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ABSTRACT

Soils sampled from 10 former manufactured gas plants (MGP) in the UK were investigated using gas chroma-
tography mass spectrometry (GC-MS/MS) and Rock-Eval (6) Pyrolysis (RE). RE is a screening tool used to
characterise bulk organic matter in soils via the release of carbon compounds during pyrolysis and oxidation.
Both the distributions and concentrations of 30 parent and 21 alkylated polycyclic aromatic hydrocarbons
(PAHSs) and the parameters of RE were analysed to establish relationships between soils and the MGP processes
history. Principal component analysis (PCA) using the PAHs distributions and RE parameters can assist with
differentiating between MGP processes. MGP processes utilizing oil provided the clearest results, attributed to
petrogenic signatures with high proportions of low molecular weight PAHs. Processes using lower temperature
processes were distinguished by higher proportions of high molecular weight PAHs. RE parameters alone were
unable to distinguish MGP processes but showed potential in estimating the lability and thus the amount of PAH
that could be released from soils. This research provides new insights that may be useful in understanding and

characterising the risks posed to human health from PAHs in soils.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic
compounds and are a concern to human health due to their toxicity, with
several PAHs classified as being mutagenic and carcinogenic (INTER-
NATIONAL AGENCY FOR RESEARCH ON CANCER, 2010). In the
environment, PAHs can be persistent in soil as complex mixtures,
comprising of parent PAHs (basic fused aromatic ring structure), alky-
lated PAHs (additional hydrocarbon chain attached), or heteroatom
containing PAHs (containing non carbon/hydrogen elements). The most
studied PAH group is the 16 U.S Environmental Protection Agency PAHs
(EPA16) which comprise solely of parent PAHs: naphthalene (Nap),
acenaphthylene (Acy), acenaphthene (Ace), fluorene (Flu), phenan-
threne (Phen), anthracene (An), fluoranthene (Fla), pyrene (Pyr), benzo
[a]lanthracene (BaA), chrysene (Chry), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]lpyrene (BaP), indeno[1,2,3-cd]
pyrene (IcdP), dibenz[a,h]anthracene (DahA), and benzo[g h,ilperylene
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* Corresponding author.

(BghiP). Nap, Acy, Ace, Flu, Phen and An are categorised as low mo-
lecular weight (LMW) PAHs with <4-ring structures, the remaining
PAHs are categorised as high molecular weight (HMW) PAHs (>4-rings)
(Meador, 2008). Estimating risks to human health exclusively on the
EPA16 creates uncertainty as the suite does not include other potentially
more toxic compounds e.g. alkylated PAHs (Andersson and Achten,
2015).

The quantity and type of PAHs present in the environment initially
depends on the source and the PAH formation process (Dong et al.,
2012; Gao et al., 2016). A petrogenic source (crude oil and petroleum)
synthesizes PAHs slowly under low temperatures, resulting in a high
proportion of LMW PAHs and increased amounts of alkylated PAHs
(Andersson and Achten, 2015). However, the petrogenic process of
coalification can synthesize HMW PAHs, caused by aromatic ring
condensation reactions. Consequently coals contain large and complex
PAH compounds (Ribeiro et al., 2012; Mathews and Chaffee, 2012).
Pyrogenic sources (coal carbonisation, vehicle exhaust, wildfires)
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alternatively form PAHs comparatively quickly by incomplete combus-
tion of organic matter (OM) at high temperatures and result in abundant
amounts of thermodynamically stable HMW parent PAHs (Kim et al.,
2017; Ribeiro et al., 2012).

Sites where people could be exposed to soils with high PAH con-
centrations, e.g. formally contaminated sites under redevelopment, may
require human health risk assessments (HHRAs) to evaluate the risks
posed by the PAHs to human health and the actions required to address
the risks (Gormley et al., 2011; Beriro et al., 2020). HHRAs use exposure
models such as the Contaminated Land Exposure Assessment (CLEA)
model to generate Generic Assessment Criteria (GAC) based on the
exposure pathways, receptors, soil types, land use, contaminant con-
centrations, and toxicology (Cole and Jeffries, 2009). Numerous studies
have reported that the quantity and type of soil OM is a dominant factor
influencing the release and risk arising from PAHs from soil (Yu et al.,
2018; Ehlers and Loibner, 2006). It is also known that the contribution
of each exposure pathway towards the total human exposure will vary
depending on the contaminant. LMW PAHs report a higher inhalation
contribution percentage compared with HMW PAHs, due to the com-
pound’s physiochemical properties (e.g. volatility) (Nathanail et al.,
2015). Thus, knowledge of the expected PAHs present at a site alongside
soil properties can help assessors conducting HHRAs. Currently guid-
ance on the BaP GAC for residential land use with plant uptake is 5
mg/kg. Soils above this are considered to pose a potentially unaccept-
able risk to human health (CL: AIRE, 2014).

Post-industrial sites commonly have soils with PAH concentrations
above GAC values and thus pose potential risks to human health. A good
example of such sites includes those which previously operated as
Manufactured Gas Plants (MGPs), commonly known in the UK as
gasworks. MGPs synthesised hydrogen and methane rich gas via the
process of pyrolysis of coal or oil. MGPs produced a wide variety of
wastes and by-products including scurf, ash, coal tar, coal, benzol,
ammoniacal liquor, spent oxide, and foul lime (Thomas, 2014; Ruby
et al., 2016). To improve the manufacturing efficiency, several MGP
processes were developed. These include low temperature horizontal
retorts (LTHR), high temperature horizontal retorts (HTHR), continuous
vertical retorts (CVR), intermittent vertical coke ovens (IVCOs), coke
ovens (COs), carburetted water gas (CWG), Tully plants (TP), heavy oil
reforming plants (HORP), catalytic oil gas plants (COGP), and processes
implemented to convert by-products to profitable goods such as tar
distillation plants (TDP) and chemical plants (CP) (Gallacher et al.,
2017b; Thomas, 2014).

