summarized from five companies (Suncor
Energy Inc., Syncrude Canada Ltd. Mildred Lake, Syncrude
Aurora, Shell Albian Sands, and Canadian Natural Resources
Ltd. Horizon) within the study area that reported produced
bitumen during the period 1997�2009. Mined sand volumes are
summarized from the same five companies with the addition of
Petro-Canada Fort Hills. Annual PM2.5, PM10, and total parti-
culate (TPM) emissions (tonnes/year) for the Alberta “oil sands
sector” are from Environment Canada (D. Niemi, Pers. comm.,
Sept. 2010).

Annual landscape footprints of the bitumen industry within
the study area were determined through digitization of industrial
disturbances on sequential satellite images in the years 1992,
1999, 2002, 2006, 2008, and 2009. Footprint data were plotted
with a spline fit to permit interpolation of footprint values for
other years between 1998 and 2009. The footprint values
underestimate the true extent of industrial activity because linear
features such as roads, pipelines, powerlines, and seismic lines are
not included.

Average annual and May�August discharges of the Athabasca
River below Fort McMurray (station 07DA001) were deter-
mined from Water Survey of Canada data for the period
1997�2009. Athabasca Delta distributary discharges (average

Figure 1. Location of the sediment sites, surficial expression of the
McMurray Formation, settlements, and the bitumenmining footprint as
of 2009.
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annual and May�August) were determined from flow split data
provided by F. Yusuf (BC Hydro, Pers. comm., Sept. 2010) and
Ward et al.28 Similarly, for rivers that flow through areas that
contain bitumen deposits and natural bitumen “seeps”, average
and maximum annual daily discharge and average May�August
daily discharge were determined for the Clearwater River at
Draper (station 07CD001), the Muskeg River near Fort Mackay
(station 07DA008), the Mackay River near Fort Mackay (station
07DB001), and the Steepbank River near Fort McMurray
(07DA006).

Because the PAH data sets were normally distributed (Table 1),
as were the annual industrial, landscape, and hydrometric variables
(Kolmogorov�Smirnov (KS) tests, p ranges from 0.066 to 0.994),
parametric statistics were used to examine relationships between
variables. The approach used is, of necessity, indirect and correlative
and is aimed at assessing trends while providing hypotheses about
causation that might be explored in the future.

’RESULTS

Temporal Trends in Sediment PAH Concentrations. Sedi-
ment PAH concentrations in the ARD increased over the period
1999�2009 (Table 1, Figure 2). The hypothesis that there is no
trend in PAH concentration in the ARD is rejected. As of 2009,
the mean total PAH concentration was 1.72 mg/kg. The decadal
increase in total PAH concentrations of ∼0.50 mg/kg exceeded
the estimated error introduced by laboratory procedures of 0.08
mg/kg (Supporting Information, Appendix S1). There was no
evidence of a temporal trend in sediment PAH concentration at
the control sites (Supporting Information, Appendix S1).
Industrial Activities as Correlates of ARD Sediment PAH

Concentrations. Significant correlations of total PAH concen-
trations with indicators of industrial activity were observed
(Table 2). The high correlations of the industrial variables with
year indicate that time may serve as a surrogate for industrial
activities in the region. Improved correlations between sediment
PAH concentrations and industrial factors when the factors are
lagged one year suggest that the sediment sampling may track
industrial processes and conditions that existed in the year prior
to sampling. The hypothesis that sediment PAH concentrations
in the ARD are unrelated to industrial activities is rejected.
River Discharge as Correlates of Sediment PAH Concen-

trations. To test the hypothesis that Athabasca River mainstem
discharge is related to sediment PAH concentrations in the ARD,
correlations between ARD sediment PAH concentrations were
determined for the three PAH data sets and four discharge variables:
annual discharge and May�August discharge of the Athabasca River
below Fort McMurray in the year of the sediment sample and in the
year preceding the sample. There were no significant correlations
between ARD sediment PAH concentration and Athabasca River
mainstem discharge (Table 3). Similarly, correlations of total PAH
concentration and ARD distributary discharge (see footnote to
Table 3) were all nonsignificant.

