Environmental
Science

Processes & Impacts

Accepted Manuscript

This is an Accepted Manuscript, which has been through the

Environmental Royal Society of Chemistry peer review process and has been
SCience accepted for publication.
Processes& Impacts Accepted Manuscripts are published online shortly after

acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes
to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

g"mm apply. In no event shall the Royal Society of Chemistry be held

- responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

' RO‘YAL SOCIETY . .
OF CHEMISTRY rsc.li/process-impacts


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 30

©CoO~NOUTA,WNPE

Environmental Science: Processes & Impacts

Table of contents entry:
The tricyclic naphthenic acid distributions of oil sands process-affected waters from two industry

tailings ponds showed industry-dependent differences and, within a given industry pond, spatial, but

little short-term temporal, variability.




©CoO~NOUTA,WNPE

Environmental Science: Processes & Impacts Page 2 of 30

Environmental impact statement

Risk assessment and reclamation of oil industry produced waters, such as the oils sands process-
affected waters (OSPW) of Alberta, Canada, represent a challenge due to the extreme complexity of
their composition. Monitoring of their containment is made difficult due to the lack of knowledge of
differences and similarities in composition between ponds and industries. Studies on the chemical
composition of OSPW are thus of high importance and new techniques for their differentiation, such
as the one we present and which is based on tricyclic naphthenic acid distributions, could possibly
help to distinguish sources of oil derived compounds in environmental water samples.
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1 Use of the distributions of adamantane acids to profile short-term temporal and pond-
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Abstract

Oil industry produced waters, such as the oils sands process-affected waters (OSPW) of Alberta,
Canada, represent a challenge in terms of risk assessment and reclamation due to their extreme
complexity, particularly of the organic chemical constituents, including the naphthenic acids (NA).
The identification of numerous NA in single samples has raised promise for the use of NA
distributions for profiling OSPW. However, monitoring of the success of containment is still difficult,
due to the lack of knowledge of the homogeneity (or otherwise) of OSPW composition within, and
between, different industry containments. Here we used GCxGC-MS to compare the NA of five
OSPW samples from each of two different industries. Short-term temporal and pond-scale spatial
variations in the distributions of known adamantane acids and diacids and other unknown tricyclic
acids were examined and a statistical appraisal of the replicate data made. The presence/absence of
individual acids easily distinguished the OSPW NA of one industry from those of the other. The
proportions of tricyclic acids with different carbon numbers also varied significantly between the
OSPW of the two industries. The pond-scale spatial variation in NA in OSPW samples was higher
than the short-term (2 weeks) temporal variations. An OSPW sample from an aged pond was
exceptionally high in the proportion of C;s ;5,17 compounds, possibly due to increased
biotransformation. Such techniques could possibly also help to distinguish different sources of NA in

the environment.

Introduction

Exploitation of many oil reserves requires the use of water for production and processing. For
instance, increasing exploitation of the vast reserves of bitumen contained in oil sands deposits in
northeastern Alberta, Canada, has led to the generation of large volumes of oil sands process-affected
water (OSPW) which are not discharged back into the natural aquatic system due to the lack of
knowledge about the effects this could have on the environment'. It has been estimated that
approximately 840 million m® of tailings waters produced as a result of surface mining processes that

contain a high loading of fine particles as well as dissolved compounds, are currently contained within

2
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settling basins®. There have been concerns regarding the potential environmental impact of any
leakage from tailings ponds and future projected extraction activities may further exacerbate any
problems associated with the long-term storage of OSPW. This has led to calls for an improved
understanding of the potential impacts upon the Athabasca River ecosystem and downstream
communities’ . Expert panel reviews concerned with the monitoring of waste materials from the oil
sands industry were instigated by the Canadian Federal® and Alberta Provincial” governments and
these have consistently recommended a complete overhaul of existing monitoring programs in order
to strengthen the understanding of the potential impacts of oil extraction activities and to allow for
future sustainable development. In response to this, a comprehensive monitoring system has been
implemented®. An objective of the monitoring program is to evaluate the possible migration of
contaminants associated with oil sands development into aquatic ecosystems via groundwater®. The
proximity of some tailings ponds to the Athabasca River and its tributaries is a logical primary focus
for these investigations, due to the acute and chronic toxicity of OSPW associated with aquatic

: 9-16
organisms .

