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A B S T R A C T

In the Athabasca Oil Sands region (AOSR) of Alberta, Canada, there are ~1.4 billion m3 of fluid tailings con
taining known toxic constituents which will require treatment and must be reclaimed before closure. One class of 
contaminants of concern are naphthenic acid fraction compounds (NAFCs). While various treatment strategies 
have been considered, constructed wetland treatment systems (CWTSs) have emerged as a semi-passive, high 
throughput, and potentially cost-effective option. Here, non-targeted Orbitrap high-resolution mass spectrometry 
was applied to assess the NAFC remediation efficacy of a 1-ha CWTS operated over two field seasons (2021 and 
2022) at a site situated in the Northern of Alberta. Concentrations of total NAFCs decreased consistently during a 
closed CWTS operation with OSPW recirculation at each field seasons. Concurrently, O2-NAFCs (i.e., classical 
NAs) steadily decreased while more-oxygen-rich formulae increased in spectral abundance, consistent with 
oxidative degradation. Attenuation rates of NAFCs were more rapid at the outset of the season (~0.53 mg/L/d), 
where treatment rates eventually decreased (~0.25 mg/L/d). Molecular-level characterization of treatment 
outcomes showed that the highest molecular weight O2-NAFCs detected (i.e., #C > 14) decreased the most, 
whereas all O3- and O4-NAFCs generally increased in relative spectral abundance. Shallow, heavily vegetated 
cells of the wetlands tended to have lower NAFC concentrations and more oxygen-rich compounds, suggesting 
substantial attenuation of NAFCs in these segments. These results demonstrate that this field-scale CWTS 
effectively in depletes and transforms OSPW-derived NAFCs under environmental conditions found in the AOSR

1. Introduction

The Athabasca Oil Sands Region (AOSR) of Alberta, Canada has one 
of the world’s largest identified petroleum reserves at an estimated 1.7 
trillion barrels-of-oil-equivalent, of which ~315 billion are recoverable 
[3]. This extensive bitumen deposit has commensurate large-scale 
mining operations, which depend on water-based extraction protocols. 
Mines operating in the AOSR use modified versions of the Clark hot 
water extraction process to strip bitumen from oil sands ore [20], which 
has historically required 2–4 barrels of fresh water from the Athabasca 
River for every barrel of bitumen produced [2]. As higher volumes of oil 
sands process-affected water (OSPW) accumulate, some constituents can 

concentrate to levels that are toxic to various organisms [41,42]. As of 
2024, there are no water release guidelines for OSPW or agreements on 
treatment technologies, instead requiring that operators retain OSPW 
on-site until further direction can be given. Owing to these factors and a 
long history of oil production in the region, the total volume of fluid 
tailings in the AOSR is approximately 1.4 billion m3, of which approx
imately 400 million m3 is OSPW [4].

The OSPW present in the AOSR is a complex mixture of water, salts, 
unrecovered hydrocarbons, sand, fine clay, and residual greases [36]. 
Despite the considerable complexity of OSPW, naphthenic acids (NAs) 
[35,47] and related naphthenic acid fraction compounds (NAFCs) [11, 
12,32,63] have been consistently implicated as some of the primary 
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bitumen-derived aquatic toxicants of concern. The class of compounds 
described by the term NAs includes those aliphatic hydrocarbons 
adhering to the general formula CnH2n+ZO2, where Z is a negative, even 
integer describing the degree of unsaturation (i.e., number of aliphatic 
intramolecular bonds) in a given compound [14]. The compound class 
described by the term NAFCs is broader, encompassing NAs, as well as 
technically non-naphthenic formulae (e.g., aromatic compounds) as 
well as those containing a broader variety of heteroatoms (i.e., atoms 
other than carbon or hydrogen, e.g., S, N, and Ox where x ≈ 1–10) [30, 
32,61]. This class of compounds are potentially toxic to a variety of 
organisms, including various fishes [31,54], invertebrates [10], and 
mammals [51]. While there has been a focus on characterizing the 
occurrence of NAFCs in the Athabasca oil sands [52,58,62], these 
compounds can occur wherever degraded petroleum might be present 
[26,53,65].

