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• OSPW causes many physiological
changes in a variety of organisms.

• OSPW toxicity depends on water chem-
istry, exposure duration and test organ-
isms.

• Chemical compositions of OSPW from
different tailing ponds are variable.

• NAs as well as other chemical constitu-
ents contribute to the overall toxicity of
OSPW.
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Large volumes of oil sands process-affectedwater (OSPW) are produced by the surface-mining oil sands industry
in Alberta. Both laboratory and field studies have demonstrated that the exposure to OSPW leads to many phys-
iological changes in a variety of organisms. Adverse effects include compromised immunological function, devel-
opmental delays, impaired reproduction, disrupted endocrine system, and higher prevalence of tissue-specific
pathological manifestations. The composition of OSPW varies with several factors such as ore sources, mining
process, and tailingsmanagement practices. Differences in water characteristics have confounded interpretation
or comparison of OSPW toxicity across studies. Research on individual fractions extracted fromOSPWhas helped
identify some target pollutants. Naphthenic acids (NAs) are considered as the major toxic components in OSPW,
exhibiting toxic effects throughmultiplemodes of action including narcosis and endocrine disruption. Other pol-
lutants, like polycyclic aromatic hydrocarbons (PAHs), metals, and ions may also contribute to the overall OSPW
toxicity. Studies have been conducted on OSPW as a whole complex effluent mixture, with consideration of the
presence of unidentified components, and the interactions (potential synergistic or antagonistic reactions)
among chemicals. This review summarizes the toxicological data derived from in vitro and in vivo exposure stud-
ies using different OSPW types, and different taxa of organisms. In general, toxicity of OSPWwas found to be de-
pendent on the OSPW type and concentration, duration of exposures (acute versus sub chronic), and organism
studied.
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1. Introduction

The oil sands in northern Alberta, have the third largest oil reserves
in the world (after Venezuela and Saudi Arabia), containing an estimat-
ed 2.5 trillion barrels of recoverable bitumen (a heavy and viscous form
of crude oil) (Penner and Foght, 2010; Jiang et al., 2016). There are three
major oil sands deposits in northern Alberta including Athabasca, Cold
Lake and Peace River, covering a surface area of N140,000 km2 (Fig. 1)
(Allen, 2008; Honarvar et al., 2011). The bitumen production by the
Fig. 1. Major oil sands areas in Alberta, Canada.
Source: Alberta Energy Regulator and Alberta Geological Survey.
Alberta's oil sands industry has reached 2.15 million barrels/day (bpd)
in 2014, and is estimated to grow to 3.95 million bpd by 2030 (CAPP,
2015). The modified Clark water extraction process is commonly used
to separate bitumen from oil sands in surface mining (Allen, 2008;
Gao et al., 2010). The detailed description of the Clark extraction pro-
cess, and the resulting tailings streams (a mixture of water, solids and
unrecovered bitumen) can be found in previous publications (Allen,
2008; Mahaffey and Dube, 2016).

Anywater that has been in contact with oil sands is referred to as oil
sands process-affected water (OSPW) (Natural Resources Canada-
Canmet ENERGY, 2010). This broad definition encompasses a variety
of water types, including fresh OSPW that is retained in active settling
basins or tailings ponds, consolidated tailings (CT) released water that
is released after treatment of fine tailings with chemical/physical sepa-
ration techniques, seepage or dyke drainage water collected from sur-
rounding the active settling basins, and aged or treated OSPW from
wetlands and reclamation ponds (Mahaffey and Dube, 2016). Conse-
quently, there is significant variability in the chemical composition of
different OSPWs. Despite the differences in water chemistry, OSPW al-
ways contains several major classes of contaminants including: naph-
thenic acids (NAs), polycyclic aromatic hydrocarbons (PAHs), BTEX
(benzene, toluene, ethyl benzene, and xylenes), phenols, heavy metals
and ions (Allen, 2008; Puttaswamy and Liber, 2012; van den Heuvel et
al., 2012; Mahaffey and Dube, 2016). NAs are postulated to be the pri-
mary source of OSPW toxicity in the early stages of investigating the
OSPW toxicity (Madill et al., 2001; MacKinnon and Boerger, 1986;
Allen, 2008; Clemente and Fedorak, 2005). Recent studies demonstrate
that NAs account for b50% of all the compounds in the OSPW organic
fraction (OSPW-OF) (Headley et al., 2009; Grewer et al., 2010;
Garcia-Garcia et al., 2011a, 2011b; Garcia-Garcia et al., 2012; Hagen et
al., 2012; Hagen et al., 2013). In addition to NAs, PAHs and other organic
species, dissolved ions, and heavy metals may also contribute to the
overall OSPW toxicity (Alharbi et al., 2016b; Garcia-Garcia et al.,
2011a, 2011b; Garcia-Garcia et al., 2012; Kavanagh et al., 2012;
Sansom et al., 2012; Leclair et al., 2013; Morandi et al., 2015).

Due to the complexity of OSPW, it is difficult to specifically assess the
toxic effects of individual constituent(s). Consequently, most of the
studies to date have examined the toxic effects using whole OSPW or
its complex fractions (i.e., organic fraction, NAs fraction). However, in
the majority of studies, the OSPW types and sources are not often de-
tailed. The inconsistent terminology and variance in different OSPW
types have confounded comparisons of toxic effects induced by OSPW.
In this review, a detailed summary of the exposures and endpoints for
various organisms (i.e., microorganisms, invertebrates, fish, amphib-
ians, birds, andmammals) exposed to different OSPW types is provided.

2. Toxicity of OSPW

OSPW is toxic to both prokaryotes and eukaryotes. The main con-
tributors of this toxicity appear to be the acid-extractable organic
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compounds, known asNAs (Madill et al., 2001;MacKinnon andBoerger,
1986; Allen, 2008; Clemente and Fedorak, 2005). This organic fraction is
comprised of NAs with an empirical formula CnH2n + zO2, oxy-NAs
(CnH2n + zOx, x = 3–5), nitrogen and sulfur-containing species, and
other organic acids (Kannel and Gan, 2012). The identification and syn-
thesis of individual, structurally representative NA in OSPW (Rowland
et al., 2011a, 2011b, 2011c; Bowman et al., 2014; Wilde and Rowland,
2015; Wilde et al., 2015) has enabled research on the relationships be-
tween structure and toxicity (Jones et al., 2011; Scarlett et al., 2012).
NAs concentrations vary between ponds, ranging from ~20 to 80 mg/L
in fresh settling basins (as reviewed by Mahaffey and Dube, 2016),
and ~5 to 40 mg/L in reclamation ponds or experimental wetlands
(Anderson et al., 2012; Hagen et al., 2013; Hersikorn et al., 2010;
Kavanagh et al., 2013, 2011). Significant research efforts have focused
on evaluation of NAs toxicity usingOSPWNAs extracts (NAEs), although
other organics are also present in this complex mixture. Multiple phys-
iological changes have been caused by exposure to NAEs, including im-
paired reproduction, developmental delays, suppressed immune
response, and histological alterations in aquatic species and mammals
(Garcia-Garcia et al., 2011a, 2012; Kavanagh et al., 2012; Marentette
et al., 2015a, 2015b; Nero et al., 2006a; Rogers et al., 2002; Rogers,
2003), suggesting that removal NAs from OSPW, would result in de-
creased toxicity.

The potential toxic effects caused by other constituents in OSPW
(e.g., PAHs, dissolved ions, heavy metals, etc.) have not received much
attention. While specific information on the toxicity of these com-
pounds present in OSPW is limited, they have been associated with a
wide range of biological dysfunctions in exposed organisms, such as
mutagenicity, carcinogenicity, immunotoxicity, and endocrine disrup-
tion (as reviewedby Li et al., 2014). It is probable that given the extreme
complexity of OSPW composition, possible synergistic or antagonistic
chemical interactions may be responsible for observed toxicity. For ex-
ample, studies have demonstrated that the addition of salts decreased
the NAEs toxicity in fish (Nero et al., 2006a; Kavanagh et al., 2012).
However, this reduction in toxicity was likely achieved by decreasing
toxicant entry (i.e., NAs) through a reduced gill surface area caused by
salts addition, which could also impact the efficiency of gas exchange
and might lead to long-term issues in terms of fish health (Nero et al.,
2006a).
2.1. Assessment of OSPW toxicity using in vitro assays

Various in vitromodel systems (e.g., bacteria, immortalized cell lines,
primary isolated cells, etc.) have been used to investigate the potential
adverse effects of OSPW (Table 1). The in vitro toxicity is commonly
demonstrated based on IC50 or IC20 values; concentrations causing
50% or 20% inhibition of a specific biological or biochemical function.
IC50 (24%–67%) and IC20 (9%–33%) values (v/v) of fresh OSPW towards
the marine bacterium Vibrio fischeri have been reported (Gamal El-Din
et al., 2011; Holowenko et al., 2002; Scott et al., 2008; Wang et al.,
2013; Zubot et al., 2012). The toxic effects were reduced following in-
situ biodegradation, as shown by increased IC50 (64%–100%) and IC20
(11%–100%) values (v/v) of aged OSPW obtained from remediation
ponds and wetlands (Holowenko et al., 2002). The reported ameliora-
tion of OSPW acute toxicity might be due to the altered structure and
composition of NAs over time. Indigenous microbial populations seem
to preferentially degrade NAs with b22 carbons, resulting in the in-
creased proportions of C22+ with OSPW aging (Biryukova et al., 2007;
Clemente et al., 2004; Quagraine et al., 2005). Similarly, NAswith higher
molecularweight (MW)were shown to be less toxic to V. fischeri (Frank
et al., 2008). These observations seemed to contradict the concept that,
for typical NAs structures, the largerMWcompounds have a greater hy-
drophobicity, are more likely to bioaccumulate, and thus should exhibit
stronger narcotic potency (Frank et al., 2009a). However, Frank et al.
(2009a, 2009b) hypothesized that the reduced toxicity of higher MW
NAs was due to the presence of higher NAs\\COOH content which de-
creased hydrophobicity and, consequently, reduced toxic effects.

The endocrine disruptive properties of fresh OSPW have been re-
ported in vitro, shown by estrogenic and antiandrogenic effects ob-
served in T47D-kbluc and MDA-kb2 cells, respectively, (He et al.,
2011), as well as elevated 17β-estradiol (E2) and decreased testoster-
one (T) concentrations produced by H295R cells (He et al., 2010).
OSPW has also been shown to induce immunotoxicity. The OSPW or-
ganic fraction (OSPW-OF) was reported to cause a dose-dependent de-
crease in nitric oxide and respiratory burst responses of mouse bone
marrow-derived macrophages (BMDM), as well as suppressed phago-
cytosis (Garcia-Garcia et al., 2011b). Recently, the in vitro exposures of
fish hepatocytes to OSPW and OSPW acid-extractable organics
(OSPW-AEOs) were reported to induce genotoxic and mutagenic
changes in the cells (Lacaze et al., 2014; Zetouni et al., 2016). That in
vivo exposure to OSPW constituents, such as diamondoid naphthenic
acids, can cause genetic damage in gills and haemocytes of marinemus-
sels has also been reported (Dissanayake et al., 2016).

In vitro tests have become common approaches for evaluatingOSPW
toxicity due to their low cost, simplicity, high capacity, and reproducibil-
ity. These characteristics make them effective screening tools to quickly
identify the priority pollutants in OSPW, and to evaluate the effective-
ness of wastewater treatment methods. The bioluminescence is the
endpoint of the Microtox assay using V. fischeri. It is a direct measure
of narcosis (membrane disruption) that is hypothesized to be the pri-
mary mode of action for acute toxicity of NAs (Frank et al., 2008;
Frank et al., 2009b). However, V. fischeri is a marine organism that is
not an appropriate model to predict effects on freshwater species. The
use of hormone-responsive cell lines and primary cells isolated from an-
imal tissues have revealed more specific mechanisms (endocrine
disrupting effects and immunotoxicity) affected by OSPW; however,
the abnormal functions in cancerous cell lines, and the absence of
biokinetics in in vitro models might lead to a misinterpretation of the
data when extrapolated to the potential effects at the organismal level
(Saeidnia et al., 2015). Therefore, interpretation and reporting of the ef-
fects from in vitro experiments requires careful consideration, and ap-
propriate follow-up in vivo studies to assess whether the toxic effects
observed in vitro are reproducible in vivo are needed.

2.2. Assessment of OSPW toxicity using animal models

2.2.1. Toxicity of OSPW in invertebrates
The lethal effects of freshOSPWexposure of invertebrates are shown

in Table 2. Early research demonstrated acute toxicity of fresh OSPW
fromMildred Lake Settling Basin (MLSB, Syncrude Canada Ltd.) towards
Daphnia magna and Daphnia pulex, with low 96 h-LC50 (the median le-
thal concentration) values of 10% (v/v) and 2%–10% (v/v), respectively
(MacKinnon, 1986; MacKinnon and Boerger, 1986; MacKinnon and
Retallack, 1982). A recent report indicated 48 h-LC50 value of N100%
(v/v) for fresh OSPW from West In Pit (WIP) settling basin (Syncrude
Canada Ltd.) for D. magna (Zubot et al., 2012). This low acute lethality
of D. magnawas also reported by Lari et al. (2016), however, exposure
to sub-lethal concentrations of OSPW (1%) impaired feeding, growth,
and reproduction of D. magna, which may threaten their survival (Lari
et al., 2016). Results of studies using Ceriodaphnia bioassays indicated
both acute (survival, 6-d LC50 of 65%), and chronic (fecundity, 6-d IC50
of N39%) toxicity for fresh OSPW (Zubot et al., 2012). It was suggested
that OSPW salinity affected the ability of Ceriodaphnia to reproduce
(Zubot et al., 2012). Multiple toxic effects of fresh OSPWwere observed
using Chironomus dilutus larvae, including reduced body mass, lower
pupation levels, decreased rates of emergence, abnormal behavior, oxi-
dative stress responses, and altered endocrine signaling (Anderson et
al., 2012; Wiseman et al., 2013a). The suppressed larval growth might
be due to oxidative stress and disruption of endocrine processes, as sug-
gested by the changes in relevant gene expression (Wiseman et al.,
2013a). While NAs were correlated strongly with toxic endpoints, it



Table 1
Studies demonstrating in vitro toxicity of OSPW.