OSPW contains highly complex mixtures of organic compounds, many of which are so-called
naphthenic acids (NA), which are thought to be intermediates and products of hydrocarbon
biodegradation pathways '". NA are a very diverse group of acyclic, alicyclic and aromatic
carboxylic acids. Due to their relatively high water solubilities, they may be more likely than more
hydrophobic OSPW constituents, such as polycyclic aromatic hydrocarbons (PAH), to migrate via
groundwater systems from tailings ponds and could therefore be useful from a monitoring

perspective.

Previous attempts to profile OSPW and natural waters have indicated potential chemical markers for
differentiation®***. For example, Headley et al.”' analysed the polar organic compound content of
OSPW and natural surface waters by Fourier transform ion cyclotron resonance mass spectrometry
(FTICR-MS). The relative abundances of sulfur-containing species and species containing O,, NO,,

and N,O, within OSPW from two mines, Athabasca River water and a reference lake, were subject to
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principal components analysis (PCA), which showed that sulfur-containing species were useful for
distinguishing OSPW, while nitrogen-containing species showed potential for distinguishing natural
from industrial sources *'. A recent study by Ahad et al.>” illustrated the potential for high-resolution
mass spectrometry (HRMS) in conjunction with "*C isotopic signatures of carboxyl functional groups
of NA* differentiate between older, bitumen-derived NAs and the younger, natural organic acids.

Ross et al.”

used HRMS to differentiate polar organic compounds in lakes, the Athabasca River and
some of its tributaries and pore water from Athabasca River sediment. Although the observed
similarities in compositions of OSPW and river surface waters reported were suggestive of OSPW

seepage, distinction of anthropogenic from natural source inputs could not be made and the authors

recommended the development of more specific analytical techniques for better differentiation.

The use of known reference compounds which can be identified and then monitored by use of
characteristic GC retention times and electron ionisation mass spectra has proved to be the mainstay
of environmental chemical analysis for decades (e.g. use of the USEPA 16 PAHs for monitoring
hydrocarbon contamination), but until recently this could not be applied to OSPW due to the
unresolved nature of the constituents by GC, the unknown composition of individual components and
associated lack of authentic reference compounds for comparison. However, analysis of the acid
extracts of single OSPW samples and of authentic synthetic or purchased reference compounds, by
GCxGC-MS, revealed numerous tricyclic and pentacyclic diamondoid acids** *’. This presented an
opportunity to apply a proven approach to the challenges associated with the oil sands processing.
Rowland et al.* therefore suggested that diamondoid NAs could prove useful for monitoring
purposes, as such acids are unusual in natural environments. A number of diamondoid acids are now
commercially available, are easily resolved by GCXGC and have distinctive mass spectra, enabling

the distinguishing of OSPWs from two industries storage ponds™.

However, whilst the identification of numerous NA in single OSPW samples raises promise for the
use of NA distributions for profiling, monitoring containment leakage is still difficult, due to the lack

of knowledge of the homogeneity (or otherwise) of OSPW composition within, and between, different
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industry containments. Therefore, there remain limitations on what can be concluded from
examination of the diamondoid acids of only one or two industry samples. Here, we used GCxGC-
MS to compare ten OSPW samples (five from each of two different industries). Short-term temporal
and pond-scale spatial variations in the distributions of known adamantane acids and diacids and
unknown tricyclic acids, were examined. The NA of a single sample of OSPW collected from a test

pond in which it had been stored undisturbed for over 2 decades, was also examined.