To test the hypothesis that tributary discharge, a surrogate for
local runoff, is a correlate of sediment PAH concentrations,
correlations of “annual” and May�August discharge for the
Clearwater and Muskeg Rivers were determined for ARD mean
sediment PAH concentrations. Clearwater River annual and
May�August discharge were correlated significantly with mean
sediment PAH concentrations in the ARD, whereas Muskeg
River “annual” and May�August discharge were weakly corre-
lated (p≈ 0.075�0.1) with ARDPAH concentrations (Table 3).
Tributary Discharge and Disturbance in Relation to Total

PAHs in Tributary Sediments. To examine the relationship
between tributary discharge and total PAH concentration in
tributary sediment, correlations between sediment total PAH
concentration and average and maximum annual and daily
discharge and average May�August daily discharge were deter-
mined for the Clearwater, Muskeg, Steepbank, and Mackay
Rivers (Table 4). For the Muskeg, Steepbank, and Mackay
Rivers, there were no significant correlations between river
discharge variables and sediment PAH concentrations. For the
Clearwater River, maximum daily discharge was correlated with
sediment PAH concentration near its river mouth. The relation-
ship between hydrology and PAH concentration in the Clear-
water River watershed may be different from those in the
Muskeg, Steepbank, and Mackay Rivers.
Other Physical and Biological Variables as Correlates of

Sediment PAH Concentrations. Percentages of sand, silt, and
clay were not correlated significantly with total PAH concentra-
tion (Pearson correlations, sand %, r = �0.289, silt %, r = 0.287,
clay %, r = 0.227, 31 df). Percent total organic carbon in the
sediment (fall data) was correlated with both total PAH con-
centration in the Athabasca River Delta and with time (Table 5).
Normalizing total PAHto total organic carbonexplained34%of the

variance in the PAH content of individual stations in the ARD and
removed the correlation between year and PAH concentration (r =
�0.166, df = 31, NS), indicating that both total PAHs and total
organic carbon are increasing over time. Total organic carbon in the
sediment was not correlated significantly with Athabasca River dis-
charge (mainstem or distributary, annual or May�August discharge,

Table 1. Summary Statistics for Total PAHs in Sediment, Data Normality, Linear Regressions with Time, and Rates of Annual
Increase

PAH

data set

total PAHs in sediment

(dry weight, mg/kg) mean, s.d., n

normality

(KS test) p

linear regression of total

PAH with time (r, p) rate of annual increase (mg/kg/yr, s.e.)

a 1.352, 0.450, 32 0.259 0.352, 0.048 0.050, 0.024

b 1.318, 0.225, 10 0.564 0.653, 0.040 0.043, 0.018

c 1.352, 0.238, 8 0.525 0.729, 0.040 0.051, 0.020

Figure 2. Concentrations of total PAHs in sediment of the ARD. The
letters correspond to the data sets of Table 1. The straight lines are linear
regressions bounded by 95% confidence intervals; in data set a, seven
data points are obscured due to data overlap.
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in the present year or lagged 1 year). The same industrial variables
that were correlated with total PAHs in sedimentwere also correlated
with total organic carbon in sediment (Table 5).

’DISCUSSION

Temporal Trends in ARD PAH Concentrations. Our con-
clusion of increasing PAH concentrations in the ARD refutes the
statement by the Alberta Government 13 that: “There is evidence

that PAH concentrations in [Athabasca River] delta sediments
are lower in recent years than historically. This decrease is likely
due to drier conditions in the last decade resulting in less erosion
from these natural sources.” No evidence was provided to
support the government’s claim of decreasing concentrations
of PAHs in ARD sediments, nor was evidence presented to
support the view that declining discharge is the driver for the
putative decline in sediment PAH concentrations, nor that river
discharge has declined over the past decade.