Sample designation OSPW type Test organism Duration of exposure Endpoint & result Reference

MLSB Fresh OSPW Vibrio fischeri 15 min IC50: 32% (Holowenko et al., 2002)
Recycle water pond (Syncrude) Fresh OSPW Vibrio fischeri 15 min IC50: 100%; IC20: 23% (Scott et al., 2008)
WIP Fresh OSPW Vibrio fischeri 5 min IC50: 24% (Gamal El-Din et al.,

2011)
WIP Fresh OSPW Vibrio fischeri 15 min IC20: 9%; IC50: 67% (Zubot et al., 2012)
WIP Fresh OSPW Vibrio fischeri 15 min IC20: 32.6% (Wang et al., 2013)
WIP Fresh OSPW H295R cell line 1 h

(serial dilution)
E2 metabolism (−1.2-fold for 1% OSPW; −1.4-fold for
90% OSPW; −2.3-fold for 100% OSPW)

(He et al., 2010)

WIP Fresh OSPW H295R cell line 2, 4, 8 h
(100% OSPW)

cyp19a mRNA expression (+1.8-fold, 2.0-fold, and
3-fold after 2 h, 4 h, and 8 h, respectively)

(He et al., 2010)

WIP Fresh OSPW H295R cell line 24 h
(serial dilution)

Aromatase activity (+1.9-fold for 90% OSPW; +
2.5-fold for 100% OSPW)

(He et al., 2010)

WIP Fresh OSPW H295R cell line 48 h
(100% OSPW)

T production (−0.45-fold); E2 production (+2-fold) (He et al., 2010)

WIP Fresh OSPW T47D-kbluc cell line 24 h
(serial dilution)

Estrogenic response (proportional to concentrations;
+2.58 for 100% OSPW)

(He et al., 2011)

WIP Fresh OSPW MDA-kb2 cell line 24 h
(100% OSPW)

Antiandrogenic response coexposed to low T levels;
Androgenic response coexposed to moderate T levels

(He et al., 2011)

Experimental ponds (Syncrude) 7-year and 11-year aged OSPW Vibrio fischeri 15 min IC50: 100% for both ponds (Holowenko et al., 2002)
OSPW-impacted wetlands
(Suncor)

Wetlands composed of CT discharge and/or seepage
collection water

Vibrio fischeri 15 min IC50: 100%, 100%, 100%, 100%, 98%, and 64% for
increasing NAs concentrations in wetlands;
IC20: 100%, 46%, 33%, 52%, 14%, and 11% for increasing
NAs concentrations in wetlands

(Holowenko et al., 2002)

OSPW-NAEs (WIP) NAEs isolated from fresh OSPW Vibrio fischeri 15 min IC50: 41.9, 58.1, 43.5, 54.7, 64.9, and 52.7 mg/L for five
fractionated NAs with increasing MW, and the original
NAs mixture

(Frank et al., 2008)

OSPW-NAEs NAEs isolated from fresh OSPW (source not specified) Mouse embryonic stem cell 5 days Up-regulated gene expression of early cardiac markers
(nkx2.5: 0.0025–2.5 mg/L NAEs; gata4 and mef2c:
0.025–2.5 mg/L NAEs; nrg1α and nrg1β: 0.25–2.5 mg/L
NAEs)

(Mohseni et al., 2015)

OSPW-OF (WIP) Organic fraction isolated from fresh OSPW;
Organic fraction consists of neutral fraction and NAEs

Mouse BMDM 18 h
(serial dilution)

Viability (NSD);
Proliferation (+ for 6.25 and 12.5 mg/L NAs;−40%, for
50 mg/L NAs);
RNI (less for 25 and 50 mg/L NAs);

(Garcia-Garcia et al.,
2011b)
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iNOS gene expression (−20% for 50 mg/L NAs); ROI
(less for 25 and 50 g/L NAs);
NADPH subunit - p Phox gene expression (−20% for
50 mg/L NAs);
Phagocytosis (inhib ed for 50 mg/L NAs);
pro-inflammatory tokines gene expression (less
IL-1β for both resti and activated cells at 50 mg/L
NAs);
Anti-inflammatory ytokines gene expression (less
IL-10 for activated lls).

OSPW-OF (WIP) Organic fraction isolated from fresh OSPW;
Organic fraction consists of neutral fraction and NAEs

Mouse BMDM 18 h
(Serial dilution)

RNI (less for 25 and 0 mg/L NAs);
iNOS gene express n (less for 50 mg/L NAs);
ROI (less for 50 mg NAs);
NADPH subunits - 7Phox & p67Phox gene
expression (less fo 0 mg/L NAs);
Phagocytosis (inhib ed for 50 mg/L NAs);
Cytokines gene exp ssion (less IL-1, IL-6, IL-12, TNF-α
for resting cells at 5 mg/L NAs; less IL-1, more IL-12
and TNF-α for activ ted cells)

(Garcia-Garcia et al.,
2011a)

OSPW-OF (Pond 10) Organic fraction isolated from 17-year aged OSPW;
four fractions tested: NAEs, neutral fraction, C18 MeOH
fraction, C18 NaOH fraction;

H4IIE-luc cell line 24 h for cytotoxicity assay;
24, 48, and 72 h for AhR
transactivation assay

Cytotoxic at 50 mg of each fraction;
AhR agonist activit (5 mg/L of neutral fraction after
24 h, but dissipated t 48 and 72 h; NSD for other
fractions)

(Leclair et al., 2015)

OSPW-OF (Pond 10) Organic fraction isolated from 17-year aged OSPW;
Four fractions tested: NAEs, neutral fraction, C18 MeOH
fraction, C18 NaOH fraction

H295R cell line 48 h Corticosterone pro ction
(+ for 5 mg/L NAE NSD for other fractions);
progesterone prod tion
(+ for 0.05–0.5 mg L C18 MeOH fraction; NSD for
other fractions);
androstenedione p duction
(NSD for all fractio );
Testosterone produ tion
(NSD for all fractio )

(Leclair et al., 2015)

OSPW-OF (Pond 10) Organic fraction isolated from 17-year aged OSPW;
four fractions tested: NAEs, neutral fraction, C18 MeOH
fraction, C18 NaOH fraction

Yeast (Saccharomyces cerevisiae)
cells

48 and 72 h for yeast androgen
screen
and yeast estrogen screen,
respectively

No estrogen or and gen receptor agonists for all
fractions;
antiestrogenic pote cy for neutral fraction, NAEs and
C18 MeOH fraction

(Leclair et al., 2015)

Note: (NSD) no significant difference relative to control; (+) significant increase relative to control; (−) significant decrease relative to control;MLSB:Mildred Lake Settling Basin built i 1989, an active settling basin on Syncrude's site;WIP:West-In-
Pit, an active settling basin established in 1995, on Syncrude's site; Pond 10: a small tailings storage pond, containing 17-year old OSPW, on Syncrude's site; OSPW-NAEs: OSPW nap thenic acids extracts; OSPW-OF: OSPW organic fraction.
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Table 2
Studies demonstrating OSPW toxicity in invertebrates.

Sample designation OSPW type Test organism Duration of exposure Endpoint & result Reference

MLSB Fresh OSPW Daphnia magna 96 h LC50: 16–27% (MacKinnon and Retallack, 1982)
MLSB Fresh OSPW Daphnia pulex 96 h LC50: 2% (MacKinnon, 1986)
MLSB Fresh OSPW Daphnia pulex 96 h LC50: 10% (MacKinnon and Boerger, 1986)
MLSB Fresh OSPW Daphnia 96 h LC50: 2% (Boerger et al., 1986)
WIP Fresh OSPW Daphnia magna 48 h LC25: N100%; LC50: N100% (Zubot et al., 2012)
OSPW from three major oil

sands companies
OSPW source not specified Daphnia magna 24 and 48 h Survival (48 h-LC50: N100%);

Feeding rate (24 h-IC50: 5.34%);
Chemosensory function (inhibited at ≥5% OSPW for 24 h);
Total activity (inhibited at 10%–20% OSPW)

(Lari et al., 2016)

OSPW from three major oil
sands companies

OSPW source not specified Daphnia magna 21 days
(1% -10% OSPW)

Feeding rate (−);
reproductive capacity (−);
growth (−)

(Lari et al., 2016)

WIP Fresh OSPW Chironomus dilutus 10 days
(100% OSPW)

Survival (NSD);
growth (−)

(Pourrezaei et al., 2011)

WIP Fresh OSPW Chironomus dilutus 4 days
(100% OSPW)

Survival (NSD);
growth (−49%);
gene expression:
oxidative stress response (cat: +1.9-fold; gpx: +2.7-fold; gst and aif: NSD);
endocrine signaling (err: −1.8-fold; esr and usp: NSD)

(Wiseman et al., 2013a)

WIP Fresh OSPW Chironomus dilutus 7 days
(100% OSPW)

Survival (NSD);
growth (−62%);
gene expression:
oxidative stress response (cat and gpx: NSD; gst: −2.4-fold; aif: +1.6-fold);
endocrine signaling (err: +4.2-fold; esr: +4.8-fold; usp: +8.9-fold);
tissues concentrations of lipid hydroperoxides (+2.9-fold)

(Wiseman et al., 2013a)

WIP Fresh OSPW Chironomus dilutus 10 days
(100% OSPW)

Survival (WIP-2009: -35%; WIP-2010: NSD);
growth (WIP-2009: -64%; WIP-2010: -79%)
Behavior:
case building (smaller, fragile);
case occupation activity (WIP-2009: less active on day 7& 9; WIP-2010:
more active on day 3, less active on day 7& 9)

(Anderson et al., 2012)

WIP Fresh OSPW Ceriodaphnia dubia 6 days: renewal test Survival (LC25: 52%, LC50: 65%);
Fecundity (IC25: 8%, IC50: N39%)

(Zubot et al., 2012)

WIP Fresh OSPW Chironomus dilutus 60 days
(100% OSPW)

Pupation (WIP-2009: -32%; WIP-2010: -70%);
cumulative emergence (WIP-2009: -84%; WIP-2010: -90%)

(Anderson et al., 2012)

Recycle water pond (Syncrude) Fresh OSPW Ceriodaphnia dubia 6–8 days Survival (LC50: 70.7%);
reproduction (IC50: 49.4%)

(Puttaswamy et al., 2010)
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TPW Aged OSPW Chironomus dilutus 10 days
(100% OSPW)

Survival (NSD);
Growth (−23%);
Behavior:
case building (slightly smaller);
case occupation activity (more active)

(Anderson et al., 2012)

TPW Aged OSPW Chironomus dilutus 60 days
(100% OSPW)

Pupation (−43%);
cumulative emergence (−72%)

(Anderson et al., 2012)

FE5 Aged OSPW Chironomus dilutus 10 days
(100% OSPW)

Survival (NSD);
Growth (NSD);
Behavior:
case building (smaller);
case occupation activity (more active)

(Anderson et al., 2012)

FE5 Aged OSPW Chironomus dilutus 4 days
(100% OSPW)

Survival (NSD);
growth (NDS);
gene expression:
oxidative stress response (cat, gpx, gst, and aif: NSD);
endocrine signaling (err, esr, and usp: NSD)

(Wiseman et al., 2013a)

FE5 Aged OSPW Chironomus dilutus 7 days
(100% OSPW)

Survival (NSD);
growth (NDS);
gene expression:
oxidative stress response (cat, gpx, and aif: NSD; gst: −2-fold);
endocrine signaling (err, esr, and usp: NSD);
tissues concentrations of lipid hydroperoxides (NSD)

(Wiseman et al., 2013a)

FE5 Aged OSPW Chironomus dilutus 60 days
(100% OSPW)

Pupation (NSD);
cumulative emergence (NSD)

(Anderson et al., 2012)

Big Pit Aged OSPW Chironomus dilutus 10 days
(100% OSPW)

Survival (NSD);
growth (−19%);
Behavior:
case building (slightly smaller);
case occupation activity (more active)

(Anderson et al., 2012)

Big Pit Aged OSPW Chironomus dilutus 60 days
(100% OSPW)

Pupation (NSD);
cumulative emergence (NSD)

(Anderson et al., 2012)

OSPW-impacted wetlands
(Suncor & Syncrude)

Oil sands process-impacted
wetland waters

Chironomus riparius 10 days: laboratory
bioassays
(100% OSPW)

Larvae size (−);
when reared in water mimicking combinations of salts and NAs,
there was an antagonistic interaction between the two components.

(Kennedy, 2012)

OSPW-impacted wetlands (Suncor) Oil sands process-impacted
wetland waters

Chironomids NA Density and biomass (+);
incidence of mentum deformities (NSD or +);
mutagenicity (NSD)

(Bendell-Young et al., 2000)

Note: (NSD) no significant difference relative to control; (+) significant increase relative to control; (−) significant decrease relative to control;MLSB:Mildred Lake Settling Basin built in 1989, an active settling basin on Syncrude's site;WIP:West-In-
Pit, an active settling basin established in 1995, on Syncrude's site; Big Pit, FE5 and TPWare three on-site experimental reclamation ponds that have been aged by different approaches; Big Pit: have been aging since 1993 and is comprised of fluid fine
tailings (FFTs) capped with freshwater; FE5 pond: created in 1989 by capping MFTs with OSPW; TPW: OSPW that has been aging since 1993.
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was suggested that somemetals (e.g., nickel, manganese, and uranium)
present in OSPW may also contribute to the reported toxic effects
(Anderson et al., 2012).

The wetland reclamation represents a passive treatment method
under the assumption that NAs concentrations and OSPW toxicity will
eventually diminish through in-situ biodegradation (Kavanagh et al.,
2011). The characteristics of OSPW-impacted wetlands have been stud-
ied. They appeared to display a lower overall benthic invertebrate com-
munity diversity (Bendell-Young et al., 2000; Whelly, 2000), a greater
chironomid diversity (Bendell-Young et al., 2000), and decreased
growth of Chironomus riparius larvae (Kennedy, 2012). The mouthpart
deformities of chironomids were also examined as evidence of terato-
genic effects, and no significant differencewas found betweenwetlands
(Bendell-Young et al., 2000). The toxicity of OSPWmaydecline by aging,
as indicated by less diverse invertebrate populations in young (b7-year
old) OSPW-impacted wetlands than older ones (Leonhardt, 2003). This
reduction in toxicity might be explained by the NAs biodegradation in
agedwetlands, butmay also be due to the colonization bymore tolerant
species over time (Kennedy, 2012). Recent study using invertebrates
showed that NAs from fresh OSPW were less toxic than those from
aged OSPW (Bartlett et al., 2017). These results were contradictory
from previous research reporting decrease in the OSPW toxicity occur-
ring with degradation processes associated with aging (MacKinnon
and Boerger, 1986; Holowenko et al., 2002; Anderson et al., 2012).
These different observations raised the possibility that the reduction
in OSPW toxicity with age was the result of a difference in whole
OSPW composition, including potential interactions with organic and
inorganic compounds, other than NAs degradation. In fact, the laborato-
ry experiments have indicated the antagonistic interaction between
NAs and salts, when C. ripariuswas exposed to water mimicking combi-
nations of these two constituents (Kennedy, 2012).

Benthic invertebrates are commonly used as indicators of the water
quality, as they spend all ormost of their life cycle inwater, andmany of
them are sensitive to the pollutants. The toxicity of OSPW in this species
has been demonstrated in terms of effects on the ecologically relevant
endpoints of survival, growth, pupation, and emergence, aswell as com-
munity characteristic such as abundance and diversity.
2.3. Toxicity of OSPW in fish

Fish are continuously exposed to the wastewater, and serve as valu-
able aquatic vertebratemodels for toxicological research, owing to their
relatively small size, rapid growth and development, short generation
time, and externally developing embryos that facilitate experiments in
developmental toxicology (Hinton et al., 2009). OSPW is widely report-
ed to be toxic to fish by affecting a variety of endpoints (Table 3). Early
studies reported the 96 h-LC50 values of b35% (v/v) for fresh OSPW col-
lected from various tailings ponds in rainbow trout and fathead min-
nows, and in some cases, low to ~3% v/v caused mortality
(MacKinnon, 1981, 1986; MacKinnon and Retallack, 1982; Nix and
Martin, 1992). The mortality of rainbow trout exposed to fresh OSPW
(100% mortality of rainbow trout after exposure to 50% of MLSB-
OSPW for 96 h) was also reported by Rogers et al. (2007). Fatheadmin-
now survived a 96-h exposurewith altered hematology in CTwater and
dyke seepagewater, but all died in a prolonged period (28 days) (Farrell
et al., 2004). The different responses to OSPW exposures could be asso-
ciated with the different sensitivities of fish species to pollutants, and
the variance in composition of OSPW tested. Research on OSPWorganic
fractions demonstrated that the fraction containing alicyclic, ‘classical’
NAs were acutely toxic to larval zebrafish, with 96 h-LC50 of 13.1 mg/L
(Scarlett et al., 2013). Interestingly, an aromatic NAs fraction, containing
compounds like dehydroabietic acid, was more toxic (96 h–LC50

8.1 mg/L) (Scarlett et al., 2013). These observations suggest that NAs
are at least partially responsible for the lethal effects of OSPW on fish,
and that these effects are composition- and structure- dependent.
The non-lethal effects of fresh OSPW have also been extensively
studied infish, including reduced fertilization success, premature hatch-
ing, increased embryo deformities, and elevated transcript of genes as-
sociated with xenobiotics metabolism, oxidative stress and apoptosis
(He et al., 2012a; Peters et al., 2007). Oxidative stress could result in
damage to mitochondria and promote activation of caspase enzymes
and apoptotic cell death (He et al., 2012a). Some of these toxic effects
in fish embryos were also caused by OSPW-NAEs (Marentette et al.,
2015a, 2015b; Wang et al., 2015). Studies at molecular levels indicate
that OSPW-NAEs negatively impacted the development and endocrine
function of fish, likely via altering the expression of endocrine-
disrupting biomarker genes (Wang et al., 2015). Hagen et al. (2013) re-
ported on the immunotoxic effects of both acute and sub-chronic expo-
sures of goldfish to fresh OSPW. Fish acutely exposed to OSPW had
higher transcripts of pro-inflammatory cytokine genes, and enhanced
ability to control parasites infection (Hagen et al., 2013). However,
this does not necessarily mean that fish are healthy, and in fact,
prolonged exposure resulted in significant down-regulations of pro-in-
flammatory cytokine genes that may influence the susceptibility of fish
to infection diseases (Hagen et al., 2013).