Experimental

Sample Preparation

NA were extracted, as described below, from OSPW from two industries, A and B, in 2011. From
Industry A, five water samples were collected from the same pond at the same location (a containment
receiving fresh OSPW at the time of collection) over a 14-day period (November (7, 10, 14, 17, 21, =
DO, 3,7, 11, 14) 2011; Fig. 1). From Industry B, water from four different locations within a pond
was sampled, plus one sample from a recycle pond which was both receiving water and having water
removed for re-use (September (22) 2011; Fig. 1). All of the latter samples were collected within 24
hours of each other. The number of samples available for these analyses was limited and it was not
possible for us to address repeatability of sample preparation. To ensure repeatability during analysis,
all samples were processed at the same time, by the same operator, in the same laboratory, and using
triplicate injections. Additionally, a sample of aged OSPW (>20 yr) was collected (October 2012)
from an Industry A test pond created in 1993, originally filled with 6000 m’ of surface water from an
active tailings pond, with no subsequent addition, other than precipitation. Samples (100 ml) were all
collected as grab samples and at the same depth and were filtered through a 0.2 pm filter cartridge to
remove suspended solids, acidified to pH 2 and cleaned using 200 mg ENV+ SPE cartridges (Biotage,
Charlotte, NC, USA). Samples were eluted with 10 mL of acetonitrile, evaporated under N, and then
dissolved in 1.5 mL of acetonitrile. An aliquot of 0.5 ml was used for the gas chromatographic
analysis. Of this, the acetonitrile was removed under N, and esterified by heating with BF;-MeOH (or

trideuterated, i.e. d;-BF3-MeOH in the case of noradamantane carboxylic acid) complex (70°C, >30
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minutes), back-extracted into hexane, dried and weighed. The esterification reactions may occur at
different rates for different compounds and the absence of an ester cannot, in principle, be regarded as
evidence for the absence of the corresponding acid. All of the identified compounds were those that
were readily derivatized by BF;-MeOH within 20 min. The extracts, as methyl esters, were analysed
by GCxGC-MS in concentrations of 3 — 7 mg/ml (Table 1). An aliquot of methylated Industry A
sample from November 7 (Day 0, D0) was also dried over 3 h at 70°C under a flow of N, and
subsequently dissolved in 50 L DCM and analysed in order to test the effects of excessive

evaporation on the acid distribution. A method blank was also obtained.

Reference compounds were methylated (as above) for retention time and mass spectral comparison.
These compounds included monoacids [C,,: Adamantane-1-carboxylic acid (Ia) , adamantane-2-
carboxylic acid (Ib); C;,: 3-methyladamantane-1-carboxylic acid (I), 2-(1-adamantyl)acetic acid (III);
Ci3: 3,5-dimethyladamantane- 1-carboxylic acid (IV), 2-(3-methyl-1-adamantyl)acetic acid (V), 3-(1-
Adamantyl)propanoic acid (VI), 3-ethyladamantane-1- carboxylic acid (VII); Cy4: 3,5,7-
trimethyladamantane-1-carboxylic acid (VIII), 2-(3,7-dimethyl-1-adamantyl)acetic acid (IX)] and
diacids [C1,: Adamantane-1,3-dicarboxylic acid (X), C,;: 3-(carboxymethyl)adamantane-1-carboxylic
acid (XI)]. Spectra for these compounds are published elsewhere’®”'. d;-Noradamantane carboxylic
acid methyl ester, which was not present in any of the OSPW, was added to all samples as a retention
time standard. All acids were purchased from Sigma-Aldrich Company Ltd., Gillingham, UK, except

for V and VII which were purchased from Maybridge Chemical Company, Tintagel, UK.