There are a variety of different and complementary treatment tech
nologies that have been evaluated for treatment of NAFCs, including the 
use of sorbents [45,68], chemically oxidative treatments [44,67], pho
tocatalysts [22,39,43], and constructed wetland treatment systems 
(CWTSs) [1,18,6,59,66,8]. While each treatment approach has partic
ular pros and cons, the CWTS strategy is advantageous for its relatively 
low ongoing cost and little need for ongoing energy and chemical inputs, 
and the potential of CWTSs to treat large volumes of wastewater. 
Further, treatment wetlands have been applied as a strategy for 
contaminant management in the contexts of municipal [16,38] and in
dustrial [23,57] wastewaters, demonstrating the robustness of the 
approach for a variety of issues.

A previous study measured the degradation of classical NAs in a 
field-scale treatment wetland [18], but none currently report on the 
broader suite of NAFCs therein. Attempting to replicate 
greenhouse-scale NAFC attenuation results in a pilot-scale system, this 
study reports the progression of NAFC transformation and attenuation in 
a 1-ha scale field-pilot CWTS on the Kearl Oil Sands site located in 

Northern Alberta, as substantiated by non-targeted Orbitrap mass 
spectrometry over two field sampling seasons. The primary objective in 
this work would be to validate the extent(s) to which results observed in 
lab-scale CWTSs [1,56,59] translate to a pilot-scale field-CWTS with 
respect to elimination and oxidation of NAFCs. For the first time, we 
provide quantitative estimates of empirically derived NAFC elimination 
rates over an extended monitoring period and provide evidence for se
lective attenuation at the molecular level.

2. Methods and materials

2.1. Wetland operation and flow regime

The Kearl Treatment Wetland (KTW) was constructed as a contained, 
recirculating free water surface- wetland system (Fig. 1), where an open 
water column circulates end-to-end above added growth substrates (i.e., 
sediments) supporting the growth of aquatic microorganisms (e.g., algae 
and biofilms) and rooting of macrophytes [18,17]. This pilot wetland is 
unique and cannot be replicated as a whole or compared for various 
reasons (e.g., cost, space, operations considerations, etc.), but provides a 
unique opportunity to assess NAFC remediation under near-operational 
conditions in a wetland design that incorporates both deep and shallow 
segments. The wetland is 0.76 ha in surface area and 6400–10,800 m of 
OSPW between all cells when filled to capacity, where exact volumes 
vary. The wetland was consistently filled in the forebay area (Table 1), 
which is physically closest to nearby tailings and OSPW impoundment 
infrastructure. In 2021 the wetland was filled to 6391 m; in 2022 the 
wetland was filled to 10,791 m; in 2024 the wetland was filled to 
8772 m. The wetland has been operated with a targeted retention time 
of 14 d at each field season, pumping at approximately 5 L/s. After each 
season of operation, the injected water in the wetland is drained and 
residual OSPW removed as best as possible. The approximate co
ordinates, surface areas, and engineered depths of all cells are listed in 

Fig. 1. Concentrations of NAFCs detected over 45 days of Kearl CWTS operation during the 2021 field season superimposed over an aerial photo of the site turned 
180◦ (e.g., south is upwards) where flow is east to west (oriented left-to-right). The underlying image was taken from Google Earth Pro (“[28]) from coordinates at 
approximately 57.438280◦ latitude and − 111.146230◦ longitude.
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Table 1.
For 2021 season, the initial OSPW fill period started on May 30, 

2021, and the wetland was operated normally until warm weather (e.g., 
average of 29.3 ± 6.3 ◦C for a high over days 23–45) in the region 
resulted in low water levels from evapotranspiration and wetland flow 
was terminated (July 14, 2021; 45 days). Over the duration of the 2021 
season, regional temperatures ranged between nighttime lows of 13.6 
± 4.4 ◦C and daytime highs of 25.7 ± 6.5 ◦C, with daylight length 
ranging from 15 h 31 min (May) to 18 h (June). In the 2022 field season, 
the wetland was filled on June 13, 2022, but was topped up with further 
additions of OSPW on July 8 (day 20) and August 27, 2022 (day 70), 
with approximately 1545 m and 1290 m respectively to compensate for 
water loss from the system due to evapotranspiration. Over the duration 
of the 2022 season, regional temperatures ranged between nighttime 
lows of 11.6 ± 3◦C and daytime highs of 23.7 ± 4.4 ◦C, with daylight 
length ranging from 18 h (June) to 12 h (September). Although there 
was not weather monitoring happening on-site, data from the Mildred 
Lake weather station are used here as a proxy [29]. Mean daily solar 
insolation for a flat surface at a comparable latitude (Fort MacKay) 
ranges between 11.7 and 12.9 kWh/m2 between May to September [48].