Similar to the results obtained using microorganisms and inverte-
brates, the acute toxicity of OSPW appears to decline in aged OSPW
ponds (Nero et al., 2006b; Hagen et al., 2013). However, aged OSPW
still induced toxic effects, manifested by histological changes in liver
and gill (Nero et al., 2006b), dysregulation of immune genes expression
(Hagen et al., 2013), decreased plasma levels of steroid hormones
(Kavanagh et al., 2011; Lister et al., 2008), and impaired growth and re-
production performance (Kavanagh et al., 2011) in different fish spe-
cies. Although the exact causative pollutants in OSPW are not fully
known, there is evidence that these toxic effects are due to the NAs.
For example, a 21-day exposure of yellow perch to OSPW-NAEs caused
histopathological changes in liver and gill (Nero et al., 2006a), and lower
fecundity, spawning and plasma steroid concentrations in fatheadmin-
nows (Kavanagh et al., 2012).

Recently, increasing efforts have been made to discover the endo-
crine disruptive properties of OSPW. An in vivo investigation on fathead
minnow indicated that fresh OSPW had endocrine-disrupting effects at
all levels of brain-gonad-liver axis (He et al., 2012b). The compounds re-
sponsible for the activities were not identified, but someNAs have been
implicated as the candidate endocrine disrupting compounds (EDCs).
For instance, the transcription of estrogen receptor (ERα), and vitello-
genin were significantly induced by OSPW-NAEs on the early life stage
of zebrafish that might negatively impact the development and endo-
crine functions (Wang et al., 2015). The endocrine disruptive effects
seem to be structure-dependent. For example, studies have demon-
strated that some aromatic NAs in OSPW are structurally similar to es-
trogens (Rowland et al., 2011b), and some polycyclic NAs with a
single aromatic ring may possess human estrogenic and androgenic ac-
tivity (Scarlett et al., 2012). Reinardy et al. (2013) reported the vitello-
genin-inducing effects of esterifiable OSPW NAs, particularly the
aromatic NAs in zebrafish larvae. These results suggest that some NAs,
especially aromatic NAs, might account for some endocrine disrupting
activities reported in OSPW and OSPW-NAEs. EDCs could disrupt syn-
thesis, secretion, transport, binding, or elimination of hormones and ste-
roids in organisms. The hormones and steroids or their receptors are
often involved in homeostasis, reproductive capacity, development, or
behavior (CEPA, 1999; Hagen, 2013). Interestingly, the reduce plasma
levels of E2 witnessed in fish (Lister et al., 2008; van den Heuvel et al.,
1999) were in contrast to the increased E2 production by H295R cells
exposed to OSPW (He et al., 2010). These variable results may be due
to the different chemistry of waters tested (i.e., fresh OSPW vs. aged
OSPW), and the difference of specificity and sensitivity of endocrine dis-
ruptive properties between fish and human cell lines.

Given the high complexity of OSPW, other contaminants in OSPW
(PAHs, salts, etc.) likely contribute to the overall toxicity in aquatic or-
ganisms. While PAHs can be reduced by volatilization, degradation,
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and sediment absorption, an average concentration of 0.01 mg/L in
OSPW substantially exceeds environmental guidelines of 0.00001–
0.00006 mg/L (Allen, 2008; Beck et al., 2015; Parajulee and Wania,
2014). There is significant evidence that PAHs from different oil sources
cause toxicity in organisms. Many PAHs have been shown to induce ter-
atogenic, mutagenic, carcinogenic, endocrine disruptive, and
immunotoxic properties (reviewed by Collier et al., 2013), however,
the information on OSPW-derived PAHs is limited. Alharbi et al.
(2016b) reported the inhibition of ATP-binding cassette (ABC transport
proteins) in Japanesemedaka exposed towater-soluble organic fraction
isolated from synthetic OSPW (prepared by extraction of bitumen from
oil sands in the laboratory). ABC transporters are important for excre-
tion of PAHs and their metabolites. The inhibition of the protein activity
might exacerbate accumulation and effects of PAHs and/or their bio-ac-
tivated metabolites in cells, resulting in greater toxicity (Alharbi et al.,
2016b). Further research on the effects of OSPW on toxicity of retene
(the model alkyl-PAH) provided additional evidence that dissolved or-
ganic pollutants in OSPWmight increase exposure and uptake of PAHs
by fish (Alharbi et al., 2016a).

During the bitumen extraction process, salts leaches from oil sands,
leading to elevated total dissolved solids (TDS) concentrations (~
1200–2500 mg/L) and high conductivity of OSPW (~1000 to 4000 μS/
cm) (Mahaffey and Dube, 2016), which may induce ionic imbalances
in fish and cause osmotic stress and mortality. While the sensitivity is
organism-specific, conductivity above 2000 μS/cm or TDS above
1340 mg/L represent concentrations sufficient to cause toxicity in fish
(Goodfellow et al., 2000; Leah, 2012).

The heavymetals present inOSPWmay also contribute to the overall
toxicity of this complex chemical matrix, since they are recalcitrant and
are known to bioaccumulate. The concentrations and toxicity risk of
heavy metals in OSPW have been described previously, and the target
heavymetals that exceeded the Canadian Council ofMinisters of the En-
vironment (CCME) water quality guidelines include arsenic, copper,
cadmium, lead, and chromium (Li et al., 2014; Zhang, 2016). Informa-
tion on toxicity of OSPW-derived heavy metals is scarce, however, re-
search on heavy metals present in other industrial wastewaters has
demonstrated their toxic effects on cardiovascular, respiratory, gastro-
intestinal, nervous, hepatic, hematopoietic, immunological, endocrine,
and reproductive systems in fish and mammals (Li et al., 2014; Hagen,
2013). All of these results emphasize the importance of continued re-
search to investigate interactions among chemicals co-existing in
OSPW rather than focusing on one specific group of pollutants.
2.4. Toxicity of OSPW in amphibians

Amphibian larvae are very sensitive to contaminants in the aquatic
environments, and it is not surprising that the OSPW exposures could
affect their health. Both laboratory and field studies have examined
the toxicity of OSPW-impacted wetlands towards amphibians, and the
findings of these studies are summarized in Table 4. Higher mortality,
stunted growth and development, elevated ethoxyresorufin-o-
deethylase (EROD) activity, as well as alterations in hormones produc-
tion were observed in tadpoles of Bufo boreas or Lithobates sylvaticus
after exposure to OSPW-impacted wetlands waters (Pollet and
Bendell-Young, 2000; Hersikorn et al., 2010; Hersikorn and Smits,
2011). EROD measures the activity of the cytochrome CYP 450 enzyme
family, and has been a well established biomarker of contaminants ex-
posure (Whyte et al., 2000; Havelková et al., 2007; Hersikorn and
Smits, 2011). Elevated EROD activity in tadpoles from OSPW-impacted
wetlands indicated increased detoxification efforts by the animals, to
some extent, reflecting greater concentrations of pollutants (Hersikorn
and Smits, 2011). Hersikorn and colleagues have also provided evidence
that detoxification occurs in OSPW-impacted wetlands by aging, since
“old” OSPW-impacted wetlands showed markedly lower toxicity than
“young” wetlands (Hersikorn et al., 2010; Hersikorn and Smits, 2011).
2.5. Toxicity of OSPW in birds

Reclaimedwetlands receiving oil sands tailings have been construct-
ed by some companies on their mining leases, with the aim to eventual-
ly return the lands disturbed by oil sands mining to self-sustaining
ecosystems (Gentes et al., 2007a). Tree swallows (Tachycineta bicolor)
inhabiting the reclaimed sites are good indicator species for evaluating
the potential toxicity of OSPW and the sustainability of wet landscape
reclamation strategy. They could be exposed to the OSPW compounds
through food-web transfer, because 80% of their diets are the aquatic in-
sects whose larvae develop in OSPW and sediments (Smits et al., 2000;
Gentes et al., 2007a). The toxic effects of OSPW-impacted wetlands on
tree swallows are summarized in Table 5. It was found that tree swal-
lows from OSPW-impacted wetlands had reduced reproductive perfor-
mance and increased mortality of nestlings, though data were obtained
during harsh weather (Gentes et al., 2006). When the weather was less
challenging, the mortality rates were low, but less weight and higher
hepatic EROD activity of nestlings were recorded (Gentes et al., 2006).
More recently, there was evidence of endocrine disrupting effects and
immunotoxicity resulting from OSPW exposures, including elevated
thyroid hormones (Gentes et al., 2007a) and heavy blow fly infestation
(Gentes et al., 2007c). The altered thyroid function might compromise
the post-fledging survival by negatively impacting the metabolism, be-
havior, feather development, and molting (Gentes et al., 2007a), and
higher blow fly burdens indicated impaired host resistance to parasites
(Gentes et al., 2007c). Another study by Gentes et al. (2007b) reported
minimal sub-acute toxicity of commercial NAsmixture that had compa-
rable chemistry to NAs extracted from OSPW. However, it was also sug-
gested that though nestling tree swallows might tolerate short-term
exposures to environmentally realistic concentrations of NAs, chronic
toxicity of NAs still needs to be determined, because birds breed on
these reclaimed sites lengthening their exposure to pollutants (Gentes
et al., 2007b). A experiment with mallard (Anas platyrhynchos) duck-
lings reared on reclaimed wetlands suggested that such water is not
acutely toxic, though the observed differences (lower body mass and
skeletal size) might be related to the decreased survival of juvenile wa-
terfowl (Gurney et al., 2005). The negligible adverse physiological ef-
fects were also documented in domestic mallards (Anas platyrhynchos
domestica) after repeated, short-term exposures to OSPW from a
recycled water pond (Beck et al., 2014).

So far, the direct assessments of toxicity in birds from OSPW expo-
sures used those either held on reclaimed wetlands (Gentes et al.,
2006, 2007a, 2007b, 2007c) or subjected to OSPW from a recycle
water pond (Beck et al., 2014). When evaluating the OSPW toxicity
from reclaimedwetlands, the interaction of birds and their environment
should be considered, given the potential cumulative effects of other
stressors such as harsh weather and additional routes of contaminant
exposures (e.g., toxins in sediments, plants, and invertebrates). The rel-
atively low toxicity documented in current literature could not rule out
the possibility of adverse health effects on birds exposed to other OSPW
sources, especially fresh OSPW; therefore, further studies are required.

2.6. Toxicity of OSPW in mammals

There are limited toxicity data onmammals after exposure to OSPW,
which have focused primarily on rodents (Table 6). An early report by
Rogers et al. (2002) demonstrated the toxicity of OSPW-NAEs in rats.
It was shown that exposure to a high dose (300 mg/kg bw) of NAEs
caused liver and heart damage and heavier ovaries and spleens in fe-
male rats, and brain hemorrhage and heavier testes in male rats
(Rogers et al., 2002). It should be noted that animals were exposed to
the OSPW dose that was 50 times higher than the “worst-case single-
day exposure for wild animals” (Rogers et al., 2002). However, in a
sub-chronic (90-day) toxicity test, lower dose (60 mg/kg bw/d NAEs)
exposure caused adverse health effects in rats (Rogers et al., 2002). Al-
though this dosewas 10 times the estimatedworst-case daily exposure,



Table 3
Studies demonstrating OSPW toxicity in fish.

Sample
designation

OSPW type Test
organism

Duration of exposure Endpoint & result Reference

MLSB Fresh OSPW Rainbow
trout

96 h LC50: b4% (MacKinnon,
1981)

MLSB Fresh OSPW Rainbow
trout

96 h LC50: 4–6% (MacKinnon
and
Retallack,
1982)

MLSB Fresh OSPW Rainbow
trout

96 h LC50: 7% (MacKinnon,
1986)

MLSB Fresh OSPW Rainbow
trout

96 h LC50: 8% (Boerger et
al., 1986)

MLSB Fresh OSPW Rainbow
trout
(fingerlings)

96 h Survival: 5% OSPW (11%), 10% OSPW (13%), 20% OSPW (5%), 50%
OSPW (0%)

(Rogers et al.,
2007)

MLSB Fresh OSPW Fathead
minnow

96 h LC50: 6–8.5% (MacKinnon
and
Retallack,
1982)

MLSB Fresh OSPW Yellow
perch

Early life stages
(serial dilution)

Fertilization success (NSD for 0.16%–20% OSPW; 0% for 100% OSPW);
Incidence of embryo deformities (+, optic-cephalic & spinal
deformities, calculated threshold: 7.52 mg/L OSPW-NAs);
Larval hatch length (−, calculated threshold: 1.92 mg/L OSPW-NAs)

(Peters et al.,
2007)

MLSB Fresh OSPW Japanese
medaka

Early life stages
(Serial dilution)

Fertilization success (NSD at all OSPW dilutions tested);
incidence of embryo deformities (+, circulatory and head region
deformities, calculated threshold: 30 mg/L OSPW-NAs);
larval hatch length (−, calculated threshold: 6.18 mg/L OSPW-NAs)

(Peters et al.,
2007)

WIP Fresh OSPW Rainbow
trout

96 h LC25: N25%; LC50: 35% (Zubot et al.,
2012)

WIP Fresh OSPW Rainbow
trout

End of bioassay Mortality (100%) (Zubot et al.,
2012)

WIP Fresh OSPW Goldfish 1 week Cytokine gene expression in gill (more IFN γ and IL-1-β1, less
TNFα-2 for 25% OSPW; more IL-1-β1, less TNFα-2 for 50% OSPW);
Cytokine gene expression in kidney (more IFN γ, IL-1-β1 and TNFα-2
for 25% OSPW; more IFN γ and IL-1-β1 for 50% OSPW);
Cytokine gene expression in spleen (more IL-1-β1 for 25% OSPW;
more IL-1-β1 and TNFα-2 for 50% OSPW)

(Hagen et al.,
2013)

WIP Fresh OSPW Goldfish 12 weeks
(serial dilution)

Cytokine gene expression in gill (more IL-1-β1 for 25% OSPW; less
TNFα-2 for 50% OSPW);
cytokine gene expression in kidney (less IFN γ and TNFα-2, more
IL-1-β1 for 25% OSPW; less IFN γ and TNFα-2, more IL-1-β1 for 50%
OSPW);
cytokine gene expression in spleen (less IFN γ and TNFα-2, more
IL-1-β1 for 25% OSPW; less IFN γ and TNFα-2, more IL-1-β1 for 50%
OSPW)

(Hagen et al.,
2013)

WIP Fresh OSPW Fathead
minnow

Early life stages
(100% OSPW)

Larval survival (−55.3%);
spontaneous embryo movement (+92.1%);
premature hatching rate (+);
incidence of deformities (hemorrhage: +50%; pericardial edema: +
56.2%; spinal malformations: +37.5%);
transcript of genes related to the metabolism of xenobiotics (cyp1a:
NSD; cyp3a: +2.35-fold), oxidative stress (gst: +2.15-fold; sod: +
3.08-fold), and apoptosis (casp9: +3.26-fold; apopen: +2.38-fold);
ROI generation (+1.68-fold)

(He et al.,
2012a)

WIP Fresh OSPW Fathead
minnow
(males)