GCxGC/MS analyses

1 pul of methyl esters of the OSPW extracts, dissolved in hexane to the concentrations outlined in
Table 1, were analysed by GCxGC/MS using an Agilent 7890A gas chromatograph (WilmingtonDE,
USA) equipped with a Zoex ZX2 GCxGC cryogenic modulator (Houston, TX, USA) interfaced with
an Almsco BenchToFdx™ time of flight mass spectrometer (Almsco International, Llantrisant, UK)
calibrated with perfluorotributylamine (PFTBA). Scan speed was 50 Hz. The 1° column was a HP5-

MS 30m x 0.25mm x 0.2pm (Agilent) coupled to a 2° column BPX-50 3m x 0.1mm x 0.1pm (SGE).
6
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The conditions were: 1° column 80°C (1 min), ramp at 2°C min™ to 340°C, 2° column offset 10°C,

hotjet offset 60°C. Helium was used as a carrier gas was with a flow of 2 ml min™.
Data analyses

Data resulting from GCxGC-MS analyses were processed using ProtoTOF software to .cdf files and
analysed using GC-Image (Zoex). Samples of the reference compounds (methylated adamantane acids
[-XT) were used to compare retention times and mass spectra to identify individual adamantane acids
and adamantane dicarboxylic acids present in the OSPW extracts (Fig. 2). Deuterated noradamantane
carboxylic acid methyl ester was used as a chromatography standard for an exact comparison of
retention times. Peaks in the samples were matched automatically by using the GC Image template
matching algorithm® with a template constructed from authentic reference compounds and a spectral
matching threshold of 600, and manually reviewed. A minimum of three injections per sample were
performed to test instrument variability. Extraction of the molecular ions of m/z 194, 208, 222, 236,
250, 264 and 278 was performed on three runs of each of the five samples from Industry A (total n =
15) and 3 runs of the SE location sample of Industry B, and 4 of SW, NE, NW and Rec (total n = 19),
in order to integrate peaks due to methyl esters of all isomers of the tricyclic acids with 11-17 carbons,
which were assigned according to their respective 1% and 2" dimension retention times (tiles, Fig. 2).
The fractional abundance ' C, was calculated using the intensity /nt of the extracted ion current (EIC)

according to Equation. 1.

Int,,

an = 17
ZIntCn

n=11

(Eq. 1)

Using the presence / absence of individual compounds, a binary cluster analysis was conducted using
Ward’s method and squared Euclidean distance (IBM ® SPSS ® Statistics). The results were
represented in a dendrogram showing the maximum difference between the two main clusters at 25.
On the f¢, of the Cy;.17 acids, a principal component analysis was conducted using R (FactoMineR

package™). A Pearson correlation analysis was conducted to test whether the variation in f,, was due

7
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to a small variation in total ion current (TIC) and thus concentration of the sample injected, and
Welch’s t-test in order to detect whether the differences in f'C, between the two ponds were

significant (95% confidence level, df = 18).

Results

Identified compounds

Injections resulted in total ion currents of the order of magnitude of 1010 arbitrary units. Between
1000 and 1500 peaks were present (Table 2). No compositional assignments were made, as high
resolution mass spectrometry was not employed. The compounds that were structurally identified by
comparison with authentic standards are shown in Fig. 2b. We identified adamantane acids in all
OSPW samples by comparison of spectra and GCxGC retention times with those of reference
compounds ***' (Fig. 2b, Table 2). No sample contained the entire range of monoacids that were
examined as part of this study. Samples from Industry A contained a range of monoacids, while in the
NW, SE, SW and Rec samples from Industry B, only VII could be detected. The sample from the NE
location (Fig. 1) showed a different profile, where a range of monoacids could be detected (Ia, Ib, II,
111, V, VII). Of the diacids, X was present in all samples, whereas XI was present only in samples
from Industry A. As the peaks of the diacids were well separated chromatographically, we could also
compare proposed isomers Xa-d and XIa-f using mass spectra and retention times’'. Also Xa was
present in all samples, and Xb, Xc, Xd were present in all samples from Industry B and in most
samples from Industry A. Some isomers of XI were present in some samples of Industry A, but,
notably, XIa-f were detected in all samples from Industry B even though XI was not detected. The
analysis revealed two clusters to be present, both consisting of five samples, pertaining to Industry A
and Industry B (Fig. 3). The NE samples, though belonging to the cluster of Industry B samples, were

nonetheless distinct from the other samples in cluster B.