2.2. Sample collection and extraction for total naphthenic acid fraction 
compounds

Sampling was carried out in an attempt to capture temporal differ
ences in mixture chemistry that emerged with increasing OSPW resi
dence time in the CWTS. Owing to differences in contractor availability, 
sampling regimes were adjusted between field seasons; single samples 
were collected from each cell listed in Table 1 during each sampling 
event in 2021, and duplicate samples were collected during each event 
in 2022. Grab samples from each of the CWTS wetland cells were 
collected in pre-cleaned 1 L amber glass bottles with PTFE closures, and 
immediately put into wet ice and stored at < 4 ◦C until shipment (< 1 
week). Samples were sent to the National Hydrology Research Centre in 
Saskatoon, Saskatchewan at < 4 ◦C and prepared according to the pro
cedure originally described by Headley et al. [33] for quantification and 
characterization of NAFCs. In summary, sample volumes of ~100 mL 
were measured and exact volumes were recorded. Prior to extraction, 
200 mg Biotage ENV+ SPE cartridges (6 mL) were sequentially rinsed 
with separate washes of 6 mL of MilliQ water, 6 mL of LC/MS-grade 
methanol (Fisher Scientific, Edmonton, AB, Canada), and recondi
tioned with a further 6.0 mL of MilliQ water. After the column rinsing 
and conditioning steps were complete, samples were acidified to pH < 2 
with formic acid (> 98 % purity; Fisher Scientific, Edmonton, AB, 
Canada), then immediately transferred through polytetrafluoroethylene 
(PTFE) transfer lines to conditioned SPE cartridges at 3–5 mL/min. 
Following complete sample extraction, cartridges were de-salted by 
rinsing with 6 mL of MilliQ water. Rinsed SPE cartridges were dried 
completely under a gentle vacuum and NAFCs eluted in 6.0 mL of 
methanol under gravity to clean, dry, labelled glass culture tubes. The 
eluted extracts were dried down completely under a gentle flow of N2 
gas (5.0-grade high-purity; Linde Canada, Saskatoon, SK) while partially 
immersed in a 40 ◦C water bath. Dried sample extracts were 

reconstituted in 50:50 acetonitrile:H2O with 0.1 % NH4OH by vortexing 
for 10–15 s in the culture tube. Reconstituted sample extracts were 
transferred to 2.0 mL amber LC/MS autosampler vials prior to analysis. 
For ongoing analysis of potential lab contamination, method blanks 
were extracted using Milli-Q water following the same protocol. As 
method blanks were below 0.1 mg/L of total material, no corrections to 
quantitation were necessary.

2.3. Orbitrap mass spectrometry analyses

Prepared sample extracts were analyzed following a previously- 
reported protocol [62]. In brief, reconstituted sample extracts were 
placed in an Accella PAL autosampler, and 5 µL injections of each were 
analyzed with an LTQ Velos Elite Orbitrap Mass Spectrometer (Ther
moFisher Scientific, Waltham, MA, USA) via loop injection in 
negative-ion mode electrospray ionization. Sample data were acquired 
at 240,000 resolution (as measured at m/z 400 by peak width at 
half-maximum) over a mass range from m/z 100 – 600, where acquired 
m/z data were recalibrated using an internal lock mass at m/z 
212.07507- (n-butyl benzenesulfonamide) for scan-to-scan mass cali
bration correction. Instrument conditions were as follows: sheath gas 
flow rate of 25 (arbitrary units); spray voltage of 2.90 kV; an auxiliary 
gas flow rate of 5 (arbitrary units); the S lens radio frequency level at 
67 %; heater temperature at 50◦C; and capillary temperature at 275◦C. 
The infusion solvent was 50:50 acetonitrile:water with 0.1 % ammo
nium hydroxide at a flow rate of 200 µL/min.

Quantification of NAFCs was achieved by analyzing samples in 
batches of 12 bracketed by external standard curve with standards 
prepared between 10 and 100 mg/L of NAFCs using an OSPW-derived 
extract [50] previously standardized against a commercial standard 
via FTIR [33]. When major water chemistry parameters were collected 
in 2022, the concentrations of [Cl-] were used to prepare a linear 
regression for an evapotranspiration factor to apply to NAFC concen
trations. Concentrations of [Cl-] and [Na+] were also collected in 2021, 
but did not reflect evaporating trends, with data reported in Table S1. 
Concentrations of [Cl-] and [Na+] in the 2022 field season are both re
ported in Table S2, which were reported elsewhere (Beaulieu-Laliberté 
et al., In prep.). This NAFC quantification method lacks standard refer
ence materials, and so there are similar interpretational limitations for 
other NA and NAFC quantification methods [24,34,46,64]. Because of 
the semi-quantitative nature of NAFC quantification, comparison to 
other studies using different quantitation methods must be done with 
caution.