Table 2. Pearson Correlations of Annual Industrial Variables with Mean Sediment PAH Concentrations and Timea

correlations (r, p, n)

annual industrial variable total PAH year

bitumen production 0.530,∼0.095, 10 0.956, <0.001, 12

bitumen production, lagged 1 yr 0.614,∼0.046, 10 0.953, <0.001, 12

mined sand 0.527, ∼0.096, 10 0.960, <0.001, 12

mined sand, lagged 1 yr 0.627,∼0.041, 10 0.956, <0.001, 12

landscape disturbance footprint 0.674,∼0.024, 10 0.940, <0.001, 13

landscape disturbance footprint, lagged 1 yr 0.698,∼0.018, 10 0.983, <0.001, 12

PM2.5 emissions, oil sands sector 0.684,∼0.021, 10 0.934, <0.001, 14

PM10 emissions, oil sands sector 0.690,∼0.019 10 0.939, <0.001, 14

TPM emissions, oil sands sector 0.690,∼0.019, 10 0.930, <0.001, 14
aData set b reported here; for the same industrial variables, correlations with total PAH in data set a (n = 32) were significant at R = 0.04�0.07, and for
data set c (n = 8) were significant at R e 0.05. For the sake of brevity, the correlation analyses focus on data set b.

Table 3. Pearson Correlations of Total PAH Concentration in Sediment of the ARD with Athabasca, Clearwater, and Muskeg
River Discharge

sediment PAH data set

discharge parametera
(a) all observations, n = 32 (r, p)

[r, p for individual distributaries]b
(b) annual means, n

stations = 1, 2, or 4/yr, n = 10 (r, p)

(c) annual means, n

stations = 2 or 4/yr, n = 8 (r, p)

Athabasca R. annual discharge 0.172, 0.347 [0.011, 0.952] 0.281, 0.432 0.386, 0.345

Athabasca R. annual discharge, lagged 1 year 0.270, 0.135 [0.063, 0.734] 0.510, 0.132 0.552, 0.156

Athabasca R. May�August discharge 0.061, 0.741 [-0.058, 0.754] 0.116, 0.750 0.139, 0.743

Athabasca R. May�August discharge, lagged 1 year 0.064, 0.728 [0.055, 0.766] 0.078, 0.831 0.132, 0.756

Clearwater R. annual discharge 0.377, 0.033 0.677, 0.032 0.791, 0.019

Clearwater R. May�August discharge 0.389, 0.028 0.700, 0.024 0.813, 0.014

Muskeg R. March�October discharge 0.289, 0.109 0.513, 0.129 0.541, 0.166

Muskeg R. May�August discharge 0.320, 0.074 0.539, 0.108 0.608, 0.110
a For the period 1999�2009, the mean instantaneous discharge of the rivers was: Athabasca 496.1 m3/s, Clearwater 110.7 m3/s, Muskeg 5.1 m3/s.
bMainstem discharge adjusted to distributary discharge downstream of the Athabasca�Embarras divergence (station ER) for the FLC, GIC, and BPC
stations in the D. data set (e.g., at mainstem flow of 500m3/s at Old Fort, FLC receives 12%, GIC receives 41%, and BPC receives 32% of flow; data from
acoustic Doppler profiler measurements, F. Yusuf, BC Hydro, Pers. comm., Sept. 2010 and ref 28); all correlations were nonsignificant.

