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• Phenanthrene is the primary compo-
nent in Pintsch gas tar, rather than
naphthalene.

• 47 metabolites from anaerobic biodeg-
radation of aromatic hydrocarbons
were found.

• Detected metabolites suggest active an-
aerobic biodegradation at pool zone
conditions.

• A novel biodegradation pathway is pro-
posed, based on 11 novel indene
metabolites.
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Source zones containing tar, a dense non-aqueous phase liquid (DNAPL), can contaminate groundwater for cen-
turies. A common occurrence of tar is at former Pintsch gas factories. Little is known about the composition and
fate of contaminants dissolving from Pintsch gas tar DNAPL. In this study, we determined the composition and
water-soluble characteristics of mobile aromatic hydrocarbons and their biodegradation metabolites in the
DNAPL contaminated groundwater at a former Pintsch gas tar plant. We assessed the factors that determine
the fate of observed groundwater contaminants. Measured values of density (1.03–1.06 kg/m3) and viscosity
(18.6–39.4 cP) were found to be relatively low compared to common coal tars. Analysis showed that unlike com-
mon coal tars phenanthrene is the primary component rather than naphthalene. Moreover, it was found that
Pintsch gas tar contains a relatively high amount of light molecular aromatic hydrocarbon compounds, such as
benzene, toluene, ethylbenzene and xylenes (BTEX). Less commonly reported components, such as styrene,
ethyltoluenes, di-ethylbenzene, 1,2,4,5-tetramethylbenzene, were also detected in water extracts from Pintsch
gas tar. Moreover, 46 relatively hydrophilic metabolites were found within the tar samples. Metabolites present
within the tar suggest biodegradation of mobile aromatic Pintsch gas tar compounds occurred near the DNAPL.
Based on eleven detected suspectmetabolites, a novel anaerobic biodegradation pathway is proposed for indene.
Overall, our findings indicate that Pintsch gas tar has higher invasive and higher flux properties than most coal
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Fig. 1. DNAPL pool zone area visualizing monitoring we
tars due to its relatively low density, low viscosity and, high content of water-soluble compounds. The
partitioning of contaminants from multi-component DNAPL into the aqueous phase and re-dissolution of their
slightly less hydrophobic metabolites back from the aqueous phase into the DNAPL is feasible and demonstrates
the complexity of assessing degradation processes within a source zone.

Crown Copyright © 2020 Published by Elsevier B.V. All rights reserved.
1. Introduction

Former manufactured gas plants (MGPs) are major sources of
groundwater contamination (Birak andMiller, 2009). In Europe, around
4500 formerMGPs exist (Thomas and Brinckerhoff, 2014) and in the US
the estimated number of former MGP sites ranges from 1000 to 2650
(Hatheway and Group, 2012a). Pintsch gas is a specific type of oil gas
that was used extensively to light railway coaches (American Scientific,
1898). Liquid phase tar is a waste product formed during the gasifica-
tion process at MGP sites. Its presence in the subsurface is usually due
to leakage frompipes, tanks, and storage chambers, or deliberate dump-
ing (Thomas and Churchill, 2014). Once in the subsurface, both
residual- and pool zone tar can act as a groundwater contamination
source for decades or even longer (Kueper et al., 2003). Tars are com-
plex mixtures consisting of hundreds of hydrocarbon compounds
(Peters and Luthy, 1993). The composition of tars is, in general, highly
variable due to differences in especially the type of feedstock, but also
gasification processes, retort oven design and the processing tempera-
ture (Gallacher et al., 2017a; Johnston et al., 1993; McGregor et al.,
2012; McRae et al., 1999). Our knowledge of the composition of tars is
rather limited (Bruce et al., 1991; Electric Power Research Institute,
1993). With increasing production temperature, higher percentages of
benzene and toluene are formed (Egloff and Twomey, 1916). An esti-
mated 5 to 10% of all MGP were Pintsch gas plants, mostly situated at
railway sites (Hatheway and Group, 2012b). However, very little re-
search into this type of contamination has been done (Wanior and
Ripper, 1993).

The aim of our study was to gain a better understanding of Pintsch
gas tar and its potential environmental impact on the saturated subsur-
face. Therefore, we performed a detailed site investigation at a former
Pintsch gas tar factory to determine the composition and physical prop-
erties of the Pintsch gas tar as