Fractional Abundances (f C,)
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The extracted ion currents for the molecular ions for the C;,-C,; tricyclic monoacids were used to
calculate the f'C, according to Eq. 1 (Table 3). The highest ratios observed were for £ C;, (0.2809 for
A, 0.2691 for B), while the lowest ratios observed were for f C;; (0.01845 for A, 0.03281 for B) and
£ C;7(0.06306 for A, 0.04333 for B). The means of the /' C, for all monoacids were significantly
different between the two ponds on at least a 95 % confidence level in Welch’s t-test (p < 0.0001,
Table 3). The pond-scale spatially-separated samples from Industry B showed a greater range than the
short-term (2 week) temporally-separated samples from Industry A (Fig. 4). While 1 C;,, f C;; and f
C;; were higher for Industry B, £ C,,, f Cys, f Cisand f C;; were higher for Industry A (Fig. 4). In a
PCA conducted on the 7 'C,, it was revealed that two components explained > 88 % of the variance.
In fact, the two ponds could be clearly distinguished on only PC1 (77% of total variance, Fig. 5a),
with the NE sample plotting lower on PC1 than the other Industry B samples. This variation of PC1
was, as expected from Fig. 4, due to the difference in C,=11-13 vs. C,=15-17 ratios, and is illustrated
by the loadings of ' C;; ;5,5 and £ C;s. 14 ;7 plotting on opposite ends on PC1 (Fig. 5b). Based on this,
the sum of 'C;5 ;457 and f C;; 1515 was calculated (Fig. 6). f C;;.2.,; ranged from 0.26 — 0.27 for
Industry A and from 0.30 — 0.39 for Industry B, f' C;s ;5,7 from 0.44 — 0.47 for A and from 0.33 — 0.44
for B. The sample evaporated at high temperatures (Industry A-D0) showed a strongly changed
distribution in comparison to the original sample, with ' C;; ;5 ;; decreased to 0.13 compared to 0.26

and f C;s ;6,17 increased to 0.59 from 0.46 (Fig. 6).

Discussion

Our results allowed the evaluation of the temporal and spatial variability within a given pond, as well
as the comparison of NA distributions between two different industries, Industry A and Industry B.
Comparisons were conducted on simple presence/absence of known diamondoid acids, as well as on

distributions of their manifold isomers, supported by statistical analyses.
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The simple presence / absence of the known adamantane acids and diacids in the OSPW samples
(Table 2) suggested differences between the samples from Industry A and those from Industry B.
Indeed, a cluster analysis based on the occurrence of these acids showed separation of the samples
according to the corresponding industry pond source (Fig. 3). These results strongly suggest that the
presence/absence of known NA can help to distinguish OSPW from different industrial sources.
While previous studies have achieved differentiation based upon ultrahigh resolution to characterize
large numbers of compounds, the present study is the first to achieve this differentiation based on the
presence/absence of individual compounds and their isomers, and to establish target compounds that

could be used to characterize sources of OSPW.

However, as the simple presence of some of the known adamantane acids could be due to detection
limits of the GCxGC-MS method and a bias could arise from the high number of isomers with very
similar mass spectra and retention times, a second approach to characterisation of the differences
between OSPW samples was also attempted, using the distributions of both known and less rigorously
identified, but still tricyclic, acids. In addition to the known adamantane acids, there are many
different isomers of unknown tricyclic acids in OSPW, all producing the same molecular ion. The
number of isomers increases with increasing molecular weight, due to a higher number of possibilities
of permutation. As similar compounds of the same carbon number on a GCxGC elute in a ‘tiled’
fashion (Fig. 2a), we used this tiling effect and integrated the extracted ion current (EIC) response of
the M"™ of monoacids of the corresponding tiles in order to avoid interference from fragments of

compounds with higher carbon numbers. We thus calculated the /' C, as specified in Equ. 1.

