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HIGHLIGHTS

e A Thames sediment core was measured
using ultrahigh-resolution mass
spectrometry.

e Untargeted analysis revealed complex
contributions from polycyclic aromatic
compounds.

o Polycyclic aromatic compounds
included oxygen, sulfur, nitrogen, and
chlorine atoms.

o A maximum of 1676 polycyclic aromatic
molecular components seen for one core
depth.

e Temporal polycyclic aromatic com-
pound variations likely reflect coal
consumption.
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ABSTRACT

Polycyclic aromatic compounds (PACs), including polycyclic aromatic hydrocarbons (PAHs) and heteroatom-
containing analogues, constitute an important environmental contaminant class. For decades, limited numbers
of priority PAHs have been routinely targeted in pollution investigations, however, there is growing awareness
for the potential occurrence of thousands of PACs in the environment. In this study, untargeted Fourier transform
ion cyclotron resonance mass spectrometry was used for the molecular characterisation of PACs in a sediment
core from Chiswick Ait, in the River Thames, London, UK. Using complex mixture analysis approaches, including
aromaticity index calculations, the number of molecular PAC components was determined for eight core depths,
extending back to the 1930s. A maximum of 1676 molecular compositions representing PACs was detected at the
depth corresponding to the 1950s, and a decline in PAC numbers was observed up the core. A case linking the
PACs to London’s coal consumption history is presented, alongside other possible sources, with some data fea-
tures indicating pyrogenic origins. The overall core profile trend in PAC components, including compounds with
oxygen, sulfur, nitrogen, and chlorine atoms, is shown to broadly correspond to the 16 priority PAH concen-
tration profile trend previously determined for this core. These findings have implications for other industry-
impacted environments.
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1. Introduction

The reliance on coal in London for domestic heating and power
generation led to prominent smog events between the late 1700s
through to the 1960s [1,2]. The most severe event, ‘the Great Smog of
London’ of 1952, caused an estimated 12,000 deaths [2,3]. This
prompted the Clean Air Act of 1956 (revisited in 1968) [1-3], driving a
change away from coal reliance in cities towards smokeless fuels
through the decades that followed [4].

Understanding the impact of industrialisation and urbanisation on
the environment is of high and ongoing importance [5,6], and assessing
environmental matrices for toxicity plays a key role in meeting this
challenge. As contaminant reservoirs, soils and sediments can represent
useful archives for the study of spatial and temporal variations in
pollution [7,8]. Monitoring soils and sediments for toxicity is of further
importance due of the risk of pollutant release upon disturbance, for
instance, during severe weather events or engineering activities [7,9].

Environmental monitoring involves determining the concentrations
of priority pollutants, such as polycyclic aromatic hydrocarbons (PAHs),
in various matrices [10,11]. The PAH compound group has been a
particular focus in environmental science since 16 PAHs were specified
as priority targets by the U.S. Environmental Protection Agency
(USEPA) in 1976 [9,12,13]. PAHs feature two or more aromatic rings
fused together [9,14], with naphthalene being the simplest example
[15]. Various priority PAHs are recognised or suspected to be carcino-
genic, mutagenic and / or teratogenic [16-18], with some also
demonstrated to be endocrine disruptors [19,20].

Terrestrially, PAHs are created through the diagenesis processes
associated with fossil fuel formation [21]. They are also products of
biogenic transformation processes, and the pyrolysis or incomplete
combustion of fossil fuels and other organic matter, including vegetation
[17,22,23]. Natural PAH emissions are considered minor compared to
anthropogenic contributions [11,14,18], of which incomplete fuel
combustion from domestic activities, vehicle use, and industry is
thought to be particularly significant [22,24,25].

Hundreds of PAHs have been identified [16,26], and it is recognised
that PAHs often occur in complex mixtures of isomers rather than as
isolated compounds [9,18,22]. Human exposure to PAH mixtures in the
environment has hence attracted recent attention [11,27,28]. Indeed, in
2015, Andersson and Achten highlighted that environmental assess-
ments based around the USEPA 16 priority PAHs likely underestimate
toxicity, especially for fossil fuel contamination scenarios [12].

Environmental samples may also contain heterocyclic PAH ana-
logues [29] and heteroatom-substituted PAH derivatives [12]. These are
compounds with similar configurations of fused aromatic rings, but with
the inclusion of one or more nitrogen, sulfur, and / or oxygen atoms, or
PAHs with substituent groups containing these heteroatoms [12,30,31].
Together with PAHs, these NSO-heterocycle and NSO-substituted com-
pounds belong to the broader polycyclic aromatic compound (PAC) class
[12,30], and are also released into the environment from combustion
sources [32-34]. In addition, NSO-PACs may form following the mi-
crobial or photolytic degradation of PAHs, and following reactions be-
tween PAHs and pollutant gases, including nitrogen oxides, ozone, and
sulfur dioxide [12,24,34,35]. It is important to also acknowledge that
some PACs may also be regarded as asphaltenes, which represent a
highly complex operational fraction of crude oil and coal, usually
defined in terms of solubility in aromatic solvents and insolubility in
low-molecular-weight n-alkanes [36]. Asphaltenes can be described in
terms of a PAC core with alkyl side chains, or multiple PAC cores bridged
by alkyl chains [37-39].

The common occurrence of various heteroatom-containing PACs in
the environment is now recognised [12]. Extended target lists of PAHs
with additional heteroatom-containing PACs have been used in multiple
sediment core studies around the world, to evaluate the impact of
changing fossil fuel usage, or the onset of specific industrial activities
[34,40-42]. Recently, Chibwe et al. studied a lake sediment core in the

Journal of Hazardous Materials 473 (2024) 134605

Athabasca oil sands region, Canada, deploying a more advanced,
untargeted two-dimensional GC-time-of-flight MS approach alongside
targeted analysis for PAC measurements [43]. In this way, Chibwe et al.
tracked core profile changes for over 100 heteroatom-containing PACs
and observed an exponential increase in PAC deposition coinciding with
oil sands operations in the region [43].

Fourier transform ion cyclotron resonance (FTICR) mass spectrom-
etry provides one of the most effective approaches for untargeted
screening analysis [44]. FTICR mass spectrometry is established for the
molecular characterisation of complex natural mixtures, such as crude
oils and natural organic matter, which have been shown to contain
thousands, to hundreds of thousands of molecular components [45,46].
The analysis of these complex mixtures is possible due to the unparal-
leled resolving power achievable with FTICR mass spectrometry, which
enables high mass accuracy, and consequently, high-confidence molec-
ular formulae assignments [47,48]. The molecular characterisation of
complex mixtures is routinely achieved via direct infusion FTICR mass
spectrometry, with soft ionization sources, including electrospray ioni-
zation (ESI) and atmospheric pressure photoionization (APPI) [44,48].