The accuracy of HHRAs might be improved if the MGP process PAH
distributions were known and targeted in assessments. Gallacher et al.
(2017b), Thomas (2014) and McGregor et al. (2012) provide detailed
descriptions of these MGP processes, such as the retort/chamber struc-
tures and pyrolysis temperatures used. They classified MGP processes by
PAHs from end-member coal tars using two-dimensional gas chroma-
tography (GC x GC) (McGregor et al., 2012; Gallacher et al., 2017b). In
contrast our study investigates contaminated gasworks soils (GWS)
using gas chromatography-mass spectrometry (GC-MS/MS), selected for
its increased selectivity compared to full scan in GC-MS. This study also
used a complementary screening technique called Rock-Eval (6) Pyrol-
ysis (RE), initially used for oil exploration and more recently used to
investigate different types of OM (Konitzer et al., 2016; Upton et al.,
2018) and hydrocarbons in contaminated soils, predominately from oil
spills (Lafargue et al., 1998). RE characterises the bulk OM by quanti-
fying the release of hydrocarbons (detected by flame ionization) and the
release of CO and CO; (monitored by infrared), recorded in response to
the increasing temperature versus time throughout the pyrolysis and
oxidation stages (Behar et al., 2001b; Lafargue et al., 1998). For our
study RE was used to determine whether there were relationships be-
tween RE parameters, PAH distributions and MGP processes. To our
knowledge only one other paper (Haeseler et al., 1999), measuring
fewer samples and using an older RE technique (Rock-Eval III), has
applied RE to GWS.

Environmental Pollution 339 (2023) 122658

The research question for this study was whether GWS could be
characterised by the MGP processes formally utilized at the site. Tech-
niques to achieve this involved measuring 51 PAHs (30 parent and 21
alkylated) by GC-MS/MS and measuring bulk OM properties by RE.
Using a combined approach allows for a enhanced understanding of the
organic content of GWS. RE offers a rapid screening and a broader
assessment of the overall organic compositions and GC-MS/MS provides
detailed information on the PAH composition. We used the analytical
data to explore relationships between RE parameters and PAH concen-
trations and distributions. In particular, we used the parent and alky-
lated PAH distributions, PAH diagnostic ratios, and principal component
analysis (PCA). In summary, this research provides an understanding on
identifying connections between MGP processes and the distributions of
PAH contamination and OM fractions. These findings could inform
which PAHs to target in risk estimation and management, helping to
make HHRAs more accurate.

2. Materials and methodology
2.1. Sample collection and selection

A total of 93 soil samples were collected between 2016 and 2021
from 10 UK former MGP sites with periods of site inactivity ranging
between 46 and 99 years, including a gasholder station, and a former tar
distillation plant at a chemical works of a large city gasworks site. The
locations of the sites are commercially sensitive and are not presented.
Site and sample PAH and soil properties are detailed in both Tables 1
and SI Tables S1-2. Sample collection took place while the sites were
under investigation or remediation by National Grid Property Holdings,
which influenced where and when sampling could occur. Two back-
ground samples (BG) from local parks and a sub-set of 48 GWS (from the
93 collected GWS) were selected for PAH measurement using GC-MS/
MS analysis. This sub-set was selected using stratified sampling and k-
means clustering (k = 5) informed by RE analysis screening data.

2.2. Sample preparation

Directly after collection, soils were freeze-dried, disaggregated, and
sieved through a 250 pm stainless steel mesh. Freeze drying minimises
the effect of PAH losses from drying in comparison to other methods
(Beriro et al., 2014). Subsequently, soils were stored in amber glass jars
in a dark room in ambient conditions before sample preparation. ~1 g of
the <250 pm fraction was spiked with 25 pg of deuterated PAH stan-
dards (surrogates used were phenanthrene-d10, pyrene-d10, benzo[b]
fluoranthene-d12, benzo[a]pyrene-d12 and benzo[g h,i]perylene-d12).
PAHs from GWS were extracted by accelerated solvent extraction (ASE,
Dionex-300) using DCM/acetone 1:1 v/v at a temperature of 100 °C and
a pressure of 1500 psi. ASE extracts were diluted to 50 mL and a 400 pL
aliquot was filtered by solid phase extraction (SPE) cartridges (Varian,
Bond Elute TPH). The first SPE elution (1.5 mL of pentane) was dis-
carded, the second elution containing PAHs was retained in 6 mL
hexane/iso-propanol (96.6:3.4 v/v). Samples were blown down to 1 mL
with a gentle stream of nitrogen before being spiked with 200 ng/mL of
internal standards: fluorene-d10, fluoranthene-d10, perylene-d12 and
indeno(1,2,3-cd)pyrene-d12. Further details of the spiking and extrac-
tion methods are presented in other papers (Vane et al., 2021; Vane
et al., 2022).

2.3. PAH concentration

A total of 51 PAHs (PAH51) were quantified by GC-MS/MS; 30
parent PAHs (PAH30) and 21 grouped alkylated PAHs (Alkyl21) (SI:
Tables S3 and S6). PAH concentrations were determined by Thermo
Scientific Trace 1300 GC coupled to a Thermo Scientific TSQ9000 triple
quadrupole (GC-MS/MS) using the selected reaction monitoring (SRM)
mode, equipped with an Agilent Select PAH column (30 m length x 0.25
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mm diameter x 0.15 pm film thickness). A 1 pL aliquot of sample was
injected in splitless mode using a split flow of 15 mL/min at 0.7 min with
an injection temperature of 70 °C, which was held for 2 min, ramping at
10 °C/min to 180 °C and a final ramp of 4 °C/min to 350 °C. Helium was
used as the carrier gas. The GC-MS/MS measurements on the alkylated
PAH series were determined following Ghetu et al. (2021) and Sgrensen
et al. (2016).

Calibrations were performed using six calibration concentrations of
PAH reference mixtures (PAH-Mix 9, PAH-Mix 45 and PAH-Mix 183, Dr.
Ehrenstorfer), spiked with deuterated surrogates and internal standards.
To determine instrument performance and background signals, stan-
dards were processed the same as GWS and inter-dispersed every 20
samples within the GC-MS/MS runs. The standards included the cali-
bration samples of 200 pg/pL, procedural blanks of toluene and 1 g of
the certified reference material (CRM) (NIST-1944: New York/New
Jersey Waterway). Surrogate recoveries in all samples and standards
were quantified to determine method efficiency and used for analyte
concentration corrections (SI Section S1 and Table S4).