2.4. Orbitrap qualitative data treatment and analysis

Sample data from Orbitrap-MS were prepared for qualitative ana
lyses by background subtracting data in XCalibur 2.2 software (Thermo 
Fisher Scientific, Waltham, MA, USA). Background-subtracted data were 
imported into Composer64 1.5.6 software (Sierra Analytics, Modesto, 
CA, USA), where a custom multi-stage assignment algorithm was 
applied to the mass range between m/z 100–500, where de-novo as
signments were made for formula as follows. Allowed atom counts in 
pass 1 included #C 0–50, #H 0–150, #N 0–3, and #O 0–10; in pass 2 #C 
0–50, #H 0–150, #O 0–3, #S 0–5; pass 3 #C 0–50, #H 0–150, #N 0–3; 
pass 4 #C 0–50, #H 0–150, #N 0–3, #O 0–3, #S 0–3. All assignments 
included in subsequent analyses were those with mass errors ≤ 3 ppm, 
where typical assignment success was ≥ 85 %. Assigned formula data 
were exported from Composer64 and compiled for later interpretation 
and analysis.

Assigned sample formula data were imported into R version 4.4.1 (R 
[21]) and organized using custom scripts written in RStudio [49]. On 
import, data were base-peak normalized (i.e., base peak = 100 relative 
abundance). Prior to principal components analysis (PCA) data were 
Pareto normalized [37,60] and centered, then analyzed using the 
built-in prcomp function (R [21]).

Table 1 
Locations, approximate surface areas, and depths of sampling locations in the 
Kearl constructed treatment wetland.

Wetland Cell Latitude Longitude Surface Area 
(m2)

Depth 
(m)

Forebay area 57.43821 − 111.144218 125 1.7
Shallow Area 1 57.438151 − 111.145634 275 0.4
Shallow Area 2 57.438364 − 111.145634 275 0.4
Deep Pool 1 57.43821 − 111.146747 135 1.7
Shallow Area 5 57.438151 − 111.147874 100 0.4
Shallow Area 6 57.438364 − 111.147874 100 0.4
Deep Pool 2 57.43821 − 111.148432 125 1.7
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Spectral comparisons were carried out between Days 0 and 98 of the 
2022 field season by compiling an “average spectrum” on each respec
tive day from across all cells of the wetland. The use of different samples 
as pseudo-replicates was justified by the homogeneity of NAFCs across 
this wetland at each time point. The average spectral abundances were 
evaluated for normality by Shapiro-Wilk testing where < 50 % of vari
ables were normally distributed according to a Bonferroni-adjusted p- 
value at 0.05. Therefore, average spectra from Day 0 were non- 
parametrically evaluated against the average spectra from Day 98 by 
Wilcoxon matched pairs signed rank testing for significantly different 
features, where significance was reported by evaluating Bonferroni- 
corrected p-values to p < 0.05, p < 0.01, or p < 0.001.

3. Results

3.1. 2021 field season

Concentrations of NAFCs were tracked during three sampling events 
in the 2021 field season and mapped out on a wetland image (Fig. 1). On 
day 0, the wetland was sampled immediately after filling with OSPW. 

Concentrations of NAFCs were location-dependent, where those wetland 
cells located nearest to the fill point (i.e., the forebay) had the highest 
measured concentrations of NAFCs (60–70 mg/L). By day 15, concen
trations had stabilized to an average concentration of 43.4 ± 1.9 mg/L 
(±1σ), likely as a consequence of diffusion and partial transport 
throughout design of the CWTS. By day 45, concentrations remained 
similar at 42.2 ± 1.9 mg/L (1σ). A limitation of the sampling in 2021 
was that major ions were not measured, and so no surrogate measure 
could be used to help correct for evapotranspiration. Although it is 
certain that substantial evapotranspiration occurred in the system (as 
evidenced by water levels dropping too low for recirculation pumps to 
function), concentrations essentially remained consistent in the aqueous 
phase, which may be consistent with attenuation of NAFCs therein.