Visualisation strategies for representing complex mixture mass
spectra follow from categorising the assigned molecular formulae in
terms of compound class, carbon number, and double bond equivalents
(DBE) [48,49]. The latter represents the number of rings and double
bonds involving carbon (see equation 1) [49,50]. Then, plots such as
compound class distributions, and DBE versus carbon number heat
maps, can be generated. These are particularly useful for understanding
compositional differences between complex samples.

Recent Fourier transform (FT) mass spectrometry-based studies,
deploying Orbitrap or FTICR instruments in an untargeted capacity,
have provided further insights into the range of PACs occurring in the
environment. Luo and Schrader analysed dichloromethane Soxhlet ex-
tracts of a highly contaminated soil from an industrial site in Germany,
via direct-infusion FT Orbitrap mass spectrometry [44]. Taking advan-
tage of complementary ionization techniques, including ESI, APPI and
atmospheric pressure chemical ionization (APCI), Luo and Schrader
detected thousands of PAHs and heteroatom-containing PACs, with
distributions extended to much greater molecular weights and DBE than
the routinely reported priority compounds [44]. Various other studies
have shed light on the complex mixtures of PACs occurring in atmo-
spheric aerosols via FT Orbitrap MS [51] and FTICR MS [52-56].

In the present work, an FTICR MS approach was employed to analyse
a sediment core from Chiswick Ait; the most downstream island in the
tidal River Thames. Chiswick Ait is within London’s urban reaches and
represents a study site with relatively undisturbed sediments, containing
a local pollution record [4,7]. In a recent study, Vane et al. revealed
changes through the profile of the same sediment core in priority PAHs
and total petroleum hydrocarbons (TPH), along with other pollutant
compounds and markers, from the 1930s to the modern day [4]. The aim
of the FTICR MS approach used in the present study was to gain further
insights into anthropogenic organic matter contributions to the sedi-
ments. The broadband, untargeted screening approach revealed prom-
inent PAC distributions, exhibiting temporal variance that is likely
reflective of London’s history of coal use since the 1930s. The trends in
these PAC distributions are compared to the 16 USEPA PAH concen-
tration trend determined in the previous research [4].

2. Experimental
2.1. Sediment core collection and sample preparation

Sediment cores were collected from Chiswick Ait in the inner Thames
estuary, London, UK, in March 2018, as published by Vane et al. [7]. All
samples analysed via FTICR MS herein were from core B, retrieved from
a transect (51° 29°13.4” N, 0° 14°48.18” W to 51°29°17.1” N, 0 ° 14~
41.64” W) as described previously [7]. The core was sectioned contin-
uously at 5 cm intervals for the depth range O to 20 cm, and at 10 cm
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intervals for the depth range 20 to 60 cm, thus generating eight samples.
All samples were freeze-dried, sieved (< 2 mm mesh) and ground using a
ball mill (< 200 pm).

Sediment samples (2 g) were mixed with sodium sulfate and copper
powder for extraction in dichloromethane (Fisher Scientific, Hemel
Hempstead, Hertfordshire, UK) via accelerated solvent extraction (ASE,
Dionex-300). ASE was conducted at 100 °C and 1500 psi, with a 5 min
heat-up phase followed by a static 10 min extraction. Extracts were
subsequently reduced to approximately 5 mL under nitrogen gas, and
then filtered using Whatman GF/F glass microfiber filters (GE Health-
care, Lifesciences, Pittsburgh, USA).

A total of eight sediment extracts were prepared (as above) for FTICR
mass spectrometric analysis (see Table 1). The sediment chronology was
determined and reported in detail previously [7]. In brief, this entailed
using a combination of time markers including short lived radioactive
isotope 1%7Cs (related to the atmospheric testing of nuclear weapons) as
well as Pb ratios (27 2O6Pb), and the rise and fall of banned persistent
organic pollutants (such as polychlorinated biphenyls) [7]. These data
provided approximate decade ranges for the sample depths.

2.2. FTICR MS

Subsamples of the sediment extracts were diluted with a 50:50% v/v
solvent mixture of propan-2-ol (HPLC grade, Sigma Aldrich, Haverhill,
Suffolk, UK) and toluene (HPLC grade, Honeywell, Basingstoke, Berk-
shire, UK), for direct infusion analysis using a 12 T solariX FTICR mass
spectrometer (Bruker Daltonik GmbH, Bremen, Germany). Samples
were introduced via an APPI II source (Bruker Daltonik GmbH, Bremen,
Germany) with a flow rate of 600 pL/h. The source vaporizer was
maintained at 350 °C, the nitrogen nebulizing gas pressure was 1.3 bar,
and the nitrogen drying gas was set to 4.0 L/min and 230 °C. Ionization
was achieved using the in-source krypton lamp, emitting photons at
10.0 eV and 10.6 eV. The instrument was operated in positive-ion mode
(hence ‘(+)APPI’), with the transfer capillary held at a potential of —
2000 V.

Ions were accumulated in a collision cell for 0.2 s before being
transferred to the infinity cell analyser, where ions were detected over a
range of m/z 150 — 3000. Each sample mass spectrum represents a
summed dataset of 300 coadded scans of 4 million data points, subse-
quently zero-filled, apodised, processed via the fast Fourier transform,
and plotted in magnitude mode. The resolving power achieved was
approximately 450,000 FWHM, at m/z 400.

The mass spectra were externally calibrated [57] with sodium tri-
fluoroacetate (98%, Aldrich, UK) solution (50:50% v/v toluene and
methanol, HPLC grade, Honeywell, Basingstoke, Berkshire, UK). A mass
spectrum of a sediment extract doped with sodium trifluoroacetate was
also acquired, and internally recalibrated [57] against dopant peaks. A
calibration list was subsequently created from O3[H] and HC[H] class
homologous series (Table S1, supplementary information) for internally
recalibrating all (+)APPI sample spectra, using DataAnalysis 5.0 (Bruker
Daltonik GmbH, Bremen, Germany).

The sediment extracts were further analysed using the 12 T FTICR
mass spectrometer via nano electrospray ionization, with operation in

Table 1
Sediment sample depths and corresponding core chronology (see Vane
et al. [7]).

Sample depth /cm Approximate chronology

2.5 2000+

7.5 1990-1995
12.5 ¢.1985-1990
17.5 ¢.1985

25 1970s

35 1960s

45 1950s

55 1930-1940s
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negative-ion mode (‘(-)nESI’), to access more polar compositions not
detectable via APPI. Experimental details and focused results for the (-)
nESI measurements have been included in the supplementary
information.