2.4. Rock-Eval (6) pyrolysis

GWS were analysed using a Rock-Eval (6) pyrolyzer (Vinci Tech-
nologies) to characterise OM (Behar et al., 2001a). Powdered dry sam-
ples (~30 mg) underwent the RE technique applied from Upton et al.
(2018), the performance of the instrument was tested, by comparison to
accepted values of Institute Francais du Pétrole standards (IFP 160000,
S/N1 5-081,840). Eighteen parameters were determined and defined by
Cooper et al. (2019), Behar et al. (2001b), Waters et al. (2020) and
include.

e S1 (HC mg/g)- quantity of thermo-vaporized free hydrocarbons

released during pyrolysis heating up to 200 °C.

S2 (HC mg/g) - quantity of hydrocarbons released from thermal

cracking of mature OM during pyrolysis temperatures up to 650 °C.

TpkS2 (°C) - true temperature value of the maximum yield of hy-

drocarbon released for the S2 peak.

S3, 83/, S3CO, and S3'CO (mg CO,/g or mg CO/g) — measure of CO

and CO;y produced during pyrolysis for organic and/or mineral

source.

TOC(%) — total organic carbon calculated from the sum of the carbon

moieties (HC, CO, and CO5).

e RC(%) — residual carbon composed of thermally resistant OM that

remains after pyrolysis and is combusted in the oxidation stage,

calculated by (S4CO2 x 1) + (S4CO x 22).

PC(%) - pyrolyzable carbon yielded during the pyrolysis stage,

calculated using (S1 + S2) x 0.083+ (S3CO; x 23)+ (S3CO x

).

HI (mg HC/g TOC) - hydrogen index measures the extent of hydro-

genation and provides indication of bound hydrocarbons released

relative to TOC, calculated from S2 x 100/TOC.

OI (mg O,/g TOC) — oxygen index corresponds to the released

amounts of oxygen from CO and CO; relative to TOC, deduced from

$3x 100/TOC.

e PI-production index, gives an indication of maturity of sample using
the calculation S1/(S1 + S2).

The thermal stability of OM in the GWS was determined by 1)
deconvolution of temperature nodes of 200-340 °C (A1), 340-400 °C
(A2), 400-460 °C (A3) and >460 °C (A4), 2) determination of the
immature OM index (I-index) and the refractory OM index (R-index), I —
index = Log10 ((Al1 + A2)/A3), and R —index = ((A3+A4) /100)
(Brown et al., 2023; Garcin et al., 2022; Sebag et al., 2016).
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2.5. Data evaluation and statistical analysis

Data evaluation and statistical analyses included principal compo-
nent analysis (PCA), Shapiro-Wilk test, Levene’s test, one-way ANOVA,
Welch’s ANOVA, and the post-hoc tests — Tukey HSD, Games-Howell
and Pairwise Wilcoxon Rank Sum tests, were performed using R Stat-
ical Software (R Core Team, 2023) (SI: Section S3).

3. Results and discussion
3.1. Distributions and concentrations of PAHs

3.1.1. Total PAH concentrations and ring size contributions

A summary of MGP processes and resulting PAH concentrations for
each site are shown in Table 1. PAH concentrations for each GWS are
shown in SI Table S6. Overall, Y PAH51 concentrations in the GWS
range between 23 mg/kg to 29,500 mg/kg (median of 636 mg/kg) and
>"EPA16 range between 15 mg/kg to 23,400 mg/kg (median of 375 mg/
kg), these ranges are similar to previous MGP investigations (Thavamani
etal., 2012; Haeseler et al., 1999; Stout and Brey, 2019). In comparison,
the BG soils recorded a ) EPA16 mean concentration of 60 mg/kg,
comparable to the London soils > EPA16 mean of 56 mg/kg reported by
Vane et al. (2014).

Site A had the largest variation in PAH ring size distributions with
high amounts of 2- and 3- ring PAHs compared to other sites, (SI
Figure Sla-b). Sites B, C, E1 and I also exhibited higher contributions
towards 2- and 3-ring PAHs compared to other sites. 2-ring PAHs
showed several statistically significant differences (p < 0.05) between
sites E2, F, G, and H vs sites A, C, E1, D, and I. In contrast, sites D, E2, F, G
and H had the highest proportion of 5- and 6-ring PAHs. No significant
differences between sites using one-way ANOVA were found for the 3- to
6-ring PAHs for the > EPA16 and ) Alkyl21 log transformed concen-
trations (SI Section S3). The results indicate that sites associated with
multiple processes including processes utilizing oil are positively related
to higher proportions of LMW PAHs.

3.1.2. Parent and alkylated PAH distributions

Parent and alkylated PAH ratios (SI Table S8) identified sites A, B,
and I with the highest proportions of alkylated PAHs (low ratios). Sites
C, D, and E1 reported the widest and most varied range of parent/
alkylated PAH ratios. Sites C and E1 used multiple processes, which can
account for the spread of ratios. The highest PAH concentrations (SI
Table S6) were for the HMW PAHs Fla, Phen, and Pyr which are
generated by high temperature condensations of LMW PAHs (Thava-
mani et al., 2012). Sites C and E1 gave the highest PAH concentrations
with similar PAH distributions (Phen > Fla > Pyr > An > BaA > Flu ~
Chry > BaP ~ BbF > BghiP) and observed higher contributions of
anthracene than other sites as well as higher Flu contributions. Site D is
documented operating the IVCO process only and recorded the next
highest PAH concentrations which yielded similar median PAH distri-
butions to sites E2 and G, (Fla > Pyr > Phen > BaA/Chry), sites E2 and G
can both be associated to HTHR. The median PAH distribution order was
identical for sites H and F (except for anthracene) with highest contri-
butions from Fla > Pyr > BaA > Chry, which both operated the LTHR
process.