7 days
(100% OSPW)

Gene expression in brain (erβ, ar, gnrh2, gnrh3: NSD; erα: +
5.14-fold; kiss1r: +6.11-fold; fshβ: +3.96-fold; lhβ: +3.04-fold);
cyp19b: +3.44-fold; gnrhr: −0.13-fold);
gene expression in gonads (star, 17βhsd, cyp19a: NSD; fshr: +
3.7-fold; lhr: +2.5-fold; cyp11a: +8-fold; 3βhsd: +7-fold);
gene expression in liver (erα: +4.1-fold; vtg: +4.9-fold; chg-l: +
5.4-fold; chg-h: +3.4-fold)

(He et al.,
2012b)

WIP Fresh OSPW Fathead
minnow
(females)

7 days
(100% OSPW)

Gene expression in brain (gnrh2, gnrh3, kiss1r, cyp19b, erα, erβ, ar:
NSD; lhβ: +5.3-fold; gnrhr: -);
gene expression in gonads (star, 3βhsd, 17βhsd, cyp11a, cyp17: NSD;
fshr: −0.02-fold; lhr: 0.33-fold; cyp19a: −0.28-fold);
gene expression in liver (ar: −0.18-fold); erα: −0.14-fold; erβ:
−0.08-fold; vtg: −0.002- fold; chg-l: −0.022-fold; chg-h:
−0.036-fold)

(He et al.,
2012b)

WIP Fresh OSPW Fathead
minnow
(males)

7 days
(100% OSPW)

Gene expression in liver:
phase I biotransformation/detoxification
(cyp1a: +2.1-fold; cyp2j28: +2.2-fold; cyp2ad2: +2.7-fold;
cyp2k6: +10.1-fold; cyp2k19: +11.7-fold; ao1: +3.1-fold; aldh2:
+3.6-fold; moa: +3.2-fold; eh: +2.0-fold);
phase II & III biotransformation/detoxification (gstm: +4.5-fold; gstc: +
N23.3-fold; ugt2a3: +6.3-fold; sult1,3: +1.8-fold; ugt5f1:−4.3-fold);
oxidative stress response

(Wiseman et
al., 2013b)

1794 C. Li et al. / Science of the Total Environment 601–602 (2017) 1785–1802



Table 3 (continued)

Sample
designation

OSPW type Test
organism

Duration of exposure Endpoint & result Reference

(gs: +3.1-fold; gr: +3.2-fold; gpx: +1.7-fold; tk: +2.4-fold;
6-pgdh: +10.1-fold; g6pdh: +2.7-fold; trx: +2.5-fold; trxr3: +
2.7-fold; pdi p5: +2.2-fold; pdi a3: +1.5-fold; grx5: +1.7-fold);
apoptosis
(aif-3: +4.3-fold; aif m2: +4.1-fold; parp: +4.8-fold; pdcd4a: +
1.5-fold; dram2: +N23.3-fold; cthpb: +1.5-fold; bnip3: −1.8-fold;
foxo3a: −3.3-fold);
immune response
(c8β: −2.1-fold; c1q4c: −19.7-fold; c3: −7.6-fold; c3-h1: −
2.1-fold; c4–2: −2-fold)

CT water pond
(Suncor)

OSPW released
through MFT
consolidation

Fathead
minnows

96 h
(100% OSPW)

Mortality (0%);
Hematocrit (+38.8%);
Leucocrit (−50.6%);
Lymphocrit (−74%);
Gill histology (NSD)

(Farrell et al.,
2004)

CT water pond
(Suncor)

OSPW released
through MFT
consolidation

Fathead
minnows

28 days
(100% OSPW)

Mortality (100%) (Farrell et al.,
2004)

DS pond
(Suncor)

Dyke seepage water Fathead
minnows

96 h
(100% OSPW)

Mortality (0%);
Hematocrit (+36.6%);
Leucocrit (−50.6%);
Lymphocrit (−80%);
Gill histology (less basal epithelial thickening);
Critical swimming speed (−)

(Farrell et al.,
2004)

DS pond
(Suncor)

Dyke seepage water Fathead
minnows

28 days
(100% OSPW)

Mortality (100%) (Farrell et al.,
2004)

Suncor Pond 1 Fresh OSPW Rainbow
trout

96 h 1981 (LC50: 17%), 1982 (LC50: 7.5–10.2%), 1984 (LC50: 4.5%), 1989
(LC50: 3.2%)

(Nix and
Martin,
1992)

Suncor Pond
1A

Fresh OSPW Rainbow
trout

96 h 1981 (LC50: 27%), 1982 (LC50: 24%), 1984 (LC50: 5.8%), 1989 (LC50:
3.2%)

(Nix and
Martin,
1992)

Suncor Pond 2 Fresh OSPW Rainbow
trout

96 h 1981 (LC50: 16%), 1982 (LC50: 4.2–5.1%), 1984 (LC50: 4.2%), 1989
(LC50: 3.2%)

(Nix and
Martin,
1992)

Suncor Pond 3 Fresh OSPW Rainbow
trout

96 h 1989 (LC50: 3.2%) (Nix and
Martin,
1992)

Syncrude Pond
9

Aged OSPW
(N15 years)

Goldfish 1 week
(100% OSPW)

Cytokine gene expression in gill (NSD);
Cytokine gene expression in kidney (more IFN γ, TNFα-2);
Cytokine gene expression in spleen (more IFN γ, TNFα-2)

(Hagen et al.,
2013)

Syncrude Pond
9

Aged OSPW
(N15 years)

Goldfish 12 weeks
(100% OSPW)

Cytokine gene expression in gill (more IFN γ, IL-1-β1, TNFα-2);
cytokine gene expression in kidney (more IL-1-β1, TNFα-2);
cytokines gene expression in spleen (more IL-1-β1)

(Hagen et al.,
2013)

Remediation
Pond 3
(Syncrude)

Aged OSPW
(N12 years); MFT
capped with
freshwater

Yellow
perch

22 days
(100% OSPW)

Mortality (0%);
gill pathology (NSD);
liver pathology (NSD)

(Nero et al.,
2006b)

Remediation
Pond 3
(Syncrude)

Aged OSPW
(N12 years); MFT
capped with
freshwater

Goldfish 19 days
(100% OSPW)

Mortality (1 fish dead);
gill pathology (NSD);
liver pathology (NSD)

(Nero et al.,
2006b)

Remediation
Pond 3
(Syncrude)

Aged OSPW
(N12 years); MFT
capped with
freshwater

Goldfish 19 days
(100% OSPW)

Plasma levels of hormones (T: -; E2: -);
in vitro basal T production by gonadal tissues (NSD);
hCG-stimulated T production by gonadal tissues (NSD);
plasma cortisol levels in males (+)

(Lister et al.,
2008)

Remediation
Pond 5
(Syncrude)

Aged OSPW
(N12 years); MFT
capped with OSPW

Yellow
perch

22 days
(100% OSPW)

Mortality (0%);
gill pathology (increased cell proliferation of epithelial and mucous
cells);
liver pathology (hepatocellular degeneration, inflammatory cell
infiltration)

(Nero et al.,
2006b)

Remediation
Pond 5
(Syncrude)

Aged OSPW
(N12 years); MFT
capped with OSPW

Goldfish 19 days
(100% OSPW)

Mortality (1 fish dead);
gill pathology (epithelial cell necrosis);
liver pathology (hepatocellular degeneration, hypertrophic
hepatocytes)

(Nero et al.,
2006b)

Remediation
Pond 5
(Syncrude)

Aged OSPW
(N12 years); MFT
capped with OSPW

Goldfish 19 days
(100% OSPW)

Plasma levels of hormones (T: -; E2: -);
in vitro basal T production by gonadal tissues (−);
hCG-stimulated T production by gonadal tissues (NSD);
plasma cortisol levels in males (+)

(Lister et al.,
2008)

Remediation
Pond 5
(Syncrude)

Aged OSPW
(N15 years); MFT
capped with OSPW

Fathead
minnows

21 days: laboratory bioassays
(100% OSPW)

GSI (NSD);
LSI (NSD);
fecundity rate (−21.9%);
mean spawn number (NSD);
plasma steroid concentration in males (T and 11-KT: NSD);
plasma steroid concentration in females (E2 and T: NSD)

(Kavanagh et
al., 2011)

(continued on next page)
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Table 3 (continued)

Sample
designation

OSPW type Test
organism

Duration of exposure Endpoint & result Reference

Remediation
Pond 9
(Syncrude)

Aged OSPW
(N15 years)

Fathead
minnows

21 days: laboratory bioassays
(100% OSPW)

GSI (males: NSD; females: -);
LSI (NSD);
fecundity rate (−78.1%–100%);
mean spawn number (−71.7%–100%);
plasma steroid concentration in males (T: -; 11-KT: -);
plasma steroid concentration in females (E2: -; T: NSD)

(Kavanagh et
al., 2011)

Demonstration
Pond
(Syncrude)

Aged OSPW
(N15 years); MFT
capped with
freshwater

Fathead
minnows

21 days: laboratory bioassays
(100% OSPW)

GSI (NSD);
LSI (NSD);
Fecundity rate (−18.9%);
mean spawn number (NSD)

(Kavanagh et
al., 2011)

Demonstration
Pond
(Syncrude)

Aged OSPW
(N15 years); MFT
capped with
freshwater

Fathead
minnows

Fish collected at various time in
2006–2008 (Jun-06, Jul-07,
Aug-07, May-08, Jun-08)

Males:
length (+, Jul-07; −, May-08);
mass (+, Jul-07 and Jun-08; −, May-08);
condition factor (+, Jun-06, Jul-07, and Jun-08; −, Aug-07);
GSI (+, 2006–2008);
LSI (+, 2007);
SSI (−, 2006–2007);
number of tubercles (−, Jun-06 and May-08; +, Aug-07);
plasma steroid concentration in Jun-06 and Jul-07 (T: NSD; 11-KT: -)

Females:
length (+, Aug-07; −, Jun-08);
mass (+, Jun-06 and Aug-07)
Condition factor (+, Jun-06, Jul-07, Aug-07 and Jun-08; −, May-08);
GSI (+, 2006–2007);
LSI (+, 2006–2008);
SSI (−, 2006–2007);
plasma steroid concentration in Jun-06 and Jul-07 (T: NSD; 11-KT:
NSD)

(Kavanagh et
al., 2013)

Suncor North
MFT Pond

Aged OSPW
(N15 years); MFT
capped with OSPW

Fathead
minnows

21 days: laboratory bioassays
(100% OSPW)

GSI (NSD);
LSI (NSD);
fecundity rate (−77.5%);
mean spawn number (−68.4%);
plasma steroid concentration in males (T and 11-KT: -);
plasma steroid concentration in females (E2 and T: NSD)

(Kavanagh et
al., 2011)

Suncor South
MFT Pond

Aged OSPW
(N15 years); MFT
capped with OSPW

Fathead
minnows

21 days: laboratory bioassays
(50% and 100% OSPW)

50% OSPW:
GSI (NSD);
LSI (NSD);
fecundity rate (−14.8%);
Mean spawn number (−26.3%);
plasma steroid concentration in males (T and 11-KT: NSD);
plasma steroid concentration in females (E2 and T: NSD);
100% OSPW:
GSI (NSD);
LSI (NSD);
fecundity rate (−57.4%);
mean spawn number (−50%);
plasma steroid concentration in males (T: NSD; 11-KT: -);
plasma steroid concentration in females (E2 and T: NSD)

(Kavanagh et
al., 2011)

OSPW-NAEs
(WIP)

Fresh OSPW Zebrafish 96 h Whole acid extract (LC50: 8.4 mg/L);
esterifiable NAs (de-esterified with alkal) (LC50: 5.4 mg/L);
de-esterified alicyclic acids/classical NAs (LC50: 13.1 mg/L);
aromatic NAs (LC50: 8.1 mg/L)

(Scarlett et
al., 2013)

OSPW-NAEs
(WIP)

Fresh OSPW Yellow
perch

21 days Mortality:
NAEs-6.8 mg/L (100% in ≤96 h);
gill pathology:
NAEs-1.7 mg/L (high levels of gill proliferative changes: epithelial,
mucous, and chloride cell);
Liver pathology:
NAEs −1.7 mg/L (NSD)

(Nero et al.,
2006a)

OSPW-NAEs
(WIP)

Fresh OSPW Fathead
minnows

21 days
(5 and 10 mg/L NAEs)

NAEs-5 mg/L:
fecundity rate (NSD);
mean spawn number (NSD);
GSI (males: +; females: NSD);
plasma steroid concentration in males (T: NSD; 11-KT: -);
plasma steroid concentration in females (E2 and T: NSD)

NAEs-10 mg/L:
fecundity rate (−68%);
mean spawn number (−68.2%);
GSI (males: +; females: NSD);
plasma steroid concentration in males (T and 11-KT: -);
plasma steroid concentration in females (E2 and T: NSD)

(Kavanagh et
al., 2012)
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Table 3 (continued)

Sample
designation

OSPW type Test
organism

Duration of exposure Endpoint & result Reference

OSPW-NAEs NAEs isolated from
fresh and aged OSPW

Fathead
minnow

Early life stages
: from b1 dpf to hatch day

Hatch success (EC50: 5–10.6 mg/L for fresh OSPW-NAEs; EC50:
12.4 mg/L for aged OSPW-NAEs);
deformities at hatch (cardiovascular abnormalities)

(Marentette
et al., 2015a)

OSPW-NAEs NAEs isolated from
fresh OSPW

Fathead
minnow

Early life stages
: from b1 dpf to 21 dpf

Hatch success (EC50: 9.5–11 mg/L);
growth (IC10: 24.7–25.8 mg/L for total length; 14.7–15.8 mg/L for
total mass);
deformities at hatch (+ at 33.3 mg/L, predominated by
cardiovascular abnormalities)

(Marentette
et al., 2015b)

OSPW-NAEs NAEs isolated from
fresh OSPW

Walleye Early life stages: from b1 dpf to
19–21 dpf

Hatch success (EC50: 21.8–24.5-11 mg/L);
deformities at hatch (dose-responsive increase at 0–33 mg/L),
predominated by spinal curvature, followed by cardiovascular and
craniofacial defects)

(Marentette
et al., 2015b)

OSPW-NAEs NAEs isolated from
fresh OSPW

Walleye Early life stages: from b1 dpf to
hatch day

Gene expression:
AhR-cytochrome P450 pathway (cyp1a1: +2.11-fold at 4.2 mg/L
and +1.95-fold at 8.3 mg/L; arnt: NSD);
oxidative stress response (gpx1b: −1.56-fold at 4.2 mg/L; cat, gst,
sod1: NSD);
Apoptosis (bax, casp3, p53: NSD);
growth factor signaling (igf1, igf1b, igf1bp: NSD);
tissue differentiation (vim: NSD)

(Marentette
et al., 2017)

Note: (NSD) no significant difference relative to control; (+) significant increase relative to control; (−) significant decrease relative to control;MLSB: Mildred Lake Settling Basin built in
1989, an active settling basin on Syncrude's site; WIP: West-In-Pit, an active settling basin established in 1995, on Syncrude's site; OSPW-NAEs: OSPW naphthenic acids extracts.

1797C. Li et al. / Science of the Total Environment 601–602 (2017) 1785–1802
there exists the possibility that indigenous mammals might be more
sensitive to NAs than rats used in laboratory assessment, since someun-
certainty (e.g., age, season, diet, health status, contaminant interaction,
etc.) in field toxicity testing could influence the response to NAs
(Rogers et al., 2002). Recently, research using mice reported the
immunotoxic effects of OSPW-OF manifested by alterations in various
macrophage microbicidal functions, and immune gene expression in
different organs (Garcia-Garcia et al., 2011a, 2011b, 2012). The doses
that induced toxicity in these studies reflected environmentally realistic
concentrations of NAs inOSPW. It is also quite possible that other organ-
ic compounds present in OSPW-OF,may also contribute to the observed
immunotoxicity.