2.3. Data analysis

Following internal recalibrations, (+)APPI-FTICR mass spectra were
exported for processing in Composer 1.5.6 (Sierra Analytics, Modesto,
CA, USA). Peaks present in ASE, filter paper, and solvent blank FTICR
mass spectra, at > 1% base peak intensity, were subtracted from sedi-
ment sample mass spectra. Sample peaks were then assigned molecular
formulae within a matching tolerance of 1 ppm, by searching for ho-
mologous series (molecular progressions with CHy building units) using
the elemental constraints: C = 0-200, H = 0-1000, 0 =0-12,S=0-2, N
= 0-2, P =0-1, Cl = 0-2. The root-mean square errors were < 0.35 ppm
for the resultant assigned (+)APPI data sets, which were subsequently
processed using the in-house KairosMS software (University of Warwick,
Coventry, UK) for further analyses and data visualization treatments
[58], as per recent studies [36,59,60]. This included generating DBE
versus carbon number plots for the compound classes, with DBE calcu-
lated in accordance with equation 1 [49,50].

Equation 1:

H+X)

DBE =1 -
+C 5 + 5

(N+P)

where C, H, N, P and X are the numbers of carbon, hydrogen, nitrogen,
phosphorus, and halogen atoms in a molecular formula, respectively.
Aromaticity index (AI) was calculated for all assigned molecular
formulae (neutral analytes), using equation 2 [61,62], to estimate the
PAC contributions in the samples. Al values > 0.5 represent aromatic
compounds, and values > 0.67 represent condensed aromatics [61,62],
hence PACs are approximated by the latter [63,64]. The modified
aromaticity index (Alpoq) was not employed in this work, because it is
unknown whether the carboxyl group assumption is valid for these
samples [61,62]. Similarly, the more conservative reformulated
aromaticity index (rAl) and modified version (rAlpneq) [65] were not
adopted, as these may be more appropriate if non-condensed cyclic
carbonyl compounds are anticipated to be significant components. It is
worth noting that these equations provide the same values for pure
hydrocarbons. A comparison between Al, Alyog, rAl and rAlyeq for the
sample predicted to contain the highest number of oxygen-containing
PACs by AI has been included in Fig. S1, supplementary information.
Equation 2:

14C-0-S-05H+N+P+X)

Al C-O-N-S-P

where C, O, S, H, N, P and X are the numbers of carbon, oxygen, sulfur,
hydrogen, nitrogen, phosphorus, and halogen atoms in a molecular
formula, respectively. The inclusion of halogen atoms in equation 2 is
consistent with work by Wang et al. [63].

3. Results and discussion
3.1. Overadll trends in compositions

The assigned molecular formulae for the eight (+)APPI sediment
depth datasets were categorised by compound class, as shown in the
compound distribution in Fig. 1. The classes are represented with het-
eroatom counts, e.g., O; represents all organic compounds with exactly
one oxygen atom and S; represents all formulae with one sulfur atom (N.
B. HC refers to pure hydrocarbons). Classes with ‘[H]” denote protonated
ion species in positive-ion mode, whereas the others represent radical
cations — both are generated via (+)APPI, and each sample analyte has
the potential to generate both ion species [66,67]. Fig. 1 shows the
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number of monoisotopic molecular components per class for each
sediment extract, expressed as a percentage of the total number of
monoisotopic components assigned in those extracts. Only compound
classes with an overall signal contribution above 1% (for monoisotopic
assignments) in at least one sample have been included in the class
distribution and subsequent data analyses.

The compound class distribution provides an overview of the
changes to the chemical composition of the sediment core as a function
of depth. The hydrocarbon classes, HC and HC[H], show a general,
increasing trend in component contributions down the sediment core,
with a decrease at the bottom level (Fig. 1). Although PAHs cannot be
directly inferred from the HC and HC[H] classes in the distribution plot,
it is interesting that a similar core profile trend was demonstrated for the
16 USEPA PAH concentrations by Vane et al. [4] The radical oxygenated
classes, 01—0g4, also follow a very similar pattern to the HC class in the
(+)APPI-FTICR MS data, with increasing contributions down the sedi-
ment core and a decrease for the 55 cm depth. Other heteroatom classes
exhibiting similar profile patterns, but more minor contributions over-
all, include 0157, 01S1[H], N; and N;0;. The S; class, often of interest
for potential fossil fuel markers [32,68,69], was similar in percentage
component contributions to the O;S; class for the 35 and 45 cm sample
depths, but was much diminished for the rest of the sediment core. The
35 and 45 cm depths were shown to be the most PAH-contaminated for
the core in the study by Vane et al. (16 USEPA PAH 70.9 and
98.5 mg/kg !, respectively), and the 35 cm depth was also highest in
total petroleum hydrocarbon concentrations [4].

3.2. PAC speciation and numbers of molecular PAC components by depth
The numbers of PAC molecular components, defined by Al > 0.67,

assigned for each core depth in the (+)APPI data, are displayed in Fig. 2.
The data have been presented in terms of different compound classes or

(a) Radical ion assignments

HC 0, 0, 0, 0, S,

14

12

10

Percentage of monoisotopic
sample components

(b) Protonated species assignments
14
12
10

8

Percentage of monoisotopic
sample components
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class groups, and show how some classes, e.g. S;-PACs, were only
ionized as radical ions, whilst others have unique molecular component
contributions from both ion species. A further breakdown of the PAC
classes by ion species, and in terms of numbers of molecular components
and class signal intensity contributions, can be found in Fig. S2, sup-
plementary information. Examples of peaks in the 45 cm sample (+)
APPI mass spectrum are provided in Fig. 3, which shows four condensed
aromatic assignments at lower mass defect (between m/z 432.05 and
432.20), and three example uncondensed molecular assignments at m/
2 > 432.20. Corresponding expansions from the 17.5 cm and 2.5 cm
mass spectra are also provided to demonstrate how PAC signal contri-
butions diminish up the sediment core (Fig. 3).

Except for the chlorine-containing classes, Fig. 2 shows that more
unique molecular PAC components were detected at the 45 cm depth
than for the rest of the core, closely followed by the 35 cm depth, which
relate to the 1950s and 1960s, respectively. It is worth noting that the
signal intensity contributions from the PAHs (HC) were nearly two fold
greater at the 45 cm depth than the 35 cm depth (Fig. S2, supplementary
information), which indicates a higher relative abundance of PAHs
associated with the 1950s. Domestic coal consumption was widespread
in London in the 1950s, and coal-fired power generation occurred within
London’s urban reaches [3,4]. Although the Great Smog of 1952 pro-
vided the impetus for the 1956 Clean Air Act, focusing on coal use and
the reduction of ‘black smoke’ [2], the situation did not improve rapidly
enough to avoid another smog event in 1962, resulting in c.750 deaths
[1]. Vane et al. suggested that the peak 16 USEPA PAH concentrations in
the Chiswick cores likely relate to this period of elevated coal con-
sumption [4], and the same explanation could therefore account for the
PAC components observed via (+)APPI-FTICR MS.