PCA was used to investigate whether PAH distributions could char-
acterise MGP processes. PCA was trialled on multiple data sets (SI
Figures S6-S10), the most distinguishable clustering of MGP processes
was achieved using the individual PAHs as relative contribution per-
centages towards the > PAHS51 and removing GWS with ) PAH51
concentrations <100 mg/kg. Fig. 1 shows an annotated overview of the
main observations detected in the multiple PCAs. The predominant
observation shows positive associations between parent and alkylated
Nap derivatives for site A, site I also had high contributions but not to
the same degree. GWS sampled in locations of known CWG contami-
nation (A17 and B8) were found in close proximity, showing strong
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Table 1
Overview of sites MGP processes and PAH concentrations.
Site Background A B C D El E2 F G H I
Type of Site Background MGP site MGP site MGP site MGP site MGP site Chemical MGP MGP site MGP site Gasholder
Park works site station
HTHR - Yes Yes Yes - Yes Yes - Yes - Yes
LTHR - - - - - - Yes Yes Yes -
VR - CVR CVR CVR IVCO CVR CVR - - - CVR
CWG - Yes Yes TP - Yes Yes - - - Yes
Other - COGP, Ccp HORP - TDP TDP - - - -
Process PFD, RP,
OGR
Samples 2 16 9 7 8 6 9 1 9 20 8
collected
GC-MS/MS 2 16 3 4 3 4 4 1 2 8 4
sampled
>"EPA16 52-68 (60, 15-5173 20-1448 419 - 375-2486 564-23,370 201-880 135 76-163 103-4195 61-921
[mg/kg] 60) (264, 905) (57, 510) 16,669 (1,928, (5,299, 8633) (356, 448) (119, (465, 1009) (453, 472)
(4,988, 1596) 119)
6767)
> Alkyl21 28-29 (28, 8-4207 30-1327 99-6867 197-693 259-5954 69-263 53 22-31 33-1411 32-1295
[mg/kg] 28) (183, 732) (33, 463) (210, 2794 (621, 504) (1,315, 2211) (101, 133) (26, 26) (143, 342 (638, 651)
> PAH51 85-98 (91, 23. - 51-2981 594-2517 636-3638 887-29,544 310-1285 221 110-233 155-6576 104-2106
[mg/kg] 91) 10,015 (96, (7,597, (2,829, (8,899, (521, 659) (173, (709, 1607) (1,338,
(455, 1042) 10,239) 2368) 12,057) 173) 1222)
1756)

HTHR = high temperature horizonal retort, LTHR = low temperature horizontal retort, CWG = carburetted water gas, VR = vertical retort, CVR = continuous vertical
retort, IVCO = intermittent vertical chamber oven, CP = chemical plant, RP = reforming plant, COGP = catalytic oil gas plant, TP = Tully plant (VR + CWG), TDP = tar
distillation plant, OGR = Onia-Geigy reformers, and HORP = heavy oil reforming plant. PAH concentrations in brackets are median and mean.

Gasworks Processes Relation to PAH51 Percentage Contributions with PCA

1
[

influenced process '

| possib
from CWG

'Mix of Processes (HTHR + CVR + CWG) in sites C, E1/2

¥ Sites B, C, E1/2 anc

- LTHR sites show higher Bvrogortions of HMW and
very low proportions of LMW PAHs

- IVCO site shows no domianting infuence between
PAHs contributions

- Sites with a combination of processes HTHR +

CVR + CWG show large PAH distributions o
reto

- Site A shows large PAH diversity a result from the

complexity of processes, especially with parent &

alkylated Nap

- Highest concentrated soils showed higher

proportions of parent and alkylated Phen/&An Chiabar Ovér

+ve HMW PAHs (BaP,
BaA, BbF & BghiP)

'u +ve parent & g

alkyl-Nap L

moo®>

-Teomp

+ve An &
alkyl-
0 Rhen/An

. ' +ve Phen

HTHR - High temperature horizonal

LTHR = Low temperature horizontal
CWG - Carburetted water gas

CVR = Continuous Vertical Retort
IVCO = Intermittent Vertical

CP = Chemical plant

LTHR

! IvCo J

RP = Reforming plant

COGP = Catalytic oil gas plant
TP = Tully Plant (VR + CWG)
TDP = Tar distillation plant
OGR = Onia-Geigy Reformers
HORP = Heavy oil reforming
plant

HTHR + CVR + CWG in sites C, E1&2

—

Sites B, C, E1/2 and | possible o
influenced process from CWG/TP)

Fig. 1. Chord diagram to show the MGP processes related to each site and an annotated PCA biplot of GWS PAH percentage contributions towards > PAH51, GWS

with ) "PAH51 < 100 mg/kg removed.

positive associations from Phen, Flu, and An and their alkylated de-
rivatives, as were GWS reporting the highest PAH concentrations from
sites C and E1. Indicating sites with CWG, HTHR and CVR processes are
associated to higher contributions from the 3-ring PAH compounds.
GWS from sites associated with the LTHR process (sites F, G and H)

showed positive associations towards the HMW PAHs (BaA, Chry, and
BaP) and strong negative associations with LMW PAHs (Phen, Nap and
Flu). GWS from the chemical works site E2 had slightly higher PC2 ei-
genvectors (weaker associations to Phen compounds) compared to the
sites associated MGP site E1. Site D GWS populated near the origin of
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both PC1 and PC2, indicating no dominating influence from individual
PAHs associated with the IVCO process. Site C and E1 GWS in contrast
varied by the PC2 eigenvector caused by differences with Phen com-
pounds and HMW PAHs contributions, these sites have a range of pro-
cesses including CVR, which would produce a diverse range of PAHs due
to the process using a wide temperature gradient.