Table 4. Correlations between Annual Sediment Total PAH Concentration in Tributaries and Tributary Dischargea

correlations between total PAH concentration and river discharge (r, n, p)

river average annual discharge maximum annual discharge average May�August discharge

Clearwater 0.746, 4, 0.254 0.985, 4, 0.015 0.845, 4, 0.155

Muskeg 0.106, 7, 0.821 �0.205, 7, 0.659 �0.175, 7, 0.708

Mackay �0.010, 5, 0.988 �0.048, 5, 0.939 0.075, 5, 0.904

Steepbank 0.105, 4, 0.895 0.370, 4, 0.630 0.228, 4, 0.772
a “Annual” daily instantaneous discharge data for theMuskeg, Mackay, and Steepbank Rivers pertain to the periodMarch 1 toOctober 31; for the period
1999�2009, the mean instantaneous discharge of the tributaries was: Clearwater 110.7 m3/s, Muskeg 5.1 m3/s, Mackay 14.6 m3/s, Steepbank 6.9 m3/s.
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To date, the only published study relevant to temporal trend25

reported PAH concentrations in sediment cores from Richardson
Lake and Lake Athabasca. The trends were inconsistent: total
PAH concentrations may have increased modestly with time in
Richardson Lake (in the ARD) from 1.53 mg/kg in 1950 to 1.65
mg/kg in 1998 and may have decreased with time in Lake
Athabasca from 1.87 mg/kg in 1957 to 1.26 mg/kg in 1998.
There is insufficient information to determine whether these
differences exceeded variation due to laboratory precision. The
single-largest wildfire year in the Peace-Athabasca Delta during
the period 1950�2009 took place in 1953, which accounted for
41% of the total area burned in the 60-year period.26 Postfire
deposition of pyrogenic PAHs2 within these sedimentary basins
may have influenced the sediment PAH concentrations at these
two sites.
In late 2010, a report27 considered the question of trend in

PAH concentrations in the lower Athabasca River based on
RAMPdata current to 2009. The review did not present new data
or analyze existing data. Instead, it relied upon RAMP24 to
conclude: “The most recent (2009) summary of RAMP data
going back to 1997 does not show any consistent evidence of
increasing levels in Athabasca River Delta sediment samples over
the 12 years of that program.” It is noteworthy that such a
conclusion would be made in the absence of data analysis both in
the review and in its RAMP source (see the Supporting Informa-
tion, Appendix S2, for a discussion of that report in relation to
PAH trends).
Twelve years of industrial development have taken place since

the data reported in Evans et al.25 Industrial activities have
increased significantly over the past decade with regulatory
approval of new projects and expansion of existing projects.
RAMP28 reported a “historical median” total PAH concentration
for the ARD (period 1976�99, which is unfortunately all
postindustrial development) of 1.22 mg/kg and concluded that
sediments from the lower Athabasca River, including Athabasca
Delta, were toxic to several species of invertebrates. In compar-
ison, the 2009 mean PAH concentration in the ARD was 1.72
mg/kg. A threshold of 1 mg/kg of total PAHs inmarine sediment

for protection of estuarine fish populations has been recom-
mended.29 Above 1 mg/kg total PAHs, there was a substantial
increase in the risk of liver disease, reproductive impairment, and
potential effects on fish growth.
Soil erosion from deforested watersheds can increase sedi-

mentation rates and degrade fish spawning and insect habitat.30

Correlations between PAH concentrations and landscape dis-
turbances such as mined sand and disturbance footprint suggest
PAH loading related both to fluvial and to wind erosion.10

Exposure of unweathered bitumen-bearing deposits and stock-
piling of overburden by land clearing and mining should increase
runoff of PAHs, total organic carbon, and other compounds. In
an upstream/downstream of development analysis of PAH
concentrations in the Muskeg River sampled with semiperme-
able membrane devices,12 PAH concentrations increased signifi-
cantly downstream of bitumen mining (p = 0.0005). For the 12
alkylated PAH species, concentrations increased an average
7-fold downstream of development.12 Recent industrial devel-
opment such as land clearing has been linked to elevated
dissolved PAH concentrations in the Athabasca River that were
likely toxic to fish embryos.10