The numbers of molecular components for the PAH and NSO-PAC
species decreased up the core from the 45 cm depth, with a slight de-
viation at the 12.5 cm depth for PAHs and S;-PACs (Fig. 2). This

et ML

0,5, | 0,5, 05, N, |NO, ¢l | ¢, ¢c,0
Compound class
O | 05, 0,5 05, |0, N0, N0, Cl,0;

HC | 0, O, | O, 0O, | O
[HI [Hl  [H] [H] [H]  [H]

(Rl [H  [H  [H] [Hl [H [H]  [H]

Compound class

H25cm E75cm E125cm B17.5cm

WM25cm MW35cm MW45cm

55cm

Fig. 1. (+)APPI-FTICR MS class distribution for all sediment sample depths (2.5 - 55 c¢m), separated into the radical ion assignments (a), and protonated species

assignments (b).
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Fig. 2. Numbers of unique PAC molecular formulae (AI > 0.67) by class / grouped classes in the (+)APPI data, showing contributions from the two ion species
detected: (a) HC and HC[H], (b) 01-04 and O, [H]-Os[H], (¢) S1, (d) 01S:-03S; and 01S;[H]-04S,[H], (e) Ny, (f) N;O; and N;0, [H]-N;0-[H], (g) Cl;—Cl,, and (h)

Cl;0; and Cl;0;[H]. N.B. the y-axes have inconsistent scales for trend clarity.

deviation might relate to a noted rise in emissions from motor vehicles
beginning around 1985 [2]. Fig. 4 further presents the total numbers of
PACs (AI > 0.67) detected via (+)APPI for each depth, in terms of
unique molecular components by analyte compound class, with a
maximum of 1538 for the 45 cm depth, or the 1950s. The overall PAC
profile trends are broadly consistent with and complement the USEPA
16 PAH quantifications performed by Vane et al. on the same sediment
core (Fig. 4) [4]. The decline in PAC components up the core likely re-
lates to the closure of many urban power stations in the 30 years
following the Great Smog [3], and the transition away from coal as a
domestic fuel, perhaps in combination with other legislative and

environmental management-related factors [4]. Coal consumption data
for the UK, covering the period relevant to this study, is also shown in
Fig. 4, to highlight the proposed connection between the peak in coal
consumption during this time and the maximum number of PAC com-
ponents detected.

The leading hypothesis of a coal related explanation for the sediment
core PACs must be accompanied by acknowledgment of other possible
source contributions. These include emissions from oil-fuelled power
stations (which replaced coal) and other industrial facilities [71,72]. As
alluded to, traffic is also a likely factor, especially considering that
Chiswick Ait is located close to the Hogarth Roundabout (on the busy A4



R.P. Downham et al.

(a) 2.0 45 cm

1.0

[CaaHqel™

Intens. x10°

(b) 301 45 cm [Ca3H20041"

251 [CaoH160,]"" :

g
o

| [CaH1eS 1™ :

!
'
'
v f

Intens. x108
P

<)

0.5 1

0.0- o,

432.05 432.10 432.15

()  2%9175cm

432.20

Intens. x108

o
3

0.0-
432.05 432.10 432.15

(d) 291 25¢cm

Intens. x108
5 i

I
3

0.0 A w5}

432.05 432.10 432.15 432.20

Journal of Hazardous Materials 473 (2024) 134605

=)

Intens. x10°

0.5

_ 600 800
m/z

[C31 H44C)1].+
[CaoHaoO,1"™

[Ca2H3204]"
+

43245  mfz

444444444444444444‘,;
@
NS §
)
o
I
@
N
w
Sk

m/z

My

432.25 432.30 432.35 432.40 432.45 m/z

Fig. 3. (a) overview of the 45 cm sample (+)APPI-FTICR mass spectrum, with a 10 Da expansion, and a possible structure for the [C34H;g]°" ion provided. (b) 0.5 Da
expansion of the 45 cm sample spectrum, with four example condensed aromatic ion formulae (annotated), between m/z 432.05 and 432.20. Corresponding ex-
pansions from the 17.5 cm and 2.5 cm sample mass spectra are provided in (c) and (d), respectively.

road), with tyre wear, asphalt wear, and exhaust particulates repre-
senting possible PAC sources [73]. Furthermore, Chiswick Ait is situated
near to the outfall from Mogden Sewage treatment works (1939-present
day) [7], which may have represented a variable source of PACs from
urban runoff or stormwater over the decades.

3.3. DBE versus carbon number plots and PAC structural insights

Plots of DBE versus carbon number for the (+)APPI HC and O;
radical classes (generally associated with the most PAC components) are
provided in Fig. 5, for each sample depth. Each data point represents an
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(c) Chiswick sediment
core USEPA 16 PAHs
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Fig. 4. (a) UK coal consumption data [70]. (b) Total PAC molecular components (Al > 0.67, monoisotopic) via (+)APPI-FTICR MS, with colours indicating analyte
compound classes. (¢) Sum USEPA 16 PAH concentrations as determined by Vane et al. [4].

assigned molecular composition, and hence these plots are a means of
visualising all mass spectral peaks assigned to a compound class. Most of
the molecular formulae distributions in Fig. 5 could be considered
bimodal, with an oval distribution below DBE c¢.15 — 20, with a carbon
number range of ¢.20 — 60, and a more linear, angled distribution
sloping up to higher DBE. These linear, angled distributions reflect high
molecular condensation, as reported in other FT mass spectrometry
pollution-related investigations [44,52-56]. The condensed molecular
distributions are a distinctive feature for the 12.5 to 55 cm sample
depths, broadly increasing in length and intensity down to the 45 cm
depth, before diminishing slightly at the bottom (Fig. 5). The DBE versus
carbon number plots for the (+)APPI HC[H] and O;[H] classes (pro-
tonated) showed similar condensed molecular distributions to those in
the radical classes (Fig. 5), although the data points were typically less
intense and distributions were slightly less extensive (examples have
been incorporated into Fig. S3, supplementary information). Further
examples of similar core profile trends in condensed molecular distri-
butions are presented in DBE versus carbon number plots for the (+)
APPI O, — Oy classes in the supplementary information (Fig. S4).
Connecting the outermost datapoints in the angled, linear distribu-
tions yields straight lines which indicate the maximum DBE per carbon
number boundary. The theoretical maximum slope of this line for fossil
hydrocarbons is the ‘planar limit’, where DBE equals 90% carbon
number (i.e., a gradient of 0.9) [74-76]. Gradients of 0.75 are indicative

of cata-condensation; molecular series growth via the linear addition of
fused benzene rings, resulting in carbon atoms being shared between no
more than two rings [44,76]. Planar limit gradients tending to 1
correspond to peri-condensation, where molecular series growth occurs
via non-linear benzene ring addition, allowing for carbon atoms to be
shared between three or more rings [44,76]. Herein, best fit lines were
constructed for the high molecular condensation distributions in the
DBE versus carbon number plots (guided by the more intense data
points, as per other work [44]). The gradients were determined to be
greater than 0.73 for the relevant (+-)APPI compound classes at each
sample depth, for both ion types (see Table S3, supplementary infor-
mation). Furthermore the slopes for many of the classes in the Chiswick
core sediment samples were at or above 0.80 (with none greater than
0.86), which is indicative of cata-condensation with contributions from
peri-condensed PACs, as has been similarly observed in APPI-FTICR MS
data for PACs in atmospheric particulate matter [54]. These gradients
may also be consistent with coal asphaltenes, which have been indicated
as more enriched in cata-condensed over peri-condensed structures
[771.