While there is a significant dataset on the effects of OSPW exposure
on reproduction and development in fish, there is very little information
on the acute and sub-chronic effects of OSPWexposure on development
and reproduction of mammals. The exposure of mammals (rats) to
OSPW-NAEs caused impaired embryonic implantation, which was
Table 4
Studies demonstrating OSPW toxicity in amphibians.

Sample
designation

OSPW type Test
organism

Duration of exposure Endp

Natural wetland
(Suncor)

Wetland receiving
dyke seepage water

Boreal toad
(Bufo boreas)

Posthatch to complete
metamorphosis
(laboratory bioassays)

B. bo
Mor
Dela
Mas

Hummock
wetland

(Suncor)

Wetland receiving CT
water (intentional
release).

Boreal toad
(Bufo boreas)

Posthatch to complete
metamorphosis
(laboratory bioassays)

B. bo
Surv
dela
mas

OSPW-impacted
wetlands

Young wetland
(≤7 years old); old
wetlands (N7 years old)

Wood frog
(Lithobates
sylvaticus)

75 days Tadp
54.7
old r

Old
to re

OSPW-impacted
wetlands

Young wetland
(≤7 years old); old
wetlands (N7 years old)

Wood frog
(Lithobates
sylvaticus)

75 days Tadp
met
OSP

Tadp
conc

Tadp

Note: (NSD) no significant difference relative to control; (+) significant increase relative to co
likely associatedwith the changes in cholesterol availability and a paral-
lel decrease in progesterone levels (Rogers, 2003). Recently, research
using mouse embryonic stem cells (ESCs) showed that that OSPW-
NAE affected the expression of cardiac specific markers in differentiat-
ingmouse ESCs,whichmay potentially cause developmental abnormal-
ities (Mohseni et al., 2015). These findings suggest that OSPW organic
compounds (including NAs) may affect mammalian reproduction and
development, and emphasize the importance of testing organisms dur-
ing sensitive developmental stageswhen establishing an environmental
risk assessment of OSPW exposures.

3. Discussion and conclusions

Although the term ‘OSPW’ is commonly used in toxicology studies,
the water chemistry of different OSPW-types varies considerably, de-
pending on the ore sources, extraction and processing methods, and
tailings pond characteristics. Different OSPW-types induce different
oint & result Reference

reas tadpoles:
tality (0%);
yed metamorphosis (24-d compared to 21-d in reference wetland);
s change after 96-h exposure (no change)

(Pollet and
Bendell-Young,
2000)

reas tadpoles:
ival (47% died before completing metmorphosis);
yed metamorphosis (31-d compared to 21-d in reference wetland);
s change after 96-h exposure (−)

(Pollet and
Bendell-Young,
2000)

oles in young OSPW-impacted wetlands showed 41.5%, 62.6%, and
% higher mortality than old OSPM-impacted, young reference, and
eference wetlands, respectively.

OSPW-impacted wetlands had similar effects in tadpoles compared
ference wetlands.

(Hersikorn et
al., 2010)

oles in young OSPW-impacted wetlands showed delayed
amorphosis (up to 75 d) compared to reference and old
M-impacted wetlands (50–60 d).

oles in young OSPW-impacted wetlands had highest T4
entration, and lowest T3:T4 ratio.

oles in young OSPW-impacted wetlands had highest EROD activity.

(Hersikorn and
Smits, 2011)

ntrol; (−) significant decrease relative to control.



Table 5
Studies demonstrating OSPW toxicity in birds.

Sample
designation

OSPW type Test organism Duration of
Exposure

Endpoint & Result Reference

OSPW-impacted
wetland

CT water Zebra finch
(Taeniopygia
guttata)

4 days: laboratory
bioassays
(70 μL/day orally)

No effects on immunosuppression of T-lymphocyte immune
response, or on hematocrit, white blood cell differential and body
mass.

Had larger bursa of Fabricius.

(Smits and
Williams,
1999)

Demonstration
Pond
(Syncrude)

MFT capped with
freshwater

Tree swallows
(Tachycineta
bicolor)

Over two breeding
seasons

Clutch size (NSD);
Clutch mass (NSD);
Hatching success (NSD);
Fledging success (NSD);
Immune response (+ in 1997; NSD in 1998);
Hepatic EROD activity (NSD)

(Smits et al.,
2000)

Demonstration
Pond
(Syncrude)

MFT capped with
freshwater

Tree swallows
(Tachycineta
bicolor)

Late May to mid
July of 2003 and
2004

In 2003, harsh weather:
Mortality (58.8%);
Reproductive performance (−)

In 2004, less challenging weather:
Mortality (0%);
Hepatic EROD activity (+1.2-fold);
Fledging size (−)

(Gentes et al.,
2006)

Demonstration
Pond
(Syncrude)

MFT capped with
freshwater

Tree swallows
(Tachycineta
bicolor)

May 19–July 15,
2014

Plasma hormones (T3 and T4: NSD);
thyroid weight (NSD)

(Gentes et al.,
2007a)

Natural wetland
(Suncor)

Wetland receiving dyke
seepage water

tree swallows
(Tachycineta
bicolor)

Over two breeding
seasons

clutch size (NSD);
clutch mass (NSD);
hatching success (−);
fledging success (−);
immune response (NSD);
hepatic EROD activity (+)

(Smits et al.,
2000)

Natural wetland
(Suncor)

Wetland receiving dyke
seepage water

Mallard (Anas
platyrhynchos)
ducklings

33 days Body mass (day 2, 5, 9 and 13: −; after 13 days: NSD);
body size (on day 2, 5, 9 and 13: −; after 13 days: NSD);
plasma triglyceride level (NSD);
plasma glycerol level (day 13: +; day 33: NSD);
EROD activity (NSD);
PAH metabolite levels in the bile (pyrene: +; BαP: NSD;
naphthalene: +; phenanthrene: NSD)

(Gurney et
al., 2005)

Natural wetland
(Suncor)

Wetland receiving dyke
seepage water

Tree swallows
(Tachycineta
bicolor)

Late May to mid
July of 2003 and
2004

In 2003, harsh weather:
mortality (89.3%);
reproductive performance (−)

In 2004, less challenging weather:
mortality (3.6%);
hepatic EROD activity (+1.9-fold);
fledging size (−)

(Gentes et al.,
2006)

Natural wetland
(Suncor)

Wetland receiving dyke
seepage water

Tree swallows
(Tachycineta
bicolor)

May 19–July 15,
2014

Plasma hormones (T3: +; T4: NSD);
Thyroid weight (NSD)

(Gentes et al.,
2007a)

CT wetland
(Suncor)

Wetland with
consolidated tailings

Tree swallows
(Tachycineta bicolor)

Late May to mid July
of 2003 and 2004

In 2003, harsh weather:
mortality (100%)

In 2004, less challenging weather:
mortality (0%);
hepatic EROD activity (+2-fold);
fledging size (−)

(Gentes et al.,
2006)

CT wetland
(Suncor)

Wetland with
consolidated tailings

Tree swallows
(Tachycineta
bicolor)

May 19–July 15,
2014

Plasma hormones (T3: +; T4: NSD);
thyroid weight (NSD)

(Gentes et al.,
2007a)

Hummock
wetland

(Suncor)

Wetland receiving CT
water (intentional
release).

Mallard (Anas
platyrhynchos)
ducklings

33 days Body mass (on day 2, 5, 9 and 13: -; after 13 days: NSD);
body size (on day 2, 5, 9 and 13: -; after 13 days: NSD);
plasma triglyceride level (NSD);
plasma glycerol level (NSD)

(Gurney et
al., 2005)

Note: (NSD) no significant difference relative to control; (+) significant increase relative to control; (−) significant decrease relative to control.
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toxic effects both in vivo and in vitro. A lack of information on water
sources, inconsistent analytical methods for water chemistry, and dif-
ferent procedures for OSPW fraction preparations likely accounts in
part for the difficulties in the interpretation of toxicological data be-
tween taxonomic groups. Studies on whole OSPW and OSPW-derived
fractions have identified the constituents with potential toxicity includ-
ing NAs, PAHs, metals, salts, and other organic or inorganic compounds.
NAs are the most widely reported contributors to OSPW toxicity that
may induce toxic effects via multiple modes of action such as narcosis,
endocrine disruption, immunotoxicity and carcinogenicity. NAs extracts
from different water sources elicit different responses, and are depen-
dent on both concentrations and composition. The great advances in an-
alytical methodology for NAs have improved our understanding of
individual NA compounds, and enabled the studies of structure-toxicity
relationships. Future research on NAs-induced toxicity should focus on
the compounds that potentially may be more harmful to exposed or-
ganisms, such as themore hydrophobicmolecules with greater narcotic
potency, the diamondoid NAs that causes genotoxicity, and some aro-
matic NAs that exhibits endocrine disruptive properties. The overall
toxicity of OSPW is due to complex interaction between the compounds



Table 6
Studies demonstrating OSPW toxicity in mammals.

Sample
designation

OSPW
type

Test
organism

Duration Endpoint & Result Reference

OSPW-NAEs
(MLSB)

Fresh
OSPW

Wistar
rats

14 days 300 mg/kg/d, 5d a week:
brain hemorrhage in males;
cardiac periarteriolar necrosis and fibrosis in females;
significant incidence of pericholangitis in both sexes

(Rogers et al.,
2002)

OSPW-NAEs
(MLSB)

Fresh
OSPW

Wistar
rats
(females)

90 days 60 mg/kg/d, 5d a week:
increased liver weight;
elevated blood amylase;
reduced hypocholesterolemia;
excessive hepatic glycogen accumulation

(Rogers et al.,
2002)

OSPW-NAEs
(MLSB)

Fresh
OSPW

Wistar
rats
(females)

Throughout pre-breeding,
breeding and gestation

60 mg/kg/d:
hypocholesterolemia;
poor reproductive success;
reduced litter size

(Rogers, 2003)

OSPW-OF
(WIP)

Fresh
OSPW

Mice 1 week Cytokine gene expression in liver (less TNF α, IFN γ, IL-1, CSF-1, CCL3, and CCL4 at 100
mg/kg/week);
cytokine gene expression in spleen (NSD at100 mg/kg/week);
cytokine gene expression in MLN (less IL-1 at 100 mg/kg/week)

(Garcia-Garcia
et al., 2011a)

OSPW-OF
(WIP)

Fresh
OSPW

Mice 1 and 2 weeks Body weight (NSD);
pro-inflammatory cytokines gene expression in liver (less IL-1β at 50 mg/kg/week for 1 week;
less IL-1β, CSF-1, and CSFR1 at 100 mg/kg/week for 1 week; less IL-1β at 100 mg/kg/week for
2 weeks);
pro-inflammatory cytokines gene expression in spleen (less IFN γ, IL-1β, at 100 mg/kg/week
for 1 week; NSD for 2 weeks);
pro-inflammatory cytokines gene expression in MLN (more CCL3 and CCL4 at 100 mg/kg/week
for 1 week; more CCL3 at 50 and 100 mg/kg/week for 2 weeks);
peritoneal macrophage phagocytosis (NSD)

(Garcia-Garcia
et al., 2012)

OSPW-OF
(WIP)

Fresh
OSPW

Mice 4 and 8 weeks Body weight (NSD);
pro-inflammatory cytokines gene expression in liver (NSD for 4 weeks; less TNFRFS1A, IL-1β,
and CSF-1 at 100 mg/kg/week for 8 weeks);
pro-inflammatory cytokines gene expression in spleen (less TNF α, TNFRFS1A, IFN γ, IL-1β,
CSF-1, CSFR1, CCL3, CCL4, and CCL5 at 50 mg/kg/week for 4 weeks; less CCL4 at 100 mg/kg/
week for 4 weeks; less TNF-α, TNFRFS1A, IFN γ, IL-1β, CSF-1, CSFR1, CCL2, CCL3, and CCL4 at 50
mg/kg/week for 8 weeks);
pro-inflammatory cytokines gene expression in MLN (NSD for 4 weeks; more CSF-1 and CSFR1
at 100 mg/kg/week for 8 weeks);
peritoneal macrophage phagocytosis (enhanced at 50 and/or 100 mg/kg/week for 4 weeks;
NSD for zymosan phagocytosis at 50 and 100 mg/kg/week for 8 weeks; inhibited phagocytosis
for zymosan + complement at 50 and 100 mg/kg/week for 8 weeks)

(Garcia-Garcia
et al., 2012)

OSPW-OF
(WIP)

Fresh
OSPW

Mice 8 weeks Pro-inflammatory cytokines gene expression in spleen (less IFN γ, IL-1β and CSF-1 at 100
mg/kg/week)

(Garcia-Garcia
et al., 2011b)

Note: (NSD) no significant difference relative to control; MLSB: Mildred Lake Settling Basin built in 1989, an active settling basin on Syncrude's site; WIP: West-In-Pit, an active settling
basin established in 1995, on Syncrude's site; OSPW-NAEs: OSPW naphthenic acids extracts; OSPW-OF: OSPW organic fraction.
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present in the water. While the contribution of other OSPW-derived
compounds (e.g., PAHs, dissolved ions, and heavy metals), has not re-
ceived much attention, studies on other industrial wastewaters have
shown a range of biological dysfunctions caused by these compounds.
Therefore, elucidation of the biological effects of individual compounds
and/or additive or synergistic effects of a group of compounds should be
a high priority for future research on OSPW toxicity.

In vitro studies have provided information regarding the mecha-
nisms ofOSPW toxicity. OSPWhas inhibitory effects on bioluminescence
production by marine bacteria V. fischeri, estrogenic and antiandrogenic
effects on hormone-responsive cells lines, immunotoxicity inmouse pri-
mary immune cells, as well as impacts on mammalian development
using mouse embryonic stem cells. However, in vitro tests only expose
single cell types to the contaminants. The results are not necessarily re-
lated to the outcomes in complex biological systems (living tissue), due
to tissue-specific differences in mechanisms of action, biotransforma-
tion, or tissue-specific bioaccumulation (Garcia-Garcia et al., 2011a;
Rosengren et al., 2005; Schlenk, 2008). Therefore, the risk assessment
for OSPW exposure cannot be easily made without further knowledge
of its effects under more physiologically relevant conditions (integrated
system of an intact organism), and the combination of biological data
generated in both in vitro and in vivo assays are required to better under-
stand OSPW toxicity. A variety of organisms have been used for OSPW
toxicology research, and they have exhibited different sensitivities; for
instance, OSPW was more toxic to D. magna, than fish (trout), and
least toxic to V. fischeri (MacKinnon and Boerger, 1986). These findings
suggest that the toxic effects of OSPW are species-specific, and that the
responses observed in prokaryotic organisms may not be applicable to
eukayotic organisms. Todate, themajority of in vivo toxicological studies
on OSPW have used aquatic organisms. In general, OSPW exposure has
induced multiple toxic effects including compromised immunological
function, impaired reproduction and development, disrupted endocrine
system, and pathological changes in fish, that appear to be dose-, spe-
cies-, life stage-, and duration of exposure- dependent. However, the ex-
trapolation of data from fish to higher organisms requires careful
consideration. For example, differences in routes of OSPW exposure
(e.g., skin for fish vs. oral administration for rodents), and potential dif-
ferences in kinetics and dynamics of xenobiotics between fish and ro-
dents or other mammals could affect their biological responses. So far,
results of mammalian toxicity of OSPW have only been reported using
rodents. The adverse effects observed were following assessment of
the organic fraction of OSPW (the NAs containing fraction) that may
not represent the full toxic effects induced by the whole OSPW (organic
and inorganic fractions). Additionally, the laboratory-derived toxicity
thresholds for NAs could differ from the possible toxic effects on animals
in the wild, due to the uncertainty factors such as weather, diet, health
status of wild animals and possible exposure to other contaminants
and pathogens.