The ' C, of the OSPW of the two industries increased from n=11 to n=14 and decreased from n=14 to
n=17 (Fig. 4). This was not unexpected, as the number of isomers increases with n, but at higher
molecular weights the solubility in water likely decreases. Interestingly, differences in sampling
location (Industry B) seem to cause more variation than sampling at the same location on different
days over a two-week period (Industry A). This indicates that individual heterogeneities in OSPW

composition within a tailings pond could have an impact on the OSPW composition when samples are

10
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taken from different sites. When investigating adamantane acids over the short sampling period, little
variation was detected in the tricyclics. However, this could change for other constituents, or with
metereological events or changes in production processes. Strikingly, a high spatial variation was
detected, which could in part be caused by differences in location such as shaded locations (less UV
degradation), distance from the OSPW inlets, dilution by runoff waters or streams or adsorption to
suspended particles. This suggests that, for further studies, the spatial heterogeneity of the ponds, and

thus the careful selection of locations for repeated sampling, needs to be taken into account.

However, even though the intra-variability of OSPW from the Industry B pond was large, a
significant difference was also noticed between the acids in the two ponds: the f C, of n=11-13 acids
was lower in OSPW of Industry A than in those of Industry B. This situation was reversed for n=15-
17 acids (Table 3, 95% confidence, P<0.0001). In other words, samples from Industry A contained
relatively more tricyclic acids with higher molecular weights. The sample from the NE location of
Industry B was most different from those of Industry A. In order to confirm these differences, a
principal component analysis on the f C, was conducted (Fig. 5). The scores plot (Fig. 5a) showed that
the differences were observed on PC1, and the loadings plot (Fig. 5b) that f'C;;.5,;3 and £ Cs.16.7
plotted on PC1, whereas the TIC and f'C,, plotted high on PC2. This also showed that the TIC (i.e.
reflecting the concentration injected) was not responsible for these differences, so long as it was
within the linearity range of the instrument. In order to further test that, linear and Pearson correlation
coefficients were calculated, showing that correlation between TIC and the f'C,, was low (Table 4,
0.14 - 0.40 and 0.40 - 0.65); hence the TIC response was thus most probably not causing these

differences.

There are several possible reasons for the differences in OSPW composition of industries A and B.
Firstly, it could be that the ores used by industry A and B have different origins. Secondly, processing
of oil sands ore by Industry A may result in dissolution of the higher molecular weight tricyclic acids
than does the processing of ore by Industry B. This may also reflect differences in the NA

composition of the ores. Thirdly, it is possible that, with ageing of the OSPW, the fractional

11
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abundance of C,s 16,7 condensed tricyclic acids relative to the lower molecular weight acids, increases
(i.e. a shift to higher molecular weight compounds occurs). The OSPW from the pond of Industry A
may be more ‘aged’ than those of Industry B. It is unlikely that the lower molecular weight acids
might evaporate more during storage in the ponds or after sampling, especially as the acids are present
as sodium salts in OSPW. However, once esterified for analysis, prolonged high temperature
evaporation might indeed influence the distributions, so care is needed in order to avoid this.
Intentionally prolonged evaporation of an aliquot of esterified NA from an OSPW from Industry A
(sample DO) confirmed this effect (Fig. 6). However, this was unlikely to have caused the differences
in the other samples examined herein, as these were evaporated to just dryness with care and all
samples were handled identically. Future studies might usefully employ controlled evaporation by

Kuderna-Danish apparatus to obviate this possibility.