In the DBE versus carbon number plot for the HC class at a depth of
45 cm, the most intense data points in the condensed molecular distri-
bution occur at carbon number 32 and DBE 25, and carbon number 34
and DBE 26, which likely represents unalkylated PAH compounds with 9
— 10 fused benzene rings. The compounds towards the top-end of the
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Fig. 5. DBE versus carbon number plots for the HC and O, (radical) ion classes for each sediment core depth, (+)APPI-FTICR MS analysis. Chronology determined by

Vane et al. [7].
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distribution (e.g., carbon number 52 and DBE 40) are interpreted as
PAHs with 15 or more fused benzene rings. Recent observations by Ruiz-
Morales indicate that PAH moieties with 8-9 fused aromatic rings are
most abundant in soot asphaltene distributions, whereas peak abun-
dance is centred on 7-8 fused aromatic rings for coal asphaltenes and
6-7 fused aromatic rings for petroleum asphaltenes [38]. This suggests
that the most abundant contributions to the Chiswick Ait PAH distri-
bution at the 45 cm depth could be more consistent with a soot origin.

Fig. 6 illustrates how the linear, angled distributions in the DBE
versus carbon number plots for example (+)APPI radical ion classes
relate to condensed and uncondensed aromatic compounds, as calcu-
lated via AL Hence Fig. 6 highlights the PAC distributions in relation to
the other compositions in the classes shown, and in some cases the PAC
distributions represent the whole class (e.g., Cl; in Fig. 6), or were
separate from the rest of the class data (e.g., S in Fig. 6). This could be
indicative of a different origin for these condensed aromatic compounds.

The DBE versus carbon number plots contain further information
indicative of the origin of the assigned PACs. The length of homologous
series (horizontal rows) is representative of the degree of side-chain
alkylation occurring [78], and generally it is understood that PACs
from petrogenic sources feature greater alkylation than those from py-
rogenic sources [12,23]. This was demonstrated using FTICR MS by
Riiger et al., who detected a shift in alkylation level to lower carbon
number in combustion aerosol compounds compared to parent diesel
fuel compounds [78]. Investigating the PAHs associated with soot par-
ticles generated in a fuel-rich ethylene flame, using matrix-assisted laser
desorption/ionization FTICR MS, Zhang et al. showed a PAH
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Fig. 6. DBE versus carbon number plots for selected (+)APPI radical ion
compound classes HC, Ny, N;0;, Cly, Sy, 01S;, 02S; and O3S;, for the 45 cm
sample depth. Datapoints are coloured to reflect AI values.
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distribution with short homologous series, of no more than four data
points per DBE (c.14 — 50) [79]. This indicates limited alkyl side-chain
growth for these combustion-source PAHs [79]. Analysing ambient
aerosol fractions from Beijing, Jiang et al. detected PAH distributions
with narrow homologous series of 5-6 carbon numbers via (+)APPI-F-
TICR MS, inferring a likely coal-combustion origin [52]. Jiang et al. also
reported very similar distributions for related O;, Oz, N; and S; classes
[52]. Regarding the complex PAC mixtures observed in contaminated
industrial soil, Luo and Schrader inferred side-chains of 0-10 carbon
atoms to be short, and indicative of pyrogenic origin, rather than
biogenic or petrogenic [44].

Fig. 6 hence provides possible evidence for a combustion source
origin for the Chiswick Ait PACs at the 45 cm depth, given that most of
the PAC-related homologous series are relatively short. In particular, the
Cly class only has 1-5 datapoints per DBE, and the S; and OS; classes
generally have just 2-5 datapoints in their condensed aromatic distri-
butions - all suggesting very limited PAC alkylation. The N; class fea-
tures slightly longer homologous series, with upwards of 9-10
datapoints per row, whereas the N;0; class has longer homologous se-
ries still, below DBE of ¢.25. From the N;0; class, it can be seen how a
homologous series can transition from condensed aromatic species
through to non-aromatics (Fig. 6). More extensive examples of longer
homologous series stemming from the PAC distribution can be seen in
the HC data in Fig. 6, which suggests that this class is not pyrogenic in
origin. A few short PAC homologous series do occur in the HC class data
for some of the other core depths, but this is limited to higher DBE only
(Fig. 5). The Ox classes similarly have mostly longer homologous series,
covering broad carbon number ranges (Fig. 5 and Fig. 54, supplemen-
tary information).

Although the PAC homologous series in the HC and Oy classes are
longer than the other heteroatom classes shown in Fig. 6., the data
points are typically intense at or close to the start (left hand side) of
homologous series and diminish with increasing alkylation. This in-
tensity trend conveys that more abundant contributions had lower de-
grees of alkylation, which could be evidence of pyrogenic origin [12,23]
or possibly reflect greater contributions of pyrogenic origin PACs
co-occurring with compounds from another source.

As aforementioned, some PACs may be regarded as asphaltenes.
Recent (+)APPI-FTICR MS work by Niles et al. demonstrates how
different asphaltene fraction species from a standard coal can have
variable homologous series lengths, with the selected solvent for
extraction exerting influence [77]. Hence, the above observations on the
potential pyrogenic origin for the Chiswick Ait condensed aromatic
compositions should be taken as indicative.

3.4. PAHs

The majority of PAHs occurring in urban soils and sediments are
expected to be petrogenic or pyrogenic in origin [11,23]. The greatest
numbers of PAH molecular components detected in the Chiswick Ait
sediments via (+)APPI-FTICR MS was 202 for the 45 cm depth and 199
for the 35 cm depth, coinciding with the 1950s and 1960s, a time where
coal dependence caused soot-related smog events [80]. Alongside do-
mestic coal sources, there were multiple former energy installations
within a 5 km radius of Chiswick Ait, including the Barnes, Hammer-
smith, Wandsworth, Fulham and Lombard Road coal-fired power sta-
tions, and Brentford gas works [81]. It is therefore likely that coal use is
mostly responsible for the PAHs observed for the 45 cm and 35 cm
depths. Spatio-temporal variations in combustion temperature, coal
rank [82], and industrial capacity could have impacted the complexity
of the environmental PAH signatures which, coupled with the influence
of the tide on sediment and pollutant distribution, presents interpretive
challenges. However, beyond the 1960s, the decline in complex PAH
molecular components up the Chiswick core seems broadly reflective of
the diminishing coal consumption data for the UK (Fig. 4), if indeed this
can be taken to be representative of the Chiswick area. Coal use in
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London likely dropped off more sharply than the national trend, as coal
power generation remained important in rural locations, but PAH
emissions would have continued from other sources, including vehicular
emissions.