HHRAS typically concentrate on the EPA16 (Nathanail et al., 2015),
in this study the EPA16 accounted for 32-79% of the total > PAH51%.
Large proportions of alkylated PAHs were reported in the GWS, with the
S Alkyl21 contributing between 7 and 65% to the total > _PAH51%. This
suggests that alkylated PAHs can be present in high proportions at MGP
sites but are generally not accounted for in a HHRA, and thus HHRAs
could be incorrectly estimating risks posed. The relative contribution of
each alkylated series towards the ) Alkyl21% between sites are in SI
Figure S3. Generally, the alkylated series for alkyl-Flu and alkyl-DBT
provide the lowest contributions, and the alkyl-Ph/An and
alkyl-Fla/Pyr alkylated series provided the highest contributions.
Conversely, sites A, B, and I (associated with CWG) differed to this trend
by conferring the highest contribution from the alkyl-Nap series and
lower contributions from the HMW alkylated-PAHs, presumed to be a
result due to the CWG process typically using Gas Oil (similar to diesel).
Sites F, G and H associated with LTHR processes in contrast observed the
highest contributions from the HMW alkylated series alkyl-Ph/An >
alkyl-Fla/Pyr > alkyl-BaA/Chry/TPh than other sites, with sites E1 and
E2 displaying similar series distributions.

Alkylated PAH distribution signatures can assist in assigning PAH
sources and were investigated for use in characterising MGP processes.
An alkylated PAH homologue series with a “bell-shape” distribution
signature is characterised as petrogenic, whereas a ‘“slope-shape”
following a decrease in concentration with an increase in the degree of
alkylation is characterized as a pyrogenic source (Vane et al., 2021;
Hindersmann and Achten, 2018). The slope of a pyrogenic alkylation
distribution is dependent on the temperature, higher temperatures
produce fewer alkylated PAHs creating a substantial decrease in the
distribution slope (Stout et al., 2015). Examples of the alkylated PAH
distributions for some of the GWS are shown in SI Figure S4. All GWS
observed pyrogenic distributions for the alkylated series alkyl-Fla/Pyr
and alkyl-BaA/Chry/TPh, and most GWS displayed pyrogenic distribu-
tions for alkyl-Ph/An except for samples A3, A7, and F1 which showed a
petrogenic signature. The alkyl-DBT series displayed a petrogenic
signature for all samples (except E1.2), a consequence of sulphur com-
pounds associated with different oils (Douglas et al., 1996; McGregor
et al., 2012). Distribution signatures were diverse within and between
sites for the lower alkylated PAHs series alkyl-Nap and alkyl-Flu,
potentially due to LMW PAHs being more susceptible to higher de-
grees of degradation compared to HMW PAHsS, resulting in altered dis-
tribution signatures that differ from the original PAH source (Lima et al.,
2005).

Consequently, the alkylated PAH distributions were unable to
confidently characterise all MGP processes. However, they do show that
the alkyl-Ph/An and alkyl-Fla/Pyr short chain alkylated compounds
were the most predominant compounds from all the ) Alkyl21 for GWS,
apart from GWS highly influenced from oil processes reporting high
alkyl-Nap compounds. Higher alkylation increases hydrophobicity and
lowers vapour pressure (Achten and Andersson, 2015). This suggests
that these heavier alkylated PAHs could potentially pose a greater risk
through the human dermal and ingestion exposure pathways, compared
to the inhalation which is driven by more volatile compounds. This
study reports the widespread presence of alkylated PAHs in GWS, sug-
gesting that a further understanding of their exposure and risk to
humans from soil might form a focus in future HHRAs.

3.1.3. PAH diagnostic ratios

Contamination sources can be approximated by PAH diagnostic ra-
tios which plot paired PAH isomer concentrations. The approach relies
on the relative thermodynamic stabilities associated with different
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PAHs. Increased proportions of the less stable isomers are often found
for parent PAHs formed at higher temperatures in combustion sources
(Yunker et al., 2002; Vane et al., 2014). Twenty-one diagnostic ratios
were explored in this study and several plotted into cross plots (SI:
Table S8 and Figure S2a-k). These included thirteen diagnostic ratios
which have been used previously by Ghetu et al. (2021) to identify
sources of PAHs from CRMs. This study showed that most diagnostic
ratios investigated were unable to distinguish GWS into related MGP
processes. Generally, the ratios estimated pyrogenic/combustion sour-
ces, except for several GWS from sites A, B, and I linked to oil processes,
which as might be expected often showed petrogenic ratio values.

The PAH diagnostic ratio cross plot which was the most useful at
distinguishing processes was An/An + Phen vs Phen + An/(C0-C1-Ph/
An) (SIFigure S2h) previously used by Pies et al. (2008). 32 GWS were in
the combustion quadrant, and 16 GWS (from sites A, B, I and F) were in
quadrants regarding petroleum influences. Sites H and F GWS (LTHR)
displayed lower Phen + An/(C0-C1-Ph/An) ratios (0.44-0.62) than the
other sites in the combustion quadrant suggesting lower C1-Phen/An
proportions, however, site F is associated to a large degree of uncer-
tainty due to the measurement on a single low concentrated GWS.
Additionally, the cross-plot Fla + Pyr/(Fla + Pyr + C2-C4-Phen/An) vs
(C1-C4-Phen/An)/Phen + An (SI Figure S2k) taken from Pies et al.
(2008) showed GWS from site H with lower proportions of alkylated
species (higher C1-C4-Phen/An)/Phen + An ratios) than the sites C, D,
E1/2 and G. Whereas sites A, B, F and I GWS observed higher
(C1-C4-Phen/An)/Phen + An ratios located in petrogenic zones. These
cross-plot ratios suggest oil influenced processes can be associated with
petrogenic ratio values and ratios involving alkylated species can
differentiate LTHR processes from the other processes.