In summary, the results of the present review suggest that future
studies should provide detailed information on OSPW sources and
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types (i.e., fresh OSPW, CT water, seepage, and water from reclaimed
wetlands, etc.), and conduct the chemical analysis using standard ana-
lytical methods. It is also likely that, in addition to NAs, other organic
and inorganic compounds present in OSPW may contribute to the
water toxicity. We suggest that the research examining the effects of
OSPW exposure on aquatic and terrestrial organisms should continue
in three main directions: (1) identification of the most toxic compo-
nents (priority pollutants) of OSPW to enable targeted treatment regi-
mens; (2) investigation of the overall contribution to toxicity of OSPW
using parallel assessments of organic and inorganic fractions and
whole OSPW to determine potential additive and/or synergistic effects
of different toxic components present in OSPW; and (3) comprehensive
side-by-side comparisons of the toxic effects induced by differentOSPW
waters. Furthermore, the cross-species interpretation and extrapolation
of the toxicological effects will be required, to enable appropriate risk
assessment of OSPW exposure on living organisms.

Acknowledgments

Thisworkwas funded byNatural Sciences and Engineering Research
Council of Canada (NSERC) Senior Industrial Research Chair (IRC) in Oil
Sands Tailings Water Treatment through the support by Syncrude Can-
ada Ltd., Suncor Energy Incorporated, Shell Canada, Canadian Natural
Resources Limited, Total E&P Canada Ltd., EPCORWater Services, IOWC
Technologies Inc., Alberta Innovates - Energy and Environment Solu-
tion, and Alberta Environment and Parks; Helmholtz-Alberta Initiative
(HAI) through the Alberta Environment and Parks' ecoTrust Program;
andAlberta Ingenuity. Theworkwas alsofinancially supported byChina
Scholarship Council and KillamMemorial Scholarship to CL.

References

Alharbi, H.A., Morandi, G., Giesy, J.P., Wiseman, S.B., 2016a. Effect of oil sands process-af-
fected water on toxicity of retene to early life-stages of Japanese medaka (Oryzias
latipes). Aquat. Toxicol. 176:1–9. http://dx.doi.org/10.1016/j.aquatox.2016.04.009.

Alharbi, H.A., Saunders, D.M.V., Al-Mousa, A., Alcorn, J., Pereira, A.S., Martin, J.W., Giesy,
J.P., Wiseman, S.B., 2016b. Inhibition of ABC transport proteins by oil sands process
affected water. Aquat. Toxicol. 170:81–88. http://dx.doi.org/10.1016/j.aquatox.2015.
11.013.

Allen, E.W., 2008. Process water treatment in Canada's oil sands industry: I. Target pollut-
ants and treatment objectives. J. Environ. Eng. Sci. 7:123–138. http://dx.doi.org/10.
1139/S07-038.

Anderson, J., Wiseman, S.B., Moustafa, A., Gamal El-Din, M., Liber, K., Giesy, J.P., 2012. Ef-
fects of exposure to oil sands process-affected water from experimental reclamation
ponds on Chironomus dilutus. Water Res. 46:1662–1672. http://dx.doi.org/10.1016/j.
watres.2011.12.007.

Bartlett, A.J., Frank, R.A., Gillis, P.L., Parrott, J.L., Marentette, J.R., Brown, L.R., Hooey, T.,
Vanderveen, R., McInnis, R., Brunswick, P., Shang, D., Headley, J.V., Peru, K.M.,
Hewitt, L.M., 2017. Toxicity of naphthenic acids to invertebrates: extracts from oil
sands process-affected water versus commercial mixtures. Environ. Pollut. 227:
271–279. http://dx.doi.org/10.1016/j.envpol.2017.04.056.

Beck, E.M., Smits, J.E.G., St. Clair, C.C., 2014. Health of domestic mallards (Anas
platyrhynchos domestica) following exposure to oil sands process-affected water. En-
viron. Sci. Technol. 48:8847–8854. http://dx.doi.org/10.1021/es501259x.

Beck, E.M., Smits, J.E.G., Clair, C.C.S., 2015. Evidence of low toxicity of oil sands process-af-
fected water to birds invites re-evaluation of avian protection strategies. Conserv.
Physiol. 3, cov038. http://dx.doi.org/10.1093/conphys/cov038.

Bendell-Young, L.I., Bennett, K.E., Crowe, A., Kennedy, C.J., Kermode, A.R.,Moore,M.M., Plant,
A.L., Wood, A., 2000. Ecological characteristics of wetlands receiving an industrial efflu-
ent. Ecol. Appl. 10:310–322. http://dx.doi.org/10.1890/1051-0761(2000)010[0310:
ECOWRI]2.0.CO;2.

Biryukova, O.V., Fedorak, P.M., Quideau, S.A., 2007. Biodegradation of naphthenic acids by
rhizosphere microorganisms. Chemosphere 67:2058–2064. http://dx.doi.org/10.
1016/j.chemosphere.2006.11.063.

Boerger, H., MacKinnon, M., Aleksiuk, M., 1986. Use of toxicity tests in studies of oil sands
tailings water detoxification. Proc. Alta. Oil Sands TailingsWastewater Treat. Technol.
Workshop Fort McMurray AB, pp. 37–56.

Bowman, D.T., Slater, G.F., Warren, L.A., McCarry, B.E., 2014. Identification of individual
thiophene‐, indane‐, tetralin‐, cyclohexane‐, and adamantane‐type carboxylic acids
in composite tailings pore water from Alberta oil sands. Rapid Commun. Mass
Spectrom. 28 (19):2075–2083 http://onlinelibrary.wiley.com/doi/10.1002/rcm.
6996/abstract.

CAPP, 2015. Crude Oil: Forecast, Markets, and Transportation. Canadian Association of Pe-
troleum Producers, Calgary, AB.

CEPA, 1999. Canadian Environmental Protection Act, Part 3. Information Gathering,
Guidelines and Codes of Practice (ed).
Clemente, J.S., Fedorak, P.M., 2005. A review of the occurrence, analyses, toxicity, and bio-
degradation of naphthenic acids. Chemosphere 60:585–600. http://dx.doi.org/10.
1016/j.chemosphere.2005.02.065.

Clemente, J.S., MacKinnon, M.D., Fedorak, P.M., 2004. Aerobic biodegradation of two com-
mercial naphthenic acids preparations. Environ. Sci. Technol. 38:1009–1016. http://
dx.doi.org/10.1021/es030543j.

Collier, T.K., Anulacion, B.F., Arkoosh, M.R., Incardona, J.P., Johnson, L.L., Ylitalo, G.M.,
Myers, M.S., 2013. Effects on fish of polycyclic aromatic hydrocarbon (PAH) and
naphthenic acid exposures. Fish Physiol. Org. Chem. Toxicol. Fishes Fish Physiol.
33.

Dissanayake, A., Scarlett, A.G., Jha, A.N., 2016. Diamondoid naphthenic acids cause in vivo
genetic damage in gills and haemocytes of marine mussels. Environ. Sci. Pollut. Res.
23:7060 (7060n). http://dx.doi.org/10.1007/s11356-016-6268-2.

Farrell, A.P., Kennedy, C.J., Kolok, A., 2004. Effects of wastewater from an oil-sand-refining
operation on survival, hematology, gill histology, and swimming of fatheadminnows.
Can. J. Zool. 82:1519–1527. http://dx.doi.org/10.1139/z04-128.

Frank, R.A., Kavanagh, R., Kent Burnison, B., Arsenault, G., Headley, J.V., Peru, K.M., Van Der
Kraak, G., Solomon, K.R., 2008. Toxicity assessment of collected fractions from an ex-
tracted naphthenic acid mixture. Chemosphere 72:1309–1314. http://dx.doi.org/10.
1016/j.chemosphere.2008.04.078.

Frank, R.A., Fischer, K., Kavanagh, R., Burnison, B.K., Arsenault, G., Headley, J.V., Peru, K.M.,
Kraak, G.V.D., Solomon, K.R., 2009a. Effect of carboxylic acid content on the acute tox-
icity of oil sands naphthenic acids. Environ. Sci. Technol. 43:266–271. http://dx.doi.
org/10.1021/es8021057.

Frank, R.A., Sanderson, H., Kavanagh, R., Burnison, B.K., Headley, J.V., Solomon, K.R., 2009b.
Use of a (quantitative) structure–activity relationship [(Q) Sar] model to predict the
toxicity of naphthenic acids. J. Toxicol. Environ. Health B 73:319–329. http://dx.doi.
org/10.1080/15287390903421235.

Gamal El-Din, M., Fu, H., Wang, N., Chelme-Ayala, P., Pérez-Estrada, L., Drzewicz, P.,
Martin, J.W., Zubot, W., Smith, D.W., 2011. Naphthenic acids speciation and removal
during petroleum-coke adsorption and ozonation of oil sands process-affected water.
Sci. Total Environ. 409:5119–5125. http://dx.doi.org/10.1016/j.scitotenv.2011.08.033.

Gao, S., Moran, K., Xu, Z., Masliyah, J., 2010. Role of naphthenic acids in stabilizing water-
in-dilutedmodel oil emulsions. J. Phys. Chem. B 114:7710–7718. http://dx.doi.org/10.
1021/jp910855q.

Garcia-Garcia, E., Ge, J.Q., Oladiran, A., Montgomery, B., El-Din, M.G., Perez-Estrada, L.C.,
Stafford, J.L., Martin, J.W., Belosevic, M., 2011a. Ozone treatment ameliorates oil
sands process water toxicity to the mammalian immune system. Water Res. 45:
5849–5857. http://dx.doi.org/10.1016/j.watres.2011.08.032.

Garcia-Garcia, E., Pun, J., Perez-Estrada, L.A., Din, M.G.-E., Smith, D.W., Martin, J.W.,
Belosevic, M., 2011b. Commercial naphthenic acids and the organic fraction of oil
sands process water downregulate pro-inflammatory gene expression and macro-
phage antimicrobial responses. Toxicol. Lett. 203:62–73. http://dx.doi.org/10.1016/j.
toxlet.2011.03.005.

Garcia-Garcia, E., Pun, J., Hodgkinson, J., Perez-Estrada, L.A., El-Din, M.G., Smith, D.W.,
Martin, J.W., Belosevic, M., 2012. Commercial naphthenic acids and the organic frac-
tion of oil sands process water induce different effects on pro-inflammatory gene ex-
pression and macrophage phagocytosis in mice. J. Appl. Toxicol. 32:968–979. http://
dx.doi.org/10.1002/jat.1687.

Gentes, M.-L., Waldner, C., Papp, Z., Smits, J.E.G., 2006. Effects of oil sands tailings com-
pounds and harsh weather on mortality rates, growth and detoxification efforts in
nestling tree swallows (Tachycineta bicolor). Environ. Pollut. 142:24–33. http://dx.
doi.org/10.1016/j.envpol.2005.09.013.

Gentes, M.-L., McNabb, A., Waldner, C., Smits, J.E.G., 2007a. Increased thyroid hormone
levels in tree swallows (Tachycineta bicolor) on reclaimed wetlands of the athabasca
oil sands. Arch. Environ. Contam. Toxicol. 53:287–292. http://dx.doi.org/10.1007/
s00244-006-0070-y.

Gentes, M.-L., Waldner, C., Papp, Z., Smits, J.E.G., 2007b. Effects of exposure to naphthenic
acids in tree swallows (Tachycineta bicolor) on the Athabasca Oil Sands, Alberta, Can-
ada. J. Toxicol. Environ. Health A 70:1182–1190. http://dx.doi.org/10.1080/
15287390701252709.

Gentes, M.-L., Whitworth, T.L., Waldner, C., Fenton, H., Smits, J.E., 2007c. Tree swallows
(Tachycineta bicolor) nesting on wetlands impacted by oil sands mining are highly
parasitized by the bird blow fly protocalliphora spp. J. Wildl. Dis. 43:167–178.
http://dx.doi.org/10.7589/0090-3558-43.2.167.

Goodfellow, W.L., Ausley, L.W., Burton, D.T., Denton, D.L., Dorn, P.B., Grothe, D.R., Heber,
M.A., Norberg-King, T.J., Rodgers, J.H., 2000. Major ion toxicity in effluents: a review
with permitting recommendations. Environ. Toxicol. Chem. 19:175–182. http://dx.
doi.org/10.1002/etc.5620190121.

Grewer, D.M., Young, R.F., Whittal, R.M., Fedorak, P.M., 2010. Naphthenic acids and
other acid-extractables in water samples from Alberta: what is being measured?
Sci. Total Environ. 408:5997–6010 (Special Section: Integrating Water and Agri-
cultural Management Under Climate Change). http://dx.doi.org/10.1016/j.
scitotenv.2010.08.013.

Gurney, K.E., Williams, T.D., Smits, J.E., Wayland, M., Trudeau, S., Bendell-Young, L.I.,
2005. Impact of oil-sands based wetlands on the growth of mallard (Anas
platyrhynchos) ducklings. Environ. Toxicol. Chem. 24:457–463. http://dx.doi.
org/10.1897/03-575.1.

Hagen, M.O., 2013. Analysis of Goldfish Innate Immunity Following Exposure to oil Sands
Process Affected Water. MSc Thesis Univ, Alta.

Hagen, M.O., Garcia-Garcia, E., Oladiran, A., Karpman, M., Mitchell, S., El-Din, M.G., Martin,
J.W., Belosevic, M., 2012. The acute and sub-chronic exposures of goldfish to naph-
thenic acids induce different host defense responses. Aquat. Toxicol. 109:143–149.
http://dx.doi.org/10.1016/j.aquatox.2011.12.011.

Hagen, M.O., Katzenback, B.A., Islam, M.D.S., El-Din, M.G., Belosevic, M., 2013. The analysis
of goldfish (Carassius auratus L.) innate immune responses after acute and sub-

http://dx.doi.org/10.1016/j.aquatox.2016.04.009
http://dx.doi.org/10.1016/j.aquatox.2015.11.013
http://dx.doi.org/10.1016/j.aquatox.2015.11.013
http://dx.doi.org/10.1139/S07-038
http://dx.doi.org/10.1139/S07-038
http://dx.doi.org/10.1016/j.watres.2011.12.007
http://dx.doi.org/10.1016/j.watres.2011.12.007
http://dx.doi.org/10.1016/j.envpol.2017.04.056
http://dx.doi.org/10.1021/es501259x
http://dx.doi.org/10.1093/conphys/cov038
http://dx.doi.org/10.1890/1051-0761(2000)010[0310:ECOWRI]2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(2000)010[0310:ECOWRI]2.0.CO;2
http://dx.doi.org/10.1016/j.chemosphere.2006.11.063
http://dx.doi.org/10.1016/j.chemosphere.2006.11.063
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0050
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0050
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0050
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0055
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0055
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0060
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0060
http://dx.doi.org/10.1016/j.chemosphere.2005.02.065
http://dx.doi.org/10.1016/j.chemosphere.2005.02.065
http://dx.doi.org/10.1021/es030543j
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0075
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0075
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0075
http://dx.doi.org/10.1139/z04-128
http://dx.doi.org/10.1016/j.chemosphere.2008.04.078
http://dx.doi.org/10.1016/j.chemosphere.2008.04.078
http://dx.doi.org/10.1021/es8021057
http://dx.doi.org/10.1080/15287390903421235
http://dx.doi.org/10.1016/j.scitotenv.2011.08.033
http://dx.doi.org/10.1021/jp910855q
http://dx.doi.org/10.1021/jp910855q
http://dx.doi.org/10.1016/j.watres.2011.08.032
http://dx.doi.org/10.1016/j.toxlet.2011.03.005
http://dx.doi.org/10.1016/j.toxlet.2011.03.005
http://dx.doi.org/10.1002/jat.1687
http://dx.doi.org/10.1016/j.envpol.2005.09.013
http://dx.doi.org/10.1007/s00244-006-0070-y
http://dx.doi.org/10.1007/s00244-006-0070-y
http://dx.doi.org/10.1080/15287390701252709
http://dx.doi.org/10.1080/15287390701252709
http://dx.doi.org/10.7589/0090-3558-43.2.167
http://dx.doi.org/10.1002/etc.5620190121
http://dx.doi.org/10.1897/03-575.1
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0165
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0165
http://dx.doi.org/10.1016/j.aquatox.2011.12.011


1801C. Li et al. / Science of the Total Environment 601–602 (2017) 1785–1802
chronic exposures to Oil Sands process-affected water. Toxicol. Sci., kft272 http://dx.
doi.org/10.1093/toxsci/kft272.