To further characterize the behaviour and fate of NAFCs in the 
CWTS, mass spectral data were plotted with respect to the percent 
abundance of heteroatom types (i.e., unique atomic formula inclusions, 
ignoring C and H, Fig. 2). The spatial concentration heterogeneity shown 
on day 0 in Fig. 1 is not well-reflected in Fig. 2, where spectra are 
dominated by 64–70 % O2-NAFCs (i.e., classical NAs) regardless of 
location. However, through day 15–45, the relative percent abundance 

Fig. 2. A stacked bar chart communicating the percent abundance of different heteroatom formula classes (i.e., atom inclusions excluding C or H) across the 45 days 
of CWTS operation in the 2021 season. Sample codes refer to the Forebay Area (FA), Shallow Areas (SA), and Deep Pools (DP), which are mapped in Fig. 1.
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of O2-NAFCs decreased to 52–57 % whereas O3- and O4-NAFCs 
increased, with a small number of O5-containing compounds appearing, 
consistent with oxidative reactions resulting in O2-NAFC trans
formations. There is also a disappearance of O3S-NAFCs while O2S- 
NAFCs become more prevalent, which may be consistent with sulfur- 
reducing conditions in some pockets of the wetland where localization 
is likely obscured by continued intermixing.

3.2. 2022 field season

Samples were collected from the CWTS during nine separate events 
in 2022 before and during a 98-day growing season which extended 
from early summer into early autumn (May 18 to September 24, 2022). 
Complementary water chemistry results were also collected (Beaulieu- 
Laliberté et al., In prep.), allowing for calculation of a time-dependent 
evapotranspiration correction factor based on a linear regression of 
[Cl-] over time, with concentrations thereof reported in Table S1. Prior 
to filling the wetland, standing water from local run-off, precipitation 
and possibly residual OSPW from the previous season had NAFC con
centrations between 5 and 17 mg/L, depending on the wetland segment 
(Fig. 3). After filling of the wetland with OSPW to approximately 
10,791 m, concentrations of NAFCs ranged between 57 and 72 mg/L. A 

sample of untreated OSPW (n = 1) had a concentration of 64 mg/L, 
shown at day 69 for visual separation (Fig. 3). NAFC concentrations 
gradually dropped throughout the treatment period, despite the addi
tion of large relative volumes of OSPW on days 20 and 70 to replace lost 
water in the system (assumed lost to evapotranspiration). This drop from 
approximately 63.0 ± 4.7 mg/L on day 0–40.5 ± 2.7 mg/L on day 98, 
represents a 36 % decrease in the approximate mass of total NAFCs 
present from the beginning to the end of the sampling period. Very little 
total NAFC change was observed before and after both additions of 
OSPW at day 20 and day 70 (Figure S1).

Treatment rates for NAFCs in the CWTS were variable across the 
sampling season/experimental period, depending on whether the CWTS 
was operating prior to or following the first addition of OSPW. The 
linear regressions for each of these periods (which assumes few differ
ences between wetland segments) is shown in Figure S2, where the 
sample from Deep Pool 1 North was excluded as an outlier in period 1 (i. 
e., day 0–15), as the difference from median concentration was greater 
than 5 × the median absolute deviation [40]. The slopes of the re
gressions differed, where the approximate rate of [Cl-]-normalized 
NAFC removal was ~0.53 mg/L/ per day in period 1, whereas that rate 
was reduced to approximately 0.25 mg/L per day in period 2.

The 2022 CWTS was also evaluated for changes in NAFC heteroatom 

Fig. 3. Concentrations of NAFCs detected in the Kearl constructed wetland treatment system over the 2022 season (after normalization to [Cl-] to correct for 
evapotranspiration). Where applicable, dark vertical lines denote wetland fill or refill events, and sample error bars here describe the range of values from duplicate 
samples at each location, with dots reporting the average value. The initial fill volume of the wetland was approximately 10,791 m of OSPW.
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formula types. The trends in heteroatom content were largely consistent 
with NAFC oxidation (Fig. 4). At the end of the 2021 field season the 
CWTS was pumped empty of treated OSPW (to the extent this was 
possible); thus “Winter/Spring Runoff” samples had the greatest overall 
oxidized-NAFC content as compared to other sampling time points. After 
the addition of OSPW to the wetland at the beginning of the summer 
2022 field season, the wetland NAFC characteristics were similar to 
those measured in untreated OSPW reference material (Fig. 4). The 
NAFCs oxidized gradually across the field season, where O2-NAFCs (i.e., 
classical NAs) gradually fell from approximately 65 % relative spectral 
abundance at the beginning of the season to approximately 45 % rela
tive spectral abundance. Added volumes of OSPW (on Days 20 and 70) 
affected the oxygen-abundance of NAFCs in different ways considering 
the two different timescales allowed for mixing (i.e., 10 days from Days 
20–30, and 1 day from Day 70–71). From Day 15–30, relatively little 
decrease in O2-NAFCs is observed, but O2S-NAFCs do increase in 
abundance in Shallow Areas, potentially signaling oxidation of neutral 
sulfur compounds in these segments. From Day 69–71 (i.e., before and 
after topping-up the CWTS with OSPW, respectively), a disturbance in 
the uniformity of NAFCs across the wetland is observed, where segments 
closest to the Forebay (e.g., Shallow Areas 1 & 2) increase in O2-NAFC 
abundance, whereas most cells (with the exception of Deep Pool 2 south) 
are comparable to NAFCs measured on Day 69, which is likely a 
reflection of the OSPW refill on Day 71. Regardless, throughout the 
season, consistent with 2021, the O3- and O4-NAFCs increased in spec
tral abundance, consistent with oxidative degradation in the CWTS. Also 
consistent with 2021, O3S-NAFCs gradually became undetectable, 