3.2. Rock-Eval (6) pyrolysis

3.2.1. S1and S2

Twenty RE parameters were reported for the GWS (SL: Table S9),
parameters S1 and S2 represent two hydrocarbon release stages at two
temperature ranges during pyrolysis. S1 for the GWS ranged from not
detected (ND) — 47.83 mg/g (median of 0.23 mg/g), with 69% of GWS
being <1.00 mg/g. This shows that the bulk of GWS do not contain a
large quantity of thermo-vaporized free hydrocarbons, S1 values are
usually minor in soils as increased humification increases the degree of
more complex hydrocarbons that typically require higher cracking
temperatures (Disnar et al., 2003). Sites D, E2, F, G and H contained low
S1 values. Sites A, B, C, E1 and I reported boarder S1 ranges (ND-47.83
mg/g) with higher S1 max values, this suggests that these sites were
exposed to LMW organics, which corresponds to oil processes (Lafargue
et al., 1998; Scheeder et al., 2020). GWS S2 values varied from 0.09 to
84.82 mg/g (median 6.02 mg/g), whereas Haeseler et al. (1999) re-
ported GWS with a narrower ranges for both S2 (0.9-23.1 mg/g) and S1
values (0.2-14.2 mg/g), but both within this study’s range. Hydrocar-
bons cracked in S2 are from natural and/or anthropogenic OM, which
can have high PAH sorption capabilities depending on their abundance
of macromolecular aliphatic chains, aromatic carbon components and
quantities of flexible pores (Ukalska-Jaruga et al., 2019; Vane et al.,
2022). The different S2 values in the GWS could be related to types of
OM influencing the release of PAHs from soil.

The thermal stability of OM released in the pyrolysis cracking stages
of the RE analysis can be explored using mathematical deconvolution of
the S2 peak, either by calculating fractions using the base/tops of peaks
or by focusing on peak areas in specified temperature ranges (Newell
et al., 2016; Sebag et al., 2016; Ordonez et al., 2019). Only Haeseler
et al. (1999) has applied the deconvolution of S2 to GWS previously, but
only into two fractions whereas recent studies use 4-5 temperature
fractions. This study explored the selected temperature ranges specified
by Sebag et al. (2016), Ordonez et al. (2019), Malou et al. (2020) and
Haeseler et al. (1999) (SI Figure S5). A positive correlation [R? =
0.6245) between the log transformed > PAH51 concentrations and the
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lowest temperature range fraction percentage indicated that hydrocar-
bons cracked at these lower temperature ranges (A1) (Fig. 2b) included
PAHSs. Haeseler et al. (1999) concluded that the main constituents of the
S1 and S2a peaks were aromatic hydrocarbons and resins, supporting
this study’s observations. Although no MGP processes were distin-
guished by deconvolution, GWS with the lowest PC2 values from PCA
reported the highest Al fraction percentages, implying that the extent of
PAH contamination can be linked to the A1 fraction percentage. Future
work exploring the relationship between a soils ability to release PAHs
and the S2 deconvolution fractions has the prospect of relating rapid
releasing PAH fractions with labile OM (James et al., 2016; Luthy et al.,
1997) expressed by lower S2 temperature fractions.

The I-index and R-index calculated by the S2 deconvolution fractions
can assess the preservation of thermally labile immature (readily de-
composes) OM and the most persistent/refractory OM fractions (Sebag
et al., 2016; Brown et al., 2023). The I/R diagram (Fig. 2d) shows GWS
with the highest R-index originated from sites A, E2, G and H, however,
the I/R diagram was unable to distinguish GWS by MGP process. The
majority of GWS clustered at similar I-index values (—0.32-1.07) while
the R-index spanned from 0.14 to 0.85. GWS with the highest concen-
trations observed the lowest R-index values and the highest I-index
values. This suggests that GWS with higher concentrations contain high
abundances of labile OM cracked at lower temperatures (e.g. LMW OM
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and aliphatics). Several GWS (in sites E2, G and H) had R-index (0.8-1.0)
similar to coal reported by Sebag et al. (2016). These GWS can be
assumed to have high amounts of immature geopolymers and/or re-
fractory geopolymers, such as black carbon (BC), a source known to
inhibit PAH release from soil (Luthy et al., 1997).

Overall, RE showed the pyrolyzed hydrocarbon fractions reporting
oil impacted GWS with high S1, whereas S2 is more varied among GWS
due to different combinations of OM types. Deconvolution of S2 showed
PAHs released at lower temperatures (200-340 °C). Higher quantities of
labile OM have been related to increased PAH desorption from soils
compared to soils with higher proportions of recalcitrant/refractory OM
(James et al., 2016; Lueking et al., 2000). Future research to enhance
HHRAs could investigate using the R-index and S2 deconvolution to
understand how likely PAHs may release from soils.

3.2.2. Total organic carbon (TOC%), pyrolyzed carbon (PC%) and
residual carbon (RC%)

A wider range of TOC% was measured in this study (0.11-25.72%)
compared to the study of US gasworks soils by Haeseler et al. (1999)
(TOC% 1.82-10.14%). The PC% for this study was between 0.04 and
10.8% (mean 1.69%) and RC% between 0.07 and 23.3% (mean 6.6%),
which couldn’t be compared to Haeseler et al. (1999) as they did not
report these parameters. Poot et al. (2014) discovered that
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Fig. 2. S2 deconvolution fractions applied to GWS, (a) use of Sebag et al. (2016) fractions, (b) log PAH51 plotted against Sebag et al. (2016) fractions percentages, (c)
use of Haeseler et al. (1999) fractions, (d) Sebag et al. (2016) I-index vs R-index plot created with 50/94 soils (soils with measured PAH concentrations).
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approximately 7% of the RE RC% is BC, and that the RC% and BC cor-
relations with PAH concentrations were associated with PAHs becoming
trapped within the aromatic structure, hindering PAH release (Poot
et al., 2014; Semple et al., 2013). Weak positive correlations were seen
for this study’s GWS TOC%, PC% and RC% against the log transformed
total PAH concentrations. The PC% showed a broadly exponential in-
crease for higher PAH concentrations than RC% and TOC%, an expected
result given PAHs contribute towards lower temperature pyrolyzed
fractions. Haeseler et al. (1999) also concluded that pyrolyzed hydro-
carbons released <350 °C corresponded to 35-50% aromatic com-
pounds. The PC%, RC% and TOC% for the background soils (means of
1.49%, 6.31%, and 7.80%) were within the ranges for the GWS,
implying that without prior knowledge of the soil PAH concentrations
these RE parameters would be unable to make assumptions about the
soil’s contamination history. However, the variation within these pa-
rameters suggests they have potential to be related to the ability of soil
to capture/release PAHs.