Soot particles were an important component of London smogs [80],
and their close association with PAHs is revealed in considering the
pyrolysis of coal in fuel-rich conditions [83-85]. Primary coal pyrolysis
generates gases, char and tar, the latter of which contains organic
compounds including PAHs, which are either cracked into radicals
before polymerising, or are otherwise directly involved in polymeriza-
tion reactions [85-87]. In particular, fossil fuel pyrolysis produces
acetylene which forms and grows smaller PAHs, via various proposed
mechanisms [84]. The growth of PAHs leads to irregular graphene layers
which cluster, forming soot particles [88]. Other PAHs in the gaseous
phase at high temperatures may condense upon cooling onto soot par-
ticles [83], if not released directly. It follows that the emission of soot
particles and PAHs is linked, and that soot particles are a means for the
transport and deposition of PAHs in the environment [83,88]. As
aforementioned, the intensity maximum in the 45 cm depth PAH class
distribution of condensed aromatics may be indicative of soot asphal-
tenes [38].

In addition to PAH contamination from incomplete combustion and
airborne settlement, the transport and storage of coal and coal com-
bustion residues is presumed to have also contributed towards the
complex PAC signature in the Chiswick sediments [89-92]. Many of the
aforementioned industrial facilities were located close to the River
Thames, and processes such as wind-entrainment and urban run-off
present possible direct contaminant delivery mechanisms.

Like PAHs, the heteroatom-containing PACs and/or asphaltenes in
coal may have also been involved in soot-forming processes. Kurian
et al. observed that the pyrolysis of oil sands asphaltenes formed soot via
a mechanism similar to coal pyrolysis [87]. However, coal asphaltenes
have not been studied extensively [93], and information concerning soot
formation from asphaltenes in general is scarce [87]. As postulated for
the PAHs, coal PACs and/or asphaltenes may have also contributed to
the complex PAC distributions detected in the Thames sediments more
directly, e.g., via wind-blown raw coal dust.

3.5. Oxygen-containing PACs (O-PACs)

O-PACs are defined here as compounds with fused aromatic rings
and one or more oxygen atoms, meeting the condition AI > 0.67.
Complex mixtures of such species have recently been reported in aerosol
particulate matter from urban and suburban environments [52,53].

O-PACs are thought to form both directly via incomplete fuel com-
bustion, and through secondary reactions in the atmosphere, between
PAHs and hydroxyl radicals or ozone molecules [88,94,95]. Oxygen is
the most abundant heteroatom in coals [85,96], and O-PACs in coal
occur as furans [97] or with ketone, alcohol, or quinone functionalities
[52]. Investigating the PACs released on burning low-grade coal (lignite)
via fluidised bed combustion, Stefanova et al. detected O-PACs with
mono-ketone functionality, anthraquinones, phenols, and furans [98].
Wang et al. also demonstrated that mono-ketones and anthraquinones
were emitted when burning coal in domestic stoves [99]. Although these
targeted studies are informative, they unlikely represent the full range of
structural possibilities for complex mixtures of O-PACs.

Collectively, the O-PAC group represented the largest number of PAC
molecular components observed for each Chiswick sediment core depth
via (+)APPI (Fig. 2 and Fig. 4). Aromatic alcohols, aldehydes, ketones,
esters and oxygen-heterocycles are compounds established to be acces-
sible via (4+)APPI, and thus could all be present in the O-PAC classes
[100-102]. The sample depths associated with most PAH molecular
components also had the greatest numbers of O-PACs (Fig. 2 and Fig. 4).
The angled, condensed distributions in the (+)APPI HC class DBE versus
carbon number plots are very similar to the corresponding O; class
condensed distributions at each depth, in terms of the DBE and carbon
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number ranges, and regions of greatest intensity (Fig. 5). The same can
be said for the (+)APPI HC[H] and O;[H] classes (as per the example in
Fig. S3, supplementary information), thus, the O;-PACs could represent
oxidized PAHs, perhaps through in-flame processes or secondary envi-
ronmental oxidation. A potential oxidation relationship between HC and
0, class PACs was also noted by Jiang et al. [52] and by Xu et al. [54] in
their APPI-FTICR MS aerosol particulate matter studies. It follows that
the more highly oxygenated Chiswick sediment O-PAC classes could
reflect further oxidation of O;-PACs.

O-PACs were further detected through (-)nESI analysis (see supple-
mentary information) of the Chiswick sediments. Via (-)nESI, PACs with
one oxygen atom, presumably representing phenolic functionality,
provided a minor contribution to the 35 cm and 45 cm depths only
(Fig. S5, supplementary information). PACs with two to four oxygen
atoms were more significant species (Fig. S5, supplementary informa-
tion), likely reflecting PACs with multiple alcohol groups, carboxylic
acid functionality, or hydroxyfurans [103]. The lower numbers of
O-PAC molecular components detected via (-)nESI compared with (+)
APPI - 127 versus 612 (Al > 0.67) for the 45 cm depth, respectively —
suggests that polar, acidic O-PACs are less abundant species in the
Chiswick sediments. However, this could simply reflect increased
mobility of polar compounds in the riverine environment. Only 38 of the
(-)nESI O-PAC molecular formulae were not detected via (+)APPI,
however, the 89 molecular formulae commonly detected by both ioni-
zation approaches may differ structurally.

3.6. Sulfur-containing PACs (S/SO-PACs)

S-PACs are defined here as compounds with fused aromatic rings and
a sulfur atom, meeting the condition AI > 0.67, and SO-PACs are similar
sulfur-containing species which also include one or more oxygen atoms.
Polycyclic thiophenes are important S-PAC representatives in fuels such
as coal and crude oil (with some dependence on maturity) [96,103], and
hence they act as marker compounds in environmental studies, for
instance; benzothiophenes and dibenzothiophenes are associated with
diesel combustion [69] and petroleum-related contamination [104].
Stefanova et al. demonstrated the emission of S-heterocyclic PAC
structures, including dibenzothiophenes and benzonaphthothiophenes,
via lignite combustion [98]. Complex distributions of S-PACs have also
been reported in ambient aerosol samples of urban origin [52], and
sulfur-containing compositions with DBEs up to c.60 have been
observed in contaminated industrial soil [44].