whereas O2S-NAFCs remained detectable throughout.
To further investigate the extent to which particular chemical fea

tures may have developed or persisted across individual wetland seg
ments, the Orbitrap mass spectral data were also examined using PCA 
(Fig. 5). Samples of winter/spring run-off were necessarily excluded, as 
the difference between these samples and all others swamped out the 
variability of the time series (shown in Figure S3). The time series of the 
experiment was largely reflected in PCA of the formula abundance data, 
where the progression was steady, regardless of the two additions of 
OSPW. There were some effects apparent from these OSPW additions. 
For example, from days 15–30 (highlighted in Figure S4), the shallow 
areas separated from other areas of the wetland along the second prin
cipal component (PC2), but this effect was short-lived. Further, on day 
69 (highlighted in Figure S5) sample data were relatively tightly spaced, 
where the range along the first principal component (PC1) was ~0.75 
units. Post-OSPW refill on day 71, the range of PC1 sample coordinates 
was ~2.5 units, where wetland segments closest to the CWTS forebay 
area (e.g., shallow areas 1 & 2) are the furthest to the right along PC1, 
implying more similarity to the initial (OSPW) state. In contrast, seg
ments geographically further from the forebay (i.e., shallow areas 5 & 6 
and deep pool 2 north) shift left along PC1 on day 71, consistent with a 
greater degree of attenuation, suggesting some mobilization of degraded 
formulae when the CWTS is re-filled. However, discernible differences 
largely disappeared by day 98, where wetland sample data are within 1 
unit on the far left of the PCA plot, implying relative homogeneity of 
NAFCs across the wetland.

The PCA showed that the characteristics of NAFCs at Day 0 were 

Fig. 4. Percent formula heteroatom (i.e., formula inclusions ignoring carbon and hydrogen) relative spectral abundances of NAFCs detected in the Kearl constructed 
wetland treatment system over the course of the 2022 field season. Input OSPW values are shown in the left column.
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largely similar across the wetland, and similarly by Day 98 NAFCs were 
also well-mixed throughout. To summarize changes in spectral features 
implied by the PCA plot, differences in spectral abundance from Day 0 to 
Day 98 were calculated, where the relative similarity of the different 
samples on Days 0 and 98 justified averaging spectral features across 
pseudo-replicates (i.e., all wetland cells). The results of comparing 
average spectral features from Day 0 to average spectral features on Day 
98 are shown in Fig. 6. Formulae detected on Day 98 are significantly 
more enriched (by Bonferroni-adjusted Wilcoxon matched pairs signed 
rank tests) in most O3- and O4-NAFCs as compared Day 0, and the 
highest-#C O2-NAFCs (#C 16–19) simultaneously decreased across the 
range of DBE values. However, some formulae were exclusively detected 
on either Day 0 or Day 98, respectively, and so were not assessed for 
significance owing to a lack of calculable detection limits for individual 
formulae during Orbitrap mass spectrometry, but were nonetheless re
ported. The O3S-NAFCs had a particular notable decrease in C15 to C17/ 
DBE 3–4 formulae that could not be evaluated for significance (owing to 
a lack of detection on Day 98)).