In order to investigate possible environmental causes for the differences in fC;; ;5,5 and £ Cys.16.17 »
we therefore examined an OSPW sample from a greatly aged pond (>20 y storage) and again
determined the fractional abundances of tricyclic acids. This “aged” source was from a test pond that
was filled with OSPW from an active tailings pond in 1993, with no further OSPW addition. The high
fractional abundance of tricyclic acids with n=15,16,17 compared to n=11,12,13 indicated that the
differences observed could indeed be due to effects associated with increased ageing of the OSPW,

presumably resulting in further biotransformation of the NA (Fig. 5).

The results from this study suggest the introduction of /' C, of condensed tricyclic acids as a
characterisation parameter for OSPW might be worthy of further study. This can be conducted by
GCxGC-MS, a powerful technique which is becoming increasingly common in the field of petroleum
geochemistry. Furthermore, a calibration of other techniques with known reference acids (e.g.
adamantane acids) could also lead to useful results. Using these parameters could allow
characterisation of OSPW and other oil process waters in more detail and may also lead to a better

understanding of the natural biodegradation processes.

Conclusions
12
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OSPW from ponds from two different industries could be distinguished from the presence/absence of
known adamantane acids, as well as by comparing the fractional abundances of related tricyclic acids
with carbon numbers from 11 to 17 (' C,). Negligible short-term temporal variations were detected,
while considerable spatial variations occurred within one given pond. The distributions were shifted
towards relatively higher molecular weight compounds in OSPW from a pond in which OSPW had
been stored for >20y without further addition, suggesting that this may be due to biotransformation of
the NA. This suggests that the ratios of /' C;s ;6,7 Vs. f C;; 1213 can indicate to some extent the aging of
oil industry produced waters and could potentially present a useful variable for distinguishing natural
leaching of NA from bitumen-containing soils from NA due to leakage of active ponds containing

less aged OSPW.
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Figure legends

Figure 1. Sampling strategy for this study. Samples from Industry A pond, were taken from the same
location over a period of two weeks (DO, 3, 7, 10 and 14), samples from Industry B pond were taken

on the same day but at different locations (NE, NW, SE, SW corners, and a recycle pond).

Figure 2. Structures and retention positions of the tricyclic NA (a) Extracted ion chromatogram of a
sample from Industry A, D14, (ions chosen to illustrate the identified compounds: m/z 149, 194, 222,
236, 252, 266) showing the retention position of the compounds I — XI and the tiling of the C;; — Cy4
tricyclic acids. - Compounds were identified in some samples, but could not be unambiguously
verified in all samples due to high amounts of co-elution / low signal, and were thus excluded from
the further analyses presented in this manuscript. * Compound was present in some samples of this
study, but could not be detected in this sample. (b) Structures of the molecules identified with

reference compounds.

Figure 3. Binary cluster analysis on presence/absence of diagnostic compounds. Analysis of the
pattern of present/absent compounds showed that all samples from pond A and all samples from B
were clustering together. The Y-axis represents distance, with 25 being the maximum distance

between the two clusters.

Figure 4. Fractional abundances of known and unknown tricyclic acids. Boxplots of the fractional
abundance of C;;-C;7; monoacids compared to all monoacids f C,, calculated using Eq. 1, showing the
median (solid line), interquartile ranges (IQS, boxes) and extreme values (whiskers). Extreme values

below and above 1.5 IQS were plotted as outliers.

Figure 5. Results of the statistical analysis of the fractional abundance of the C;;-C;7; monoacids. (a)
Scores plot of the samples from the ponds from Industry A and Industry B showing variation on PC2.
(b) Loadings plot for the different ' C,, showing that TIC and C,, were responsible for the variation on
PC1 (i.e. injection concentration), and that the differences in C,.; vs. C;s.1; were causing the

variation on PC2.
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Figure 6. f C, of OSPW samples. Fractional abundance /' C, of higher molecular weight tricyclic
acids (Cys,16,17) vs. lower molecular weight tricyclic acids (Cy; 12,13). “Aged” indicates the sample from
a test pond which had not received “fresh” OSPW for 20 years, and “Industry A-DO evaporated” the

results for an aliquot left to evaporate for a prolonged time at 70°C.
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Table 1.