Correlations between PAH concentrations and particulate
emissions and bitumen production indicate that some PAH
loading may be related to industrial activities such as stack
emissions, in agreement with the findings of Kelly et al.10 When
those authors compared sites upstream and downstream of
development, dissolved PAH concentrations in tributaries to
the Athabasca were elevated from 2-fold in winter to 20-fold in
summer. In the Athabasca River mainstem, dissolved PAHs
increased 1.2�5-fold from upstream to downstream areas
(greater effects were observed in the summer). Elevated dis-
solved PAH concentrations did not persist downstream to the
Athabasca Delta and Lake Athabasca in the seasons studied (late
winter and midsummer). The authors did not examine PAH
loadings delivered on sediments, a potentially significant source
of PAH and other contaminants to the delta.
Kelly et al.31 examined the relationship between industrial

particulate deposition and concentrations of 13 priority pollutant
elements (PPE) in the Athabasca River. At sites downstream of
development (bitumen upgraders, bitumen mining, and land
disturbance), including the Athabasca River Delta, concentra-
tions of all PPE except for beryllium and selenium remained
elevated above those upstream of development. In melted snow
or water collected near or downstream of development, guide-
lines for protection of aquatic life were exceeded for seven PPE
(cadmium, copper, lead, mercury, nickel, silver, and zinc). Over a
4-month winter period in 2008, 11 400 tonnes of airborne
particulates, the majority of which were bitumen particles, were
deposited within a 50 km radius of the main upgrading facilities.
Sources of the particulates included coke and fly ash and dust
related to land clearing, mining, and vehicle traffic and roads.
Alberta crude bitumen production in 2007 was 1.3 million
barrels/day, about three-fourths of which were derived from
the lower Athabasca River deposits. Daily production in Alberta
could reach 3 million barrels/day by 2020 and 5 million barrels/
day by 2030.32

PAHs in Relation to Organic Carbon and River Discharge.
Total PAH concentration in the sediment of the ARD increased
over the past decade, as did total organic carbon. That both total
PAHs and total organic carbon increased over the past decade
suggests that landscape disturbance within the watershed causes
increased loading of both PAHs and organic carbon. Alberta

Table 5. Pearson Correlations of Total Organic Carbon in
Sediment at the Athabasca River Delta Sites with Total PAH
Concentration, Time, and Industrial Variables (n = 32),
1999�2009a

correlations (r, p)

variable total organic carbon

total PAH concentration 0.582, <0.001

year 0.479,∼0.008

bitumen production 0.418,∼0.018

bitumen production, lagged 1 yr 0.403,∼0.020

mined sand 0.433,∼0.013

mined sand, lagged 1 yr 0.391,∼0.028

landscape disturbance footprint 0.512,∼0.005

landscape disturbance footprint, lagged 1 yr 0.531,∼0.003

PM2.5 emissions, oil sands sector 0.507,∼0.005

PM10 emissions, oil sands sector 0.539,∼0.002

TPM emissions, oil sands sector 0.527,∼0.003
aCritical value at R = 0.05: 31 df, 0.344; for the industrial variables,
correlations with total organic carbon for data set b (n = 10) were not
significant at R = 0.05, but were significant for the data set c (n = 8).
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Environment’s explanation 33 for an increase in PAHconcentrations
in the ARD over the period 2000�2005 was a decrease in sediment
organic carbon: “What these data demonstrate is that organic
carbon concentrations of the sediments have declined... artificially
creating the appearance that PAHs have increased...” Alberta
Environment33 referred to a single RAMP station (ER in the RAMP
report34 and in this Article). In reality, organic carbon at the ER
station showed no statistically significant trend over that period, nor
did the BPC and FLC sites; organic carbon increased at the GIC
station (Pearson r = 0.93, p = 0.02). The statement that organic
carbon declined over the period is without basis.
As the primary agency responsible for environmental manage-

ment in the region, Alberta Environment has maintained that
there is no trend in PAH concentrations in sediment of the
Athabasca River Delta, and that variations in sediment PAH
concentrations are due to variations in river discharge. The agency
writes [clarification by the authors appears in square brackets]:
“There is a common misconception that PAH concentrations are
increasing in ARD sediments... We have concluded that the pattern
[of changes in PAH concentrations] is more consistent with
changes in flow and erosion of mineral soils containing globules
of oil sand. Flow conditions further support this conclusion because
the years 2000 and 2001 were the lowest flow years on record and
flows (and hence erosion of natural oil sands) have increased
since.”33 The statement that the years 2000 and 2001 were the
lowest flow years on record is incorrect; Athabasca River flow was
lower in 2002 than in either 2000 or 2001.26