4. Discussion

Orbitrap mass spectrometry analysis of total NAFCs after CWTS 
treatment of OSPW in the 2021 and 2022 growing seasons demonstrated 
NAFC attenuation and oxidation in both seasons. O2-NAFCs have been 
specifically implicated as primary toxicants associated with OSPW [35, 
47]. Thus, in Fig. 7 we estimated the concentration of O2-NAFCs as a 
linear multiple of NAFC concentrations (i.e., Fig. 3) and heteroatom 
percent spectral abundance (i.e., Fig. 4), as has been previously reported 
in mesocosm studies [1,56]. By following estimated O2-NAFC concen
trations (Fig. 7) and comparing to the total NAFC attenuation rates 
(Figure S2), the bulk of decreases in NAFC concentrations is likely due to 
loss of O2-NAFCs. The attenuation rate of total NAFCs is − 0.53 mg L− 1 

d− 1 in the initial period between Days 0–15 and 0.25 mg L− 1 d− 1 from 

Days 30–69 (Figure S2). In comparison, estimated attenuation rates of 
O2-NAFCs were 0.51 mg L− 1 d− 1 from Days 0–15 and 0.19 mg L− 1 d− 1 

from Days 30–69, and 80 % of the total attenuation rate of all NAFCs 
from Days 30–69 (Fig. 5). Therefore, most of the attenuation of NAFCs in 
the CWTS is attributable to decreasing O2-NAFCs. This demonstrates 
that the O2-NAFCs in the OSPW were selectively attenuated by oxidative 
processes in the CWTS, consistent with previous work [18].

This decrease in attenuation rates might possibly be explained by 
several factors. For example, decreasing sunlight hours later in the 
season could lead to decreasing rates of photolysis in surface waters, and 
similarly affect rates of plant metabolism and chemical uptake. Another 
explanation may be the possible influence(s) of plant community 
senescence as growth rates slow and cease towards the end of a season. 
For example, there is evidence of direct uptake of model NAs by plants 
[7], which likely slows as plant tissue reaches full height and maturity, 
and subsequently slow uptake and assimilation of constituents of 
concern from the water, as has been observed for uptake of nutrients in 
other treatment wetlands [27]; it is unclear the extent and timing to 
which autotrophic wetland biota in northern Alberta boreal wetlands 
might exhibit seasonally similar behaviour of slowing mass gain and 
potential metabolic processes. Further, if photolysis is a major driver of 
NAFC attenuation in the CWTS, a combination of decreasing daylight 
hours and enhanced water surface shading from mature macrophytes 
could effectively decrease attenuation rates. Apparent slowdowns in 
NAFC attenuation here may also be partially attributable to mixture 
dynamics, where more-labile NAFCs may be consumed first, leaving a 
more recalcitrant residual mixture, which may be interpreted as a 
decrease in treatment rate. The wetland may also become 
nutrient-depleted as the season progresses, as oligotrophic organisms 
become more abundant later on (Beaulieu-Laliberté et al., In prep.). 
Finally, interpretation of attenuation rates may also be influenced by the 
quantification method used here, as no internal standard was used to 
normalize total ionization intensities of samples over time, which could 

Fig. 5. A principal component analysis of NAFC spectral features detected via Orbitrap mass spectrometry from all CWTS samples taken over the 2022 field season, 
excluding “Winter/Spring Runoff” samples. Wetland segments included deep pools (DP), the forebay area (FA), shallow areas (SA), and reference tailings pond water 
(TP; i.e., OSPW).
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prevent observation of either increasing or decreasing ionization effi
ciency with compositional changes (e.g., as are shown in Fig. 4). Tem
poral changes in NAFC attenuation rates are likely due to a combination 
of factors, but are at least similar to observations from analogous 
lab-scale experiments where treatment is initially rapid but subse
quently slows [5]. Further investigations are warranted to provide in
sights on relative weightings of NAFC degradation pathways in the 
wetland.

It remains unclear how treatment rates in the CWTS were affected by 
refills of OSPW. The overall influences of OSPW re-fills on NAFCs in the 
CWTS were examined on different timescales in 2022; the first refill 
occurred on day 20 (giving 10 days for mixing and attenuation to occur 
before re-sampling on day 30), whereas the second refill occurred on day 
70, giving 1 day for mixing to occur before re-sampling on day 71. The 
effect of the first re-fill was subtle, as NAFC concentrations were not 
discernibly affected, as illustrated in Fig. 3. Although concentrations did 
not increase from Day 20–30, the relative abundance of O2S-containing 
compounds increased slightly in the shallow areas by Day 30 post-fill but 
not in the other wetland segments. In comparison, more readily 
discernible effects were observed following the second refill on day 70. 
The effect of the day 70 OSPW refill was apparent in the relative het
eroatom abundances shown in Fig. 4, where NAFCs in segments closer to 
the fill point (e.g., FA-N, FA-S, SA1, SA2) had relatively greater pro
portions of O2-NAFCs, whereas later points (with the exception of DP2- 
S) had O2, O3, and O4-NAFC content more similar to what was observed 
on day 69. However, the effects of the refill did not persist, as the 
oxidative trend continued through day 98 of CWTS operation.