The S-PACs in the Chiswick sediment core, only detected as radical
ions, occur in notably higher numbers of molecular components in the
45 and 35 cm depths (Fig. 2), with 95 and 89 PACs, respectively, relating
to the 1950s and 1960s, when coal combustion had a strong impact on
the environment. The S-PAC signal contributions were approximately
two times greater in the 45 cm sample than the 35 cm sample, which is
indicative of greater relative abundance associated with the 1950s, as
was also observed for the PAHs (Fig. S2, supplementary information).
London soot particles from 1955 were revealed to contain significant
amounts of sulfur via electron microscopy analyses by Whittaker et al.,
which was attributed to sulfur-rich coal combustion [80]. The S-PAC
class in the Chiswick sediments, interpreted here as S-heterocycles, can
be taken with Whittaker et al.’s insights [80] to be consistent with the
entwined genesis of PACs and soot particles, and their co-emission.

A close similarity exists between the S; and S;0; class DBE versus
carbon number distributions, as per the example for the 45 cm depth
(Fig. 6), and a general core trend correlation was evident between S-
PACs and S107-PAC numbers, indicating that the latter could represent
oxidation of the former. The core trends for S;05-PACs and S;03-PACs
were different, showing a gradual increase in components with core
depth, and a closer relation to the PAH core profile. The S;04-PAC class
was minor, with no more than 14 molecular components at any depth.
Whilst the S;05-, S103- and S;04-PACs potentially represent further
oxidation of S-heterocyclic PACs, for instance, in the atmosphere, they
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may have also been produced from PAHs or O-PACs in the environment.
Recently, the formation of organic sulfur compounds was demonstrated
following the irradiation of an aqueous solution of simple PAHs with
simulated sunlight in the presence of sulfur dioxide (and dimethylsulf-
oxide) [105]. This represents the environmental scenario of organic
sulfur formation at the surface of water bodies, where PAHs can become
enriched and react with SO, released from fossil fuel combustion [105].
Although the study only modelled three parent PAHs, a complex range
of possible reactions was unveiled. In particular, Jiang et al. suggested
that the direct addition of sulfur dioxide to carbon-carbon double bonds
is valid for PAHs in this scenario [105].

The S- and SO-PACs detected in the Chiswick core sediments also
show a similar speciation to the sulfur-containing asphaltene com-
pounds recently determined for Illinois Coal No. 6 extracts, via (+)APPI-
FTICR MS [77]. Niles et al. reported condensed molecular distributions
for S; and S;01-S, 03 classes, with variations by solvent fractions [77]. It
is not possible to infer whether such asphaltene species are contributing
to the Chiswick sediments, offering an additional or alternative expla-
nation to secondary reactions between combustion products and atmo-
spheric gases. If the S- and SO-PACs in the Chiswick sediments include
coal asphaltene compounds, then this could also be explained by direct
contamination of the river Thames by coal dust and/or coal tar. The
degree to which coal asphaltenes classes are modified during pyrolysis
has not been investigated, to the authors’ knowledge.

3.7. Nitrogen-containing PACs (N/NO-PACs)

The N-PACs described here feature a nitrogen atom and fused aro-
matic rings, with AI > 0.67, and NO-PACs are similar nitrogen-
containing compounds but also with one or more oxygen atoms
included. The occurrence of N-PACs and NO-PACs in the environment
has been linked to fossil fuel industrial operations and consumption [43,
106,107]. The N-PAC heterocycles associated with coal include pyrrolic
and pyridinic compounds [97], and in coal tar specifically, the pre-
dominant N-PACs are thought to include pyridines and quinolines (basic
species), and carbazoles and indoles (neutral species) [103]. Investi-
gating domestic coal combustion, Wang et al. demonstrated the emis-
sion of nitro-PACs, which are PAHs with the addition of one or more
nitro groups [99]. Nitro-PACs have seen some focus in environmental
studies [108] (and references therein), as exemplar compounds possess
increased toxicity over parent PAHs [24,107,108]. In addition to the
combustion of carbonaceous materials, nitro-PACs can be created in the
atmosphere, following reactions between PAHs and OH radicals, nitro-
gen oxides and ozone [107]. Complex mixtures of N- and/or NO-PACs,
extending beyond the nitro subclass, have been reported in FTICR MS
aerosol particulate matter research [52-54,56].

The N-PACs in the Chiswick sediment core, only detected as radical
ions, show a depth profile similar to the S-PACs: no N-PAC components
occurred in the uppermost depths, and notably higher numbers of
components were detected in the 45 and 35 cm depths (117 PACs and 86
PAGs, respectively, Fig. 2), or the 1950s and 1960s, when coal com-
bustion was elevated (Fig. 4). The N-PAC signal contributions were also
approximately two times greater in the 45 cm sample than the 35 cm
sample, which indicates greater abundance for the 1950s, as was
observed for the S-PACs and PAHs (Fig. S2, supplementary information).
The N-PACs are interpreted as likely N-heterocycles, with pyrrole or
pyridine moieties fused to benzene rings.

The close appearance between the N; and N;0; class DBE versus
carbon number distributions, as per the example for the 45 cm depth
(Fig. 6), suggests that the latter class could largely represent oxidation of
the former class. This is supported by a general correlation between the
N-PACs and N;0;-PAC molecular component number profiles for the
core. The core trends for N1O5-PACs were similar, but lower numbers of
molecular components were represented. It thus seems plausible that the
N10,-PACs observed via (+)APPI reflect further oxidation of N;O;-
PACs. The N7105-PAC class could include nitro-PACs, which have been
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detected in aerosol particulate matter via (+)APPI previously [56], but
these polar species can be water soluble, and hence may not have
become sediment-compartmentalised.

NO-PACs were also detected via (-)nESI analysis of the Chiswick
sediments (see supplementary information), as species with 1-5 oxygen
atoms (Fig. S6, supplementary information). These NO-PACs were
mostly associated with the 35 cm and 45 cm depths, but were also
observed in the 17.5 c¢m, 25 cm and 55 cm depths to varying, but overall
lesser, degrees. Pyrrole-based structures could ionize via the loss of a
proton, and indeed have been inferred in other negative-mode ESI
studies of complex organic mixtures [103]. However, if the oxygen
atoms are accounted for by OH groups, then this could also explain
detection via (-)nESI, and broadens the presence of nitrogen to include
possible pyridine moieties. The numbers of NO-PAC molecular compo-
nents detected via (-)nESI was 143 for the 45 cm sample, which is less
that the 192 NO-PACs plus 117 N-PACs observed at this depth via (+)
APPI. However, 100 of the NO-PACs detected by (-)nESI were unique
molecular formulae, not detected by (+)APPL.

The N- and NO-PACs detected in the Chiswick core sediments further
demonstrate similar speciation to asphaltene compounds determined for
Ilinois Coal No. 6 extracts, where Niles et al. showed condensed mo-
lecular distributions for N; and N;01-N;04 classes [77]. Asphaltenes
from coal and tar thus represent another possible interpretation for the
N- and NO-PACs observed in the Chiswick core. Is not possible to suggest
whether such compounds could be delivered to the river via the com-
bustion product-airborne settlement route, or whether more direct
contamination by coal dust, tar or other residues is a more realistic
pathway.