3.2.3. Production index (PD), hydrogen index (HI), and oxygen index (O
Soil maturity can be estimated using PI, where PI < 0.1 is classed as

(a)
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immature (Waters et al., 2020). GWS PI ranged from ND-0.38 (mean of
0.08), GWS with the highest > PAH51 concentrations showed the
highest PI values (SI Table S9). The HI measures the extent of hydro-
genation. GWS provided a wide HI range between 8 and 549 mg/g
where the highest HI values generally corresponded with the highest
> PAHS51 concentrations (e.g. the tar like materials A12 and E.12). A
high HI suggests high contributions from hydrogen rich compounds such
as long alkyl chains or alkyl-C and O-alkyl compounds, whereas a low HI
indicates dehydrogenated and aromatic structures (BC and humic
compounds) (Saenger et al., 2013). OI indicates the proportion of
compounds containing oxygen, most GWS observed similar OI values <
100 mg/g (58% GWS), GWS with high OI values appear to have lower
total PAH concentrations. Low OI for highly concentrated PAH GWS
were expected given the elemental composition of coal tar is 5% oxygen
and inorganics, compared to 86% carbon (Thomas, 2014).

Van Krevelen diagrams plots HI against OI and are widely used in oil
exploration to classify the type of OM origin (Waters et al., 2020). The
van Krevelen diagram (Fig. 3a) shows that GWS with lower OI have
higher PAH concentrations. Specifically, a divide can be seen for GWS
with HI > 200 mg/g reporting the highest > PAH51 concentrations,
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although some samples in this range do not report high concentrations
but have high HI values from natural OM, (e.g. one BG sample reported
HI of 272 mg/g). Therefore, the van Krevelen diagram can help distin-
guish oil influenced processes (high HI) or non-oil influenced (low HI)
when the PAH concentrations are known. GWS with HI > 200 mg/g
were the same GWS reporting the strongest negative associations to PC2
in PCA and the highest Al fraction percentages and were assumed to
originate from a CWG petrogenic source. This contradicts the PAH ratios
which suggested combustion origin for sites B, C and E1, indicating that
the PAH ratios were unable to distinguish certain petrogenic identities
found by the van Krevelen diagram.

3.2.4. TpkS2

The temperature at which the maximum amount of hydrocarbons
released in S2 is described as the TpkS2. Higher TpkS2 temperatures
indicate higher proportions of larger/stronger bound OM compounds in
soils, GWS TpkS2 temperatures ranged from 241 to 480 °C. Different
TpkS2 temperature range clusters were identified and plotted against
the log transformed PAH concentrations and the HI shown in Fig. 3b.
35% of GWS had low TpkS2 temperatures between 241 and 327 °C,
these GWS observed high log transformed PAH concentrations and high
HI values. GWS with the lowest TpkS2 temperatures (<254 °C) were
obtained from sites (A, B, C, E1 and I) associated with oil, and observed
the highest amounts of Y Alkyl21 concentrations. This implies that GWS
with lower TpkS2 temperatures compromise of large proportions of long
chains/aliphatic hydrocarbon compounds that are thermally cracked at
lower temperatures. Gallacher et al. (2017a) reported CWG tars with the
highest relative concentrations of the n-alkanes, agreeing with this study
that CWG/oil GWS will be dominated by aliphatic compounds compared
to PAHs. GWS from sites D, E2 and H (not associated to oil processes)
also reported low TpkS2 temperatures between 283 and 327 °C. How-
ever, these GWS had lower HI < 203 mg/g, implying either lower
amounts of aliphatics or the presence of higher amounts of PAHs
compared to aliphatics. 56% of the GWS had a TpkS2 temperature be-
tween 434 and 469 °C and observed lower log transformed PAH con-
centrations and lower HI values than the GWS with lower TpkS2. This
suggests that GWS with higher TpkS2 temperatures contain OM with a
lower degree of hydrogenation and instead yield higher amounts of ar-
omatic compounds such as PAHs, BC and natural macromolecular
compounds that require higher cracking temperatures due to the
quantity and strength of bonds. Although the lower PAH concentrations
associated to the higher TpkS2 suggests influence from natural OM
(Sebag et al., 2006). A low TpkS2 temperature therefore has the po-
tential to relate to high PAH contamination from petrogenic sources
containing higher amounts of aliphatic hydrocarbons (labile OM),
potentially the TpkS2 could be used to predict PAH release from
different soil OM fractions.

3.3. Characteristics of gasworks processes

Several methods were able to identify oil influenced and LTHR
processes, whereas other processes were difficult to segregate from each
other. The detailed results of these different analyses are described in SI
Sections S4-8. Petrogenic characteristics were repeatedly reported for
GWS from sites A, B, C, E1, E2 and L. These include high abundances of
aliphatics, LMW PAHs, alkylated PAHs, and sulphur containing het-
erocycles (DBT compounds) compared to other processes (Gallacher
et al., 2017b; McGregor et al., 2012). RE parameters showed high S1,
low R-index values (<0.22), and low TpkS2 temperatures linked to high
HI values. Sites containing petrogenic origin PAHs can be related to the
CWG and Tully plant processes, which operated at relatively low tem-
peratures (650-700 °C) and sprayed oil to enrich the generated gas
(Gallacher et al., 2017b; Thomas, 2014).

GWS associated with LTHR processes had higher distributions of
HMW PAHs and lower proportions of LMW PAHs compared to other
sites. Previous studies have reported higher levels of HMW PAHs
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associated with higher pyrolysis temperatures (Dong et al., 2012) and
lower temperatures associated to LMW PAHs (Gao et al., 2016), due to
the cracking of coal being the dominant reaction to PAHs formation.
Potential reasons for our contrasting results include the potential that
these sites had experienced greater degrees of weathering, particularly
sites F and G which showed low PAH concentrations. Alternatively, both
the low pyrolysis temperature and the coal type could influence the
higher proportions of HUW PAHs (Dong et al., 2012; Yan et al., 2015;
Gao et al., 2016). Pyrolysis of a high rank coal consisting of >4-ring
PAHs (Yan et al., 2015), would generate HMW PAHs during pyrolysis.
Han et al. (2020) reported higher emissions of HMW PAHs from lower
temperatures in coal combustion, caused by the pyrolysis of the coal
structure. However, Han et al. (2020) focused on combustion rather
than pyrolysis.