Havelková, M., Randák, T., Žlábek, V., Krijt, J., Kroupová, H., Pulkrabová, J., Svobodová, Z.,
2007. Biochemical markers for assessing aquatic contamination. Sensors 7:
2599–2611. http://dx.doi.org/10.3390/s7112599.

He, Y., Wiseman, S.B., Zhang, X., Hecker, M., Jones, P.D., El-Din, M.G., Martin, J.W., Giesy,
J.P., 2010. Ozonation attenuates the steroidogenic disruptive effects of sediment
free oil sands process water in the H295R cell line. Chemosphere 80:578–584.
http://dx.doi.org/10.1016/j.chemosphere.2010.04.018.

He, Y.,Wiseman, S.B., Hecker, M., Zhang, X., Wang, N., Perez, L.A., Jones, P.D., Gamal El-Din,
M., Martin, J.W., Giesy, J.P., 2011. Effect of ozonation on the estrogenicity and
androgenicity of oil sands process-affected water. Environ. Sci. Technol. 45:
6268–6274. http://dx.doi.org/10.1021/es2008215.

He, Y., Patterson, S., Wang, N., Hecker, M., Martin, J.W., El-Din, M.G., Giesy, J.P., Wiseman,
S.B., 2012a. Toxicity of untreated and ozone-treated oil sands process-affected water
(OSPW) to early life stages of the fathead minnow (Pimephales promelas). Water Res.
46:6359–6368. http://dx.doi.org/10.1016/j.watres.2012.09.004.

He, Y., Wiseman, S.B., Wang, N., Perez-Estrada, L.A., El-Din, M.G., Martin, J.W., Giesy, J.P.,
2012b. Transcriptional responses of the brain–gonad–liver Axis of fathead minnows
exposed to untreated and ozone-treated Oil Sands process-affected water. Environ.
Sci. Technol. 46:9701–9708. http://dx.doi.org/10.1021/es3019258.

Headley, J.V., Peru, K.M., Armstrong, S.A., Han, X., Martin, J.W., Mapolelo, Mmilili M.,
Smith, D.F., Rogers, R.P., Marshall, A.G., 2009. Aquatic plant-derived changes in oil
sands naphthenic acid signatures determined by low-, high- and ultrahigh-resolution
mass spectrometry. Rapid Commun. Mass Spectrom. 23:515–522. http://dx.doi.org/
10.1002/rcm.3902.

Hersikorn, B.D., Smits, J.E.G., 2011. Compromised metamorphosis and thyroid hormone
changes in wood frogs (Lithobates sylvaticus) raised on reclaimed wetlands on the
Athabasca oil sands. Environ. Pollut. 159:596–601. http://dx.doi.org/10.1016/j.
envpol.2010.10.005.

Hersikorn, B.D., Ciborowski, J.J.C., Smits, J.E.G., 2010. The effects of oil sands wetlands on
wood frogs (Rana sylvatica). Toxicol. Environ. Chem. 92:1513–1527. http://dx.doi.
org/10.1080/02772240903471245.

Honarvar, A., Rozhon, J., Millington, D., Walden, T., Murillo, C.A., Walden, Z., 2011. Eco-
nomic impacts of new oil sands projects in Alberta (2010-2035). Canadian Energy Re-
search Institute, Study (124).

Hinton, D.E., Hardman, R.C., Kullman, S.W., Law, J.M. (Mac), Schmale, M.C., Walter,
R.B., Winn, R.N., Yoder, J.A., 2009. Aquatic animal models of human disease: se-
lected papers and recommendations from the 4th conference. Comp. Biochem.
Physiol. Toxicol. Pharmacol. 149:121 (CBP). http://dx.doi.org/10.1016/j.cbpc.
2008.12.006.

Holowenko, F.M., MacKinnon, M.D., Fedorak, P.M., 2002. Characterization of naphthenic
acids in oil sands wastewaters by gas chromatography-mass spectrometry. Water
Res. 36:2843–2855. http://dx.doi.org/10.1016/S0043-1354(01)00492-4.

Jiang, Y., Liang, J., Liu, Y., 2016. Application of forward osmosis membrane technology for
oil sands process-affected water desalination. Water Sci. Technol. 73:1809–1816.
http://dx.doi.org/10.2166/wst.2016.014.

Jones, D., Scarlett, A.G., West, C.E., Rowland, S.J., 2011. Toxicity of individual naphthenic
acids to Vibrio fischeri. Environ. Sci. Technol. 45:9776–9782. http://dx.doi.org/10.
1021/es201948j.

Kannel, P.R., Gan, T.Y., 2012. Naphthenic acids degradation and toxicity mitigation in tail-
ings wastewater systems and aquatic environments: a review. J. Environ. Sci. Health
Part A 47:1–21. http://dx.doi.org/10.1080/10934529.2012.629574.

Kavanagh, R.J., Frank, R.A., Oakes, K.D., Servos, M.R., Young, R.F., Fedorak, P.M., MacKinnon,
M.D., Solomon, K.R., Dixon, D.G., Van Der Kraak, G., 2011. Fathead minnow (Pimephales
promelas) reproduction is impaired in aged oil sands process-affected waters. Aquat.
Toxicol. 101:214–220. http://dx.doi.org/10.1016/j.aquatox.2010.09.021.

Kavanagh, R.J., Frank, R.A., Burnison, B.K., Young, R.F., Fedorak, P.M., Solomon, K.R., Van
Der Kraak, G., 2012. Fatheadminnow (Pimephales promelas) reproduction is impaired
when exposed to a naphthenic acid extract. Aquat. Toxicol. 116–117:34–42. http://
dx.doi.org/10.1016/j.aquatox.2012.03.002.

Kavanagh, R.J., Frank, R.A., Solomon, K.R., Van Der Kraak, G., 2013. Reproductive and
health assessment of fathead minnows (Pimephales promelas) inhabiting a pond con-
taining oil sands process-affected water. Aquat. Toxicol. 130–131:201–209. http://dx.
doi.org/10.1016/j.aquatox.2013.01.007.

Kennedy, K.D., 2012. Growth, survival, and community composition of chironomidae
(Diptera) larvae in selected Athabasca oil sands process-affected wetland waters of
north-eastern Alberta. MSc Thesis Univ, Windsor.

Lacaze, E., Devaux, A., Bruneau, A., Bony, S., Sherry, J., Gagné, F., 2014. Genotoxic potential
of several naphthenic acids and a synthetic oil sands process-affected water in rain-
bow trout (Oncorhynchus mykiss). Aquat. Toxicol. 152:291–299. http://dx.doi.org/
10.1016/j.aquatox.2014.04.019.

Lari, E., Wiseman, S., Mohaddes, E., Morandi, G., Alharbi, H., Pyle, G.G., 2016. Determining
the effect of oil sands process-affected water on grazing behaviour of Daphnia magna,
long-term consequences, and mechanism. Chemosphere 146:362–370. http://dx.doi.
org/10.1016/j.chemosphere.2015.12.037.

Leah, J.B., 2012. Chronic Toxicity Testing in Mining Influenced Streams of West Virginia.
MSc Thesis Marshall Univ.

Leclair, L.A., MacDonald, G.Z., Phalen, L.J., Köllner, B., Hogan, N.S., van den Heuvel, M.R.,
2013. The immunological effects of oil sands surface waters and naphthenic acids
on rainbow trout (Oncorhynchus mykiss). Aquat. Toxicol. 142–143:185–194. http://
dx.doi.org/10.1016/j.aquatox.2013.08.009.

Leclair, L.A., Pohler, L., Wiseman, S.B., He, Y., Arens, C.J., Giesy, J.P., Scully, S., Wagner, B.D.,
van den Heuvel, M.R., Hogan, N.S., 2015. In vitro assessment of endocrine disrupting
potential of naphthenic acid fractions derived from Oil Sands-influenced water. Envi-
ron. Sci. Technol. 49:5743–5752. http://dx.doi.org/10.1021/acs.est.5b00077.
Leonhardt, C.L., 2003. Zoobenthic Succession in Constructed Wetlands of the Fort
McMurray oil Sands Region: Developing aMeasure of Zoobenthic Recovery. MSc The-
sis Univ, Windsor.

Li, C., Singh, A., Klamerth, N., McPhedran, K., Chelme-Ayala, P., Belosevic, M., Gamal El-Din,
M., 2014. Synthesis of Toxicological Behavior of Oil Sands Process-Affected Water
Constituents.

Lister, A., Nero, V., Farwell, A., Dixon, D.G., Van Der Kraak, G., 2008. Reproductive and
stress hormone levels in goldfish (Carassius auratus) exposed to oil sands process-af-
fected water. Aquat. Toxicol. 87:170–177. http://dx.doi.org/10.1016/j.aquatox.2008.
01.017.

MacKinnon, M.D., 1981. A study of the chemical and physical properties of Syncrude's
tailings pond, Mildred Lake, 1980. Environ. Res. Rep. Syncrude Can. Ltd, Edmonton
AB, p. 1981.

MacKinnon, M.D., 1986. Environmental aspects of waste water management at an oil
sands development in Northern Alberta. North. Hydrocarb. Dev. Environ. Probl. Solv-
ing Proc. 7th Annu. Meet. Int. Soc. Pet. Ind. Biol. Banff AB, pp. 191–208.

MacKinnon, M.D., Boerger, H., 1986. Description of two treatment methods for detoxify-
ing oil sands tailings pond water. Water Pollut. Res. J. Can. 21, 496–512.

MacKinnon, M.D., Retallack, J.T., 1982. Preliminary characterization and detoxification of
tailings pond water at the Syncrude Canada Ltd Oil Sands Plant. Land Water Issues
Relat. Energy Dev. Proc. Fourth Annu. Meet. Int. Soc. Pet. Ind. Biol. Denver CO,
pp. 185–210.

Madill, R.E.A., Orzechowski, M.T., Chen, G., Brownlee, B.G., Bunce, N.J., 2001. Preliminary
risk assessment of the wet landscape option for reclamation of oil sands mine tail-
ings: bioassays with mature fine tailings pore water. Environ. Toxicol. 16:197–208.
http://dx.doi.org/10.1002/tox.1025.

Mahaffey, A., Dube, M., 2016. Review of the composition and toxicity of oil sands process-
affected water. Environ. Rev. http://dx.doi.org/10.1139/er-2015-0060.

Marentette, J.R., Frank, R.A., Bartlett, A.J., Gillis, P.L., Hewitt, L.M., Peru, K.M., Headley, J.V.,
Brunswick, P., Shang, D., Parrott, J.L., 2015a. Toxicity of naphthenic acid fraction com-
ponents extracted from fresh and aged oil sands process-affected waters, and com-
mercial naphthenic acid mixtures, to fathead minnow (Pimephales promelas)
embryos. Aquat. Toxicol. 164:108–117. http://dx.doi.org/10.1016/j.aquatox.2015.04.
024.

Marentette, J.R., Frank, R.A., Hewitt, L.M., Gillis, P.L., Bartlett, A.J., Brunswick, P., Shang, D.,
Parrott, J.L., 2015b. Sensitivity of walleye (Sander vitreus) and fathead minnow
(Pimephales promelas) early-life stages to naphthenic acid fraction components ex-
tracted from fresh oil sands process-affected waters. Environ. Pollut. 207:59–67.
http://dx.doi.org/10.1016/j.envpol.2015.08.022.

Marentette, J.R., Sarty, K., Cowie, A.M., Frank, R.A., Hewitt, L.M., Parrott, J.L., Martyniuk, C.J.,
2017. Molecular responses of walleye (Sander vitreus) embryos to naphthenic acid
fraction components extracted from fresh oil sands process-affected water. Aquat.
Toxicol. 182:11–19. http://dx.doi.org/10.1016/j.aquatox.2016.11.003.

Mohseni, P., Hahn, N.A., Frank, R.A., Hewitt, L.M., Hajibabaei, M., Van Der Kraak, G., 2015.
Naphthenic acid mixtures from oil sands process-affected water enhance differentia-
tion of mouse embryonic stem cells and affect development of the heart. Environ. Sci.
Technol. 49:10165–10172. http://dx.doi.org/10.1021/acs.est.5b02267.

Morandi, G.D., Wiseman, S.B., Pereira, A., Mankidy, R., Gault, I.G.M., Martin, J.W., Giesy, J.P.,
2015. Effects-directed analysis of dissolved organic compounds in oil sands process-
affectedwater. Environ. Sci. Technol. 49:12395–12404. http://dx.doi.org/10.1021/acs.
est.5b02586.

Natural Resources Canada-Canmet ENERGY, 2010. Oil sands water toxicity: A critical re-
view, Brenda Miskimmin, Phillip Fedorak, Robert Lauman, and Kristin Vinke.
(Devon Alta. Rep. No 2010-089 INT).

Nero, V., Farwell, A., Lee, L.E.J., Van Meer, T., MacKinnon, M.D., Dixon, D.G., 2006a. The ef-
fects of salinity on naphthenic acid toxicity to yellow perch: gill and liver histopathol-
ogy. Ecotoxicol. Environ. Saf. 65:252–264. http://dx.doi.org/10.1016/j.ecoenv.2005.
07.009.

Nero, V., Farwell, A., Lister, A., Van Der Kraak, G., Lee, L.E.J., Van Meer, T., MacKinnon, M.D.,
Dixon, D.G., 2006b. Gill and liver histopathological changes in yellow perch (Perca
flavescens) and goldfish (Carassius auratus) exposed to oil sands process-affected
water. Ecotoxicol. Environ. Saf. 63:365–377. http://dx.doi.org/10.1016/j.ecoenv.
2005.04.014.

Nix, P.G., Martin, R.W., 1992. Detoxification and reclamation of Suncor's oil sand tailings
ponds. Environ. Toxicol. Water Qual. 7:171–188. http://dx.doi.org/10.1002/tox.
2530070208.

Parajulee, A., Wania, F., 2014. Evaluating officially reported polycyclic aromatic hydrocar-
bon emissions in the Athabasca oil sands region with a multimedia fate model. Proc.
Natl. Acad. Sci. 111:3344–3349. http://dx.doi.org/10.1073/pnas.1319780111.

Penner, T.J., Foght, J.M., 2010. Mature fine tailings from oil sands processing harbour di-
verse methanogenic communities. Can. J. Microbiol. 56:459–470. http://dx.doi.org/
10.1139/W10-029.

Peters, L.E., MacKinnon, M., Van Meer, T., van den Heuvel, M.R., Dixon, D.G., 2007. Effects
of oil sands process-affected waters and naphthenic acids on yellow perch (Perca
flavescens) and Japanese medaka (Orizias latipes) embryonic development.
Chemosphere 67:2177–2183. http://dx.doi.org/10.1016/j.chemosphere.2006.12.034.

Pollet, I., Bendell-Young, L.I., 2000. Amphibians as indicators of wetland quality in wet-
lands formed from oil sands effluent. Environ. Toxicol. Chem. 19:2589–2597. http://
dx.doi.org/10.1002/etc.5620191027.

Pourrezaei, P., Drzewicz, P., Wang, Y., Gamal El-Din, M., Perez-Estrada, L.A., Martin, J.W.,
Anderson, J., Wiseman, S., Liber, K., Giesy, J.P., 2011. The impact of metallic coagulants
on the removal of organic compounds from oil sands process-affectedwater. Environ.
Sci. Technol. 45:8452–8459. http://dx.doi.org/10.1021/es201498v.