3.8. Chlorine-containing PACs (Cl/ClO-PACs)

CI-PACs are defined here as possessing fused aromatic rings and one
to two chlorine atoms, with the Al > 0.67 criterion, and ClIO-PACs are
similar compounds but with only one chlorine and one oxygen atom.
The occurrence of chlorine-containing PACs in environmental matrices
was realised in the 1980s [109], however, they are still regarded as a
new, emerging class of contaminant [110,111]. CI-PACs have been
ascribed to coal combustion, industrial processes, waste incineration,
and vehicular emissions [110,112,113]. Coals contain variable quanti-
ties of chlorine in different modes [114], which is released during py-
rolysis as HCI and, potentially, as chlorinated hydrocarbons [114,115].
Coal ash may also be enriched in chlorine relative to the parent fuel
[114]. Cl-PACs are suggested to form from PAHs exposed to HCl in
furnaces [111], photochemical reactions with Cl radicals in the atmo-
sphere [111], or aqueous reactions with Cl, or ClO, disinfectants [116].
In broad terms, and based on a few low molecular weight class repre-
sentatives, the occurrence of chlorinated PACs in surface sediments is
thought to rise with increasing degree of urbanisation [117].

The presence of chlorine-containing PACs was confirmed for the
Chiswick sediment samples via inspection of the distinctive fine isotope
patterns they produced in the mass spectra (an example is provided in
Fig. S7, supplementary information), and these could be observed due to
the ultrahigh-resolving power capabilities of the FTICR mass analyser.
The possibility of the detected Cl- and ClO-PAC ions arising due to
analyte-solvent (i.e., dichloromethane) interactions was considered,
however, this was thought unlikely because the chlorine-containing PAC
core profile trends did not reflect the PAH or O-PAC trends (Fig. 2.).
Instead, the greatest numbers of molecular Cl- and CIO-PAC components
were detected in the 55 cm sample, which features around 40% fewer
PAH components than the 45 cm and 35 cm samples (Fig. 2). The
numbers of Cl- and ClO-PACs in the 45 cm and 35 cm samples were also
substantially fewer than at four other depths (Fig. 2). Various studies
have identified correlations between concentrations of targeted chlori-
nated PACs and their parent PAHs in environmental matrices [110,118],
with interpretation of common source. Others, however, have deter-
mined no such correlation, indicating that chlorinated PACs and PAHs
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originate from different activities [110,117]. The results for the Chis-
wick sediment core, introducing a more complex mixture perspective,
suggest no clear correlation for this study environment.

It is challenging to explain the stronger contributions from chlori-
nated PACs at some Chiswick sediment depths than at others. There may
have been local industrial activities or waste disposal occurrences over
the decades that account for these compositions. The incident of a large
industrial fire at a plastics plant in Hamilton, Ontario, U.S. in 1997
presents an interesting case of a single release event of chlorinated (and
brominated) PACs [119]. Fernando et al. used FTICR MS to detect 150
halogenated PAC molecular formulae in soil samples recovered from the
Hamilton site [119]. As discussed, Chiswick Ait is in close proximity to
the outfall from the Mogden Sewage treatment works [7], and there is
evidence for moderate contributions of treated sewage in the sediments
[4]. The use of chlorine as a disinfectant during sewage processing could
have potentially generated chlorinated PACs [120]. Indeed, Wang et al.
reported the prevalence of Cl-PAHs (low molecular weight) in sewage
treatment plant effluent from a facility in Pingdingshan, Henan Prov-
ince, China [121]. It is therefore possible that sewage treatment activ-
ities account for some of the chlorinated PAC contributions in the
Chiswick Ait sediments.

The risks to the environment and health presented by CI-PACs has
attracted growing interest [122], with investigations into smaller,
exemplar compounds of the class revealing demonstrable carcinogenic
and mutagenic properties [111]. Recently Li et al. further provided
direct evidence for CI-PAH immunotoxicity, based on two low molecular
weight class representatives [123]. Although not thoroughly assessed
and understood, the toxicity associated with chlorinated PACs could be
similar to polychlorinated dibenzo-p-dioxins and dibenzofurans [112,
122,124].

It is important to highlight that the chlorinated PAC ions detected for
the Chiswick Ait sediments correspond to compositions with around
4-14 fused aromatic rings, and to the authors’ knowledge no specific
information is available regarding the genesis, environmental fate, or
toxicity of the medium to larger molecular weight species within the
detected range.

4. Conclusions

Organic extracts from a Chiswick Ait sediment core from the River
Thames, London, covering a time period from the 1930s to 2018, were
analysed using an untargeted broadband (-+)APPI-FTICR mass spec-
trometry approach, with additional insights on highly polar composi-
tions gathered via (-)nESI-FTICR MS. Using complex mixture analysis
techniques, involving DBE versus carbon number plots and aromaticity
index calculations, it was possible to gain molecular compositional in-
sights corresponding to PACs in the sediments, and show the variations
in PAC distributions as a function of sediment core depth. The greatest
number of unique PAC molecular formulae detected was for the 45 cm
depth, which corresponds to the 1950s. This included 1406 PACs (of
which 202 were PAHs) only detected via (+)APPI, 138 PACs only
detected via (-)nESI, and an additional 132 PACs detected by both
ionization methods. The condensed aromatic compositions included
those with oxygen, sulfur, nitrogen and chlorine heteroatoms. Given
London’s coal dependence during the 1950s, these complex PAC mix-
tures are largely attributed to the products of incomplete coal combus-
tion and direct coal material contamination scenarios. Specific features
in the data are indicative of pyrogenic contributions, and a possible soot
association. The compound classes observed are also relatable to those
reported for aerosol particulate matter and coal asphaltenes in the
literature.

The PAC contributions to the sediments as assessed by FTICR MS
likely included contributions from other sources, such as vehicle emis-
sions. However, the numbers of PAC molecular components were shown
to decline up the sediment core overall, which likely reflects the tran-
sition towards cleaner fuels and de-industrialisation efforts in London
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since the 1960s. This decline is related to the concentrations of USEPA
16 PAHs determined for the same sediment core in an earlier study by
Vane et al. [4] Thus, we show that the relative contamination view
offered by the USEPA 16 PAH concentrations is indicative of the relative
extent of PAC distributions unveiled by FTICR MS.

Environmental implication

This work concerns polycyclic aromatic compounds (PACs), a
contaminant class with exemplar carcinogens and endocrine disruptors.
PACs are a concern as they are persistent, and growing evidence shows
that they can occur as complex mixtures in the environment. Untargeted
ultrahigh-resolution mass spectrometry herein has unveiled complex
mixtures of PACs in sediments from the River Thames, London, with
temporal variance reflecting historic coal consumption. The numbers of
PACs extend far beyond the lists of target compounds that many envi-
ronmental investigations focus on. The PAC compositional space
detected has been speciated across multiple heteroatom classes,
providing insights to guide future targeted work.
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