This study did not investigate a site which solely operated with the
HTHR or CVR process, which means making assumptions on these MGP
processes is problematic. GWS associated with the HTHR and CVR
tended to cluster together with pyrogenic characteristics. However,
these GWS showed a great degree of variability for PAH distributions,
which is expected due to the CVR temperature gradient generating
products resembling characteristics of both low and high temperature
processes (Gallacher et al., 2017b). Only site D operated solely under the
IVCO process, IVCO used narrow, deep, and static chamber ovens to
pyrolyze coal. The resulting IVCO products were very degraded, as seen
in the PCA where no PAH species dominated the relative contributions.
Additionally, differences between site E1 MGP and its associated
chemical works plant site E2 were investigated and found that distilla-
tion released/decomposed LMW PAHs hence their lower abundance at
Site E2.

3.4. Evaluation of applied methods

Previous studies (McGregor et al., 2012; Gallacher et al., 2017b)
have succeeded in attributing MGP tars to a specific process. This study
investigated soils and was not able to separate all MGP processes to the
same degree. Reasons for this are likely to include not incorporating all
compounds (e.g. alkanes) studied in the previous studies, potential
weathering of samples affecting PAH distributions, impact of sample
collection and site inactivity timespans, sites operating with multiple
processes, and several soils being retrieved from mixed contamination
sources. In addition, this study did not have access to end members (e.g.
tars) to compare the soils to and at some sites there were only a small
number of samples available with limited information on their prove-
nance. However, these challenges can also be expected in real-world risk
assessments where MGP sites might present serval unknowns due to
missing information about the site history or sampling challenges.
Despite the limitations identified this research provides novel insights
into characteristics of different GWS from MGPs expected in real life
scenarios using a carefully designed range analytical methods associated
data evaluation tools.

This research observed several distinctive GWS characteristics linked
to petrogenic oil processes and LHTR processes. Similar to McGregor
et al. (2012), this study found PCA to be one of the best techniques to
separate GWS based on MGP process, particularly between CWG and
LTHR processes which observed contrasting distributions between LMW
and HMW PAHs. The PAHs with the strongest influence in the PCA were
Nap and Phen derivatives, Fla, Pyr and BaA, with Phen proportions
influencing the MGP processes without oil application. RE parameters
were able to strengthen the attribution for petrogenic contamination.
However, the applied methods struggled to distinguish the IVCO, CVR
and HTHR processes, for the reasons described.

PAH ratios using alkyl-Phen/An were able to characterise MGP
processes influenced by oil and LTHR but were unable to characterise
other processes, in contrast to McGregor et al. (2012) who were unable
to distinguish processes using PAH diagnostic ratios on tars. The ratios
used for this study were able to separate site H (LTHR) from the
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predominant pyrogenic cluster, however, sites F and G were dissimilar
to site H ratios (SI Figure S2h,k). These differences may have been
caused by the small number of samples from site F and G which were
unable to fully represent the LTHR, use of different coals, different
weathering patterns, or other processes impacting GWS signatures.
Although alkylated PAH distributions have been shown to be more
reliable with source identification than PAH ratios (Hindersmann and
Achten, 2018), GWS alkylated PAH distributions generally had similar
results between MGP processes. LTHR sites were shown to have a higher
degree of alkylated and parent HMW PAHs, although it is uncertain if
weathering of LMW PAHs impacted this result.

RE parameters were unable to characterise MGP processes, however
the RE parameters S1, TpkS2, HI, OI and the R-index used in conjunction
with PAH concentrations and percentages provided insight into re-
lationships between PAH contamination. This was particularly seen for
processes with oil applications. GWS showed a large diversity in
different RE parameters (e.g., S2, R-index), which showed potential for
future work to relate these RE parameters with estimating the release of
PAHs from soil OM fractions and the subsequent risk from PAHs. Other
future work characterising GWS by MGP processes should include end
members (specifically single process sites), investigate the impact of the
time span of sample collection on PAH distributions and analyse greater
numbers of GWS.

4. Conclusions

This research explores the characterisation of GWS by their retro-
spective MGP processes by: i) detailed evaluation of PAHs concentra-
tions and their distributions of 30 parent and 21 alkylated PAHs
quantified by GC-MS/MS; ii) characterisation of bulk organic matter
properties using the relatively rapid evaluation method of RE. These
methods facilitated the differentiation of GWS associated with oil
contamination for CWG processes based on their distinctive PAH dis-
tributions (petrogenic origin) and reduced RE parameters (HI and
TpkS2). While classifying other GWS based on MGP processes proved
more challenging due to mixed contamination or limited samples, GWS
associated to the LTHR process exhibited specific PAH profiles compared
to other MGP processes.

PCA was able to characterise oil-contaminated and LTHR-associated
GWS, aided by RE indices S1, TpkS2, HI, OI and the R-index. LMW PAHs
predominated in oil related GWS, indicating an elevated inhalation
exposure risk, while HMW PAHs were prominent in LTHR GWS, inten-
sifying dermal and ingestion exposure concerns. Integration of PAH and
bulk organic matter data suggests the potential for identifying GWS with
labile organic matter fractions prone to higher PAH release and human
health risks. This study supports risk assessment by informing the se-
lection of critical PAHs linked to specific MGP processes. Importantly,
alkylated PAHs emerged as process-dependent contributors to GWS,
bearing heightened persistence and risk compared to parent PAHs. This
research enhances understanding of PAH distributions and bulk organic
matter fractions in former MGPs soils, facilitating more accurate risk
assessment. By merging analytical techniques and data tools, it advances
insights into PAH presence, distribution, and process-related risks.
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