Puttaswamy, N., Liber, K., 2012. Influence of inorganic anions on metals release from oil
sands coke and on toxicity of nickel and vanadium to Ceriodaphnia dubia.
Chemosphere 86:521–529. http://dx.doi.org/10.1016/j.chemosphere.2011.10.018.

http://dx.doi.org/10.1093/toxsci/kft272
http://dx.doi.org/10.3390/s7112599
http://dx.doi.org/10.1016/j.chemosphere.2010.04.018
http://dx.doi.org/10.1021/es2008215
http://dx.doi.org/10.1016/j.watres.2012.09.004
http://dx.doi.org/10.1021/es3019258
http://dx.doi.org/10.1002/rcm.3902
http://dx.doi.org/10.1016/j.envpol.2010.10.005
http://dx.doi.org/10.1016/j.envpol.2010.10.005
http://dx.doi.org/10.1080/02772240903471245
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf9100
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf9100
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf9100
http://dx.doi.org/10.1016/S0043-1354(01)00492-4
http://dx.doi.org/10.2166/wst.2016.014
http://dx.doi.org/10.1021/es201948j
http://dx.doi.org/10.1021/es201948j
http://dx.doi.org/10.1080/10934529.2012.629574
http://dx.doi.org/10.1016/j.aquatox.2010.09.021
http://dx.doi.org/10.1016/j.aquatox.2012.03.002
http://dx.doi.org/10.1016/j.aquatox.2013.01.007
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0275
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0275
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0275
http://dx.doi.org/10.1016/j.aquatox.2014.04.019
http://dx.doi.org/10.1016/j.chemosphere.2015.12.037
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0290
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0290
http://dx.doi.org/10.1016/j.aquatox.2013.08.009
http://dx.doi.org/10.1021/acs.est.5b00077
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0305
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0305
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0305
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0310
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0310
http://dx.doi.org/10.1016/j.aquatox.2008.01.017
http://dx.doi.org/10.1016/j.aquatox.2008.01.017
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0320
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0320
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0320
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0325
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0325
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0325
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0330
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0330
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0335
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0335
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0335
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0335
http://dx.doi.org/10.1002/tox.1025
http://dx.doi.org/10.1139/er-2015-0060
http://dx.doi.org/10.1016/j.aquatox.2015.04.024
http://dx.doi.org/10.1016/j.aquatox.2015.04.024
http://dx.doi.org/10.1016/j.envpol.2015.08.022
http://dx.doi.org/10.1016/j.aquatox.2016.11.003
http://dx.doi.org/10.1021/acs.est.5b02267
http://dx.doi.org/10.1021/acs.est.5b02586
http://dx.doi.org/10.1021/acs.est.5b02586
http://dx.doi.org/10.1016/j.ecoenv.2005.07.009
http://dx.doi.org/10.1016/j.ecoenv.2005.07.009
http://dx.doi.org/10.1016/j.ecoenv.2005.04.014
http://dx.doi.org/10.1016/j.ecoenv.2005.04.014
http://dx.doi.org/10.1002/tox.2530070208
http://dx.doi.org/10.1002/tox.2530070208
http://dx.doi.org/10.1073/pnas.1319780111
http://dx.doi.org/10.1139/W10-029
http://dx.doi.org/10.1016/j.chemosphere.2006.12.034
http://dx.doi.org/10.1002/etc.5620191027
http://dx.doi.org/10.1021/es201498v
http://dx.doi.org/10.1016/j.chemosphere.2011.10.018


1802 C. Li et al. / Science of the Total Environment 601–602 (2017) 1785–1802
Puttaswamy, N., Turcotte, D., Liber, K., 2010. Variation in toxicity response of Ceriodaphnia
dubia to Athabasca oil sands coke leachates. Chemosphere 80:489–497. http://dx.doi.
org/10.1016/j.chemosphere.2010.04.071.

Quagraine, E.K., Peterson, H.G., Headley, J.V., 2005. In situ bioremediation of naphthenic acids
contaminated tailing pondwaters in theAthabascaOil Sands region—demonstratedfield
studies and plausible options: a review. J. Environ. Sci. Health Part A 40:685–722. http://
dx.doi.org/10.1081/ESE-200046649.

Reinardy, H.C., Scarlett, A.G., Henry, T.B., West, C.E., Hewitt, L.M., Frank, R.A., Rowland, S.J.,
2013. Aromatic naphthenic acids in Oil Sands process-affected water, resolved by
GCxGC-MS, only weakly induce the gene for vitellogenin production in zebrafish
(Danio rerio) larvae. Environ. Sci. Technol. 47:6614–6620. http://dx.doi.org/10.1021/
es304799m.

Rogers, V.V., 2003. Mammalian Toxicity of Naphthenic Acids Derived From the Athabasca
Oil Sands. PhD Thesis. Univ. Sask (157 pp).

Rogers, V.V., Wickstrom, M., Liber, K., MacKinnon, M.D., 2002. Acute and sub-chronic
mammalian toxicity of naphthenic acids from oil sands tailings. Toxicol. Sci. 66:
347–355. http://dx.doi.org/10.1093/toxsci/66.2.347.

Rogers, V., MacKinnon, M., Brownlee, B., 2007. Analytical approaches to characterising
fish tainting potential of oil sands process waters. Water Sci. Technol. 55:311–318.
http://dx.doi.org/10.2166/wst.2007.193.

Rosengren, A., Faxius, L., Tanaka, N., Watanabe, M., Bjursten, L.M., 2005. Comparison of
implantation and cytotoxicity testing for initially toxic biomaterials. J. Biomed.
Mater. Res. A 75A:115–122. http://dx.doi.org/10.1002/jbm.a.30431.

Rowland, S.J., Scarlett, A.G., Jones, D., West, C.E., Frank, R.A., 2011a. Diamonds in the
rough: identification of individual naphthenic acids in oil sands process water. Envi-
ron. Sci. Technol. 45:3154–3159. http://dx.doi.org/10.1021/es103721b.

Rowland, S.J., West, C.E., Jones, D., Scarlett, A.G., Frank, R.A., Hewitt, L.M., 2011b. Steroidal
aromatic “naphthenic acids” in oil sands process-affected water: structural compari-
sons with environmental estrogens. Environ. Sci. Technol. 45:9806–9815. http://dx.
doi.org/10.1021/es202606d.

Rowland, S.J., West, C.E., Scarlett, A.G., Jones, D., Frank, R.A., 2011c. Identification of indi-
vidual tetra- and pentacyclic naphthenic acids in oil sands process water by compre-
hensive two-dimensional gas chromatography/mass spectrometry. Rapid Commun.
Mass Spectrom. 25:1198–1204. http://dx.doi.org/10.1002/rcm.4977.

Saeidnia, S., Manayi, A., Abdollahi, M., 2015. From in vitro experiments to in vivo and clin-
ical studies; pros and cons. Curr. Drug Discov. Technol. 12, 218–224.

Sansom, B., Vo, N.T.K., Kavanagh, R., Hanner, R., MacKinnon, M., Dixon, D.G., Lee, L.E.J.,
2012. Rapid assessment of the toxicity of oil sands process-affected waters using
fish cell lines. In Vitro Cell. Dev. Biol. Anim. 49:52–65. http://dx.doi.org/10.1007/
s11626-012-9570-4.

Scarlett, A.G., West, C.E., Jones, D., Galloway, T.S., Rowland, S.J., 2012. Predicted toxicity of
naphthenic acids present in oil sands process-affected waters to a range of environ-
mental and human endpoints. Sci. Total Environ. 425:119–127. http://dx.doi.org/10.
1016/j.scitotenv.2012.02.064.

Scarlett, A.G., Reinardy, H.C., Henry, T.B., West, C.E., Frank, R.A., Hewitt, L.M., Rowland, S.J.,
2013. Acute toxicity of aromatic and non-aromatic fractions of naphthenic acids ex-
tracted from oil sands process-affected water to larval zebrafish. Chemosphere 93:
415–420. http://dx.doi.org/10.1016/j.chemosphere.2013.05.020.

Schlenk, D., 2008. Are steroids really the cause for fish feminization? A mini-review of in
vitro and in vivo guided TIEs. Mar. Pollut. Bull., 5th International Conference on Ma-
rine Pollution and Ecotoxicology. 57:pp. 250–254. http://dx.doi.org/10.1016/j.
marpolbul.2008.01.008.

Scott, A.C., Zubot, W., MacKinnon, M.D., Smith, D.W., Fedorak, P.M., 2008. Ozonation of oil
sands process water removes naphthenic acids and toxicity. Chemosphere 71:,
156–160. http://dx.doi.org/10.1016/j.chemosphere.2007.10.051.
Smits, J.E., Williams, T.D., 1999. Validation of immunotoxicology techniques in passerine
chicks exposed to oil sands tailings water. Ecotoxicol. Environ. Saf. 44:105–112.
http://dx.doi.org/10.1006/eesa.1999.1806.

Smits, J.E., Wayland, M.E., Miller, M.J., Liber, K., Trudeau, S., 2000. Reproductive, immune,
and physiological end points in tree swallows on reclaimed oil sands mine sites. En-
viron. Toxicol. Chem. 19:2951–2960. http://dx.doi.org/10.1002/etc.5620191216.

van den Heuvel, M.R., Power, M., MacKinnon, M.D., Meer, T.V., Dobson, E.P., Dixon, D.G.,
1999. Effects of oil sands related aquatic reclamation on yellow perch (Perca
flavescens). I. Water quality characteristics and yellow perch physiological and popu-
lation responses. Can. J. Fish. Aquat. Sci. 56:1213–1225. http://dx.doi.org/10.1139/
f99-062.

van den Heuvel, M.R., Hogan, N.S., Roloson, S.D., Van Der Kraak, G.J., 2012. Reproductive
development of yellow perch (Perca flavescens) exposed to oil sands–affected waters.
Environ. Toxicol. Chem. 31:654–662. http://dx.doi.org/10.1002/etc.1732.

Wang, N., Chelme-Ayala, P., Perez-Estrada, L., Garcia-Garcia, E., Pun, J., Martin, J.W.,
Belosevic, M., Gamal El-Din, M., 2013. Impact of ozonation on naphthenic acids spe-
ciation and toxicity of oil sands process-affected water to Vibrio fischeri and mamma-
lian immune system. Environ. Sci. Technol. 47:6518–6526. http://dx.doi.org/10.1021/
es4008195.

Wang, J., Cao, X., Huang, Y., Tang, X., 2015. Developmental toxicity and endocrine disrup-
tion of naphthenic acids on the early life stage of zebrafish (Danio rerio). J. Appl.
Toxicol. 35:1493–1501. http://dx.doi.org/10.1002/jat.3166.

Whelly, M.P., 2000. Aquatic Invertebrates inWetlands of the oil Sands Region of northeast
Alberta, Canada, with Emphasis on chironomidae (Diptera) (Electron. Theses Diss).

Whyte, J.J., Jung, R.E., Schmitt, C.J., Tillitt, D.E., 2000. Ethoxyresorufin-O-deethylase (EROD)
activity in fish as a biomarker of chemical exposure. Crit. Rev. Toxicol. 30:347–570.
http://dx.doi.org/10.1080/10408440091159239.

Wilde, M.J., Rowland, S.J., 2015. Structural identification of petroleum acids by conversion
to hydrocarbons and multidimensional gas chromatography-mass spectrometry.
Anal. Chem. 87 (16):8457–8465. http://dx.doi.org/10.1021/acs.analchem.5b01865.

Wilde, M.J., West, C.E., Scarlett, A.G., Jones, D., Frank, R.A., Hewitt, L.M., Rowland, S.J., 2015.
Bicyclic naphthenic acids in oil sands process water: Identification by comprehensive
multidimensional gas chromatography–mass spectrometry. J. Chromatogr. A 1378:
74–87 http://www.sciencedirect.com/science/article/pii/S0021967314019128.

Wiseman, S.B., Anderson, J.C., Liber, K., Giesy, J.P., 2013a. Endocrine disruption and oxida-
tive stress in larvae of Chironomus dilutus following short-term exposure to fresh or
aged oil sands process-affected water. Aquat. Toxicol. 142–143:414–421. http://dx.
doi.org/10.1016/j.aquatox.2013.09.003.

Wiseman, S.B., He, Y., Gamal-El Din, M., Martin, J.W., Jones, P.D., Hecker, M., Giesy, J.P.,
2013b. Transcriptional responses of male fathead minnows exposed to oil sands pro-
cess-affected water. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 157:
227–235. http://dx.doi.org/10.1016/j.cbpc.2012.12.002.

Zetouni, N.C., Siraki, A.G., Weinfeld, M., Pereira, A.D.S., Martin, J.W., 2016. Screening of
genotoxicity and mutagenicity in extractable organics from oil sands process–affect-
ed water. Environ. Toxicol. Chem. (n/a-n/a). http://dx.doi.org/10.1002/etc.3670.

Zhang, Y., 2016. Development and Application of Fenton and UV-Fenton Processes at Nat-
ural pH Using Chelating Agents for the Treatment of Oil Sands Process-affected
Water. (PhD Thesis). Univ. Alta.

Zubot,W., MacKinnon,M.D., Chelme-Ayala, P., Smith, D.W., Gamal El-Din, M., 2012. Petro-
leum coke adsorption as a water management option for oil sands process-affected
water. Sci. Total Environ. 427–428:364–372. http://dx.doi.org/10.1016/j.scitotenv.
2012.04.024.

http://dx.doi.org/10.1016/j.chemosphere.2010.04.071
http://dx.doi.org/10.1081/ESE-200046649
http://dx.doi.org/10.1021/es304799m
http://dx.doi.org/10.1021/es304799m
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0440
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0440
http://dx.doi.org/10.1093/toxsci/66.2.347
http://dx.doi.org/10.2166/wst.2007.193
http://dx.doi.org/10.1002/jbm.a.30431
http://dx.doi.org/10.1021/es103721b
http://dx.doi.org/10.1021/es202606d
http://dx.doi.org/10.1002/rcm.4977
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0475
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0475
http://dx.doi.org/10.1007/s11626-012-9570-4
http://dx.doi.org/10.1007/s11626-012-9570-4
http://dx.doi.org/10.1016/j.scitotenv.2012.02.064
http://dx.doi.org/10.1016/j.scitotenv.2012.02.064
http://dx.doi.org/10.1016/j.chemosphere.2013.05.020
http://dx.doi.org/10.1016/j.marpolbul.2008.01.008
http://dx.doi.org/10.1016/j.marpolbul.2008.01.008
http://dx.doi.org/10.1016/j.chemosphere.2007.10.051
http://dx.doi.org/10.1006/eesa.1999.1806
http://dx.doi.org/10.1002/etc.5620191216
http://dx.doi.org/10.1139/f99-062
http://dx.doi.org/10.1139/f99-062
http://dx.doi.org/10.1002/etc.1732
http://dx.doi.org/10.1021/es4008195
http://dx.doi.org/10.1021/es4008195
http://dx.doi.org/10.1002/jat.3166
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0535
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0535
http://dx.doi.org/10.1080/10408440091159239
http://dx.doi.org/10.1021/acs.analchem.5b01865
http://www.sciencedirect.com/science/article/pii/S0021967314019128
http://dx.doi.org/10.1016/j.aquatox.2013.09.003
http://dx.doi.org/10.1016/j.cbpc.2012.12.002
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0560
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0560
http://refhub.elsevier.com/S0048-9697(17)31429-8/rf0560
http://dx.doi.org/10.1016/j.scitotenv.2012.04.024
http://dx.doi.org/10.1016/j.scitotenv.2012.04.024

	The toxicity of oil sands process-�affected water (OSPW): A critical review
	1. Introduction
	2. Toxicity of OSPW
	2.1. Assessment of OSPW toxicity using in vitro assays
	2.2. Assessment of OSPW toxicity using animal models
	2.2.1. Toxicity of OSPW in invertebrates

	2.3. Toxicity of OSPW in fish
	2.4. Toxicity of OSPW in amphibians
	2.5. Toxicity of OSPW in birds
	2.6. Toxicity of OSPW in mammals

	3. Discussion and conclusions
	Acknowledgments
	References