Industry Sample | Acid fraction Conc. analysed
mg/L. OSPW mg/ml

DO 93 72
D3 99 6.4
10 A D7 102 72
11 D10 108 72
13 D14 96 6.0

©CoO~NOUTA,WNPE

NE 75 5.6
17 NW 87 5.2
18 B Rec 81 5.2
0 SE 81 6.0
21 SW 78 3.2

59 19
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Table 2. Presence (+) and absence (-) of diagnostic compounds (see Fig. 2) as determined by GCxGC-MS in samples from Industry A and B.

©CoO~NOUTA,WNPE

Compounds (see Fig. 2)
Industry Sample + detected in sample, - not detected in sample

(Nr. of peaks)

la I o m v VvV V[ vl VvII' IX X Xa Xb Xec¢ Xd XI Xla Xb Xl Xld Xle XIf

A DO - - - - - + - + - + + + - - - + - - - - - -
(1097)

D3 - - +  + 4+ o+ - - - -+ o+ 4+ o+ - + - + o+ 4+ - +
(1031)

D7 - - + + + - - + - -+ + + + - + - - - - - +
(1072)

D10 + + + o+ o+ o+ - - - -+ + o+ o+ - + -+ -+ o+ o+
(1029)

D14 + + 4+ + 4+ + - + - -+ + o+ o+ 4+ o+ - + - + - +
(1096)

B NE + o+ o+ o+ -+ - + - -+ + 4+ o+ 4+ -+ + 4+ + o+ o+
(1516)

NW - - - - - - - + - -+ o+ o+ o+ 4+ -+ o+ o+ o+ o+ o+
(1115)

Rec - - - - - - -+ - -+ +  + o+ o+ -+ o+ o+ o+ o+ o+
(1297)

SE - - - - - - - + - -+ o+ o+ o+ 4+ -+ o+ o+ o+ o+ o+
(1142)

SW - - - - - - -+ - -+ +  + 4+ o+ -+ o+ o+ o+ o+ o+
(1062)

: Compounds VI and VIII might have been present, but could not be unambiguously identified due to co-elution of similar isomers. Compounds V and VIII were thus not

used in the statistical analysis.
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Table 3. /' C, for both industries. Mean and standard deviations are shown.

Industry A Industry B texp p-value

©CoO~NOUTA,WNPE

fCu 0.0184 <+ 0.0012 0.0328 <+ 0.0103 6.03 <0.00001
14 fCr 0.0724 <+ 0.0022 0.1117 £ 0.0142 11.9 <0.0000000001
16 fCrs 0.1760 =+ 0.0046 0.2085 <+ 0.0182 7.48 <0.0000001
18 fCy 0.2809 <+ 0.0046 0.2691 £ 0.0098 4.64 <0.0001
20 fCis 0.2466 =+ 0.0040 0.2183 <+ 0.0212 5.67 <0.0001
22 fCs 0.1425 =+ 0.0051 0.1161 =+ 0.0154 6.99 <0.000001

24 fCiy 0.0630 =+ 0.0035  0.0433 + 0.0068 10.90 <0.0000000001
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Table 4. Linear correlation coefficients (R”) and Pearson correlation coefficients (PCC) between /' C,,
and TIC, of all samples, and associated p-values.

R’ p-value PCC p-value
fCy 0.36 <0.0001 0.62 <0.0001
fCop 0.30 <0.001 0.57 <0.001
fCi; 0.30 <0.001 0.57 <0.001
fCuy 0.18 <0.01 0.45 <0.01
fCs 0.40 <0.0001 0.65 <0.0001
fCis 0.21 <0.01 0.48 <0.01
fCi 0.14 <0. 1 0.40 <0.1
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