With respect to NAFC heteroatom abundances, residual NAFCs (e.g., 
quantified and characterized winter & spring run-off and residual water) 
were the most oxygen-rich, potentially owing to a variety of unevaluated 

factors, such as enhanced dilution of smaller water volumes by local run- 
off, enhanced photolysis owing to lower water depths, and/or un
checked biodegradation of residual hydrocarbons from the previous 
field season. This was especially apparent in shallow segments, where 
oxygen-rich NAFCs (i.e., O3, O4, and O5-NAFCs) were more abundant in 
winter/spring runoff in shallow areas of the wetland compared to other 
segments. For the shallow areas (~30 cm depth), the ratio of photo- 
active versus photo-inactive water volume is high, and so there will 
likely be photo-induced oxidative radicals [19]. With respect to differ
entiation of residual NAFCs in winter and spring run-off (e.g., as is 
shown in Figure S3), shallow areas may also have enhanced snow 
loading from the presence of aquatic macrophytes trapping snow [25,9]. 
Further, remains of macrophytes from previous seasons could lower the 
albedo of these areas, leading to earlier melts and longer open-water 
periods [13], which would maximize open-water (and therefore treat
ment) periods in these cells. However, these potential influences have 
not been specifically evaluated as parameters here, and deserve 
follow-up study.

The oxidative processes influencing the composition of NAFCs over 
the 2021 season were generally oxidizing, though drops in concentra
tions were less readily apparent from Days 15–45. In the 2022 season, 
NAFC attenuation and oxidation were steady throughout. These pro
cesses selectively decreased the abundance of the heaviest O2-NAFC (e. 
g., #C 16–19) formulae (Fig. 7), which may help provide an explanation 
for coinciding decreases in toxicity [15,55], but proving so would 
require further study. The CWTS also quickly removed some O3S-NAFCs, 
providing reason to further target this class of compounds. The NAFCs 
eventually approached the relative O2:O3:O4 ratios observed in 
over-wintered residue/run-off samples as concentrations dropped 
throughout the season. This return to initial conditions is also reflected 

Fig. 6. A carbon number versus double bond equivalents plot summarizing the direction (i.e., increase or decrease) and magnitude of shifts in average spectral 
features detected across the CWTS from Days 0–98. Data were found to be non-normally distributed and were therefore tested for non-parametric significant dif
ferences via Wilcoxon matched pairs signed rank test, where significance is reported using Bonferroni-corrected p-values. Formulae denoted by circles were detected 
on both Days 0 and 98, whereas triangles denote formulae either detected exclusively on Day 0 (downwards) or Day 98 (upwards).
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in water and sediment prokaryote abundance data (Beaulieu-Laliberté 
et al., In prep.), but the extent to which potential correlations between 
the microbiology and chemistry might be causative (in either direction) 
remains unknown.

5. Conclusions

Collectively, this work demonstrates the high efficacy of CWTS for 
NAFCs in OSPW in Canadian boreal climates. This work provides 
empirically derived attenuation rates for NAFC attenuation between 
0.25 and 0.5 mg L− 1 d− 1, which varies based on seasonal trends. 
Molecular-level changes in particular NAFCs are consistent with 
oxidative degradation, which include photolytic and biodegradative 
processes, but weightings of each cannot be directly inferred from these 
data. Current studies are providing more insight on the molecular 
mechanisms associated with NAFC degradation and transformation, 
including genomics research to better understand the microorganisms 
and metabolic pathways involved. Work is also ongoing to understand 
the toxicity reduction in CWTS, as some organisms show reductions in 
adverse outcomes with CWTS treatment [15]. Further studies may 
expand investigations for a wider variety of oil sands mine operators, as 
the effectiveness of these treatments have not yet been evaluated for 
different OSPW types; or where such tests may have been carried out, 
data are not publicly available. Future work is encouraged for further 
CWTS evaluations for OSPW treatment across a wider variety of mine 
sites, wetland parameterizations, and tailings conditions.
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