The data do not support the notion that Athabasca River
discharge is a significant determinant of sediment PAH concen-
tration in the ARD. High discharge on the lower Athabasca River
mainstem is not necessarily related to local erosion events.
Annually, there are two periods during which high discharge
on the Athabasca River is expected. The spring freshet results
from melting of the foothills and plains snowpack, whereas the
summer freshet is fed by melting of the mountain snowpack.26 In
contrast, above-average local runoff, which may not be reflected
in high discharge on the Athabasca River, should be a better
predictor of local fluvial erosion and would be modulated by
industrial land clearing and mining within each watershed.
Finally, during times of high mainstem discharge, deposition
rates in the ARD may decline to zero because the increased flow
velocities are better able to maintain suspended matter in the
water column. In the ARD, channel scouring, rather than
deposition, may occur during times of high mainstem discharge.
Headley et al.35 suggested that runoff-driven erosion eventsmight

account for high concentrations of sediment PAHs in the Steepbank
and Ells Rivers (Athabasca River tributaries), but there were
insufficient data at that time to examine the discharge/PAH
hypothesis. Our data indicate that discharge on the Clearwater
River is correlated with mean sediment PAH concentrations in the
ARD. During high discharge in this tributary, scouring of PAH-
bearing materials, and runoff from the disturbed landscape, may
contribute higher PAH loads to the Athabasca River. Within the
tributaries themselves (Clearwater, Muskeg, Steepbank, andMackay
Rivers), only the Clearwater River showed a significant correla-
tion between discharge and PAH concentrations at their river
mouths. Of the four tributaries, the Clearwater River has the
highest discharge (Table 4) and the greatest proportion of its
banks exposed to McMurray Fm deposits (Figure 1) and is the
only tributary without surface bitumen mining. Relationships
between PAH loading, disturbance, runoff, storm events, and
groundwater movements deserve investigation.

PAH Trends, Industrial Activities, and the Need for Im-
proved Monitoring. The hypotheses of (1) no temporal trend
in sediment PAH concentrations in the ARD and (2) that
variations in sediment PAH concentrations are unrelated to
industrial activities are rejected. The hypothesis (3) that varia-
tions in ARD sediment PAH concentrations are due to variations
in river discharge is rejected for the Athabasca River mainstem
and its distributaries and is not rejected for discharge of the
Clearwater River.
Concentrations of PAHs in the sediment of the ARD increased

over the period 1999�2009. Measures of industrial activity such
as volume of bitumen production and mined sand, extent of
landscape disturbance, and particulate emissions also increased
over the period and were correlated with sediment PAH con-
centrations. Total organic carbon in sediment was correlated
with sediment PAH concentrations in the ARD.
Given the relationship between industrial activities and PAH

releases, the potential toxic effects of PAHs, the increase in sediment
PAH concentrations in the ARD over the past decade, and rising
bitumen production, concerns over long-term environmental health
are exacerbated by inadequate monitoring. In its 2010 review of
monitoring programs in the region, Environment Canada19 con-
cluded that many of the monitoring programs were unable to
distinguish bitumen industrial impacts. The inability to measure
impacts was often due to poor sampling design (including insuffi-
cient spatial or temporal replication), lack of hypothesis testing,
undefined or ill-defined baseline conditions, and inadequate analy-
tical capabilities. To determine the factors that affect sediment PAH
concentrations, carefully designed studies are required that lie
beyond the capability of current monitoring programs and the
structure and quality of existing data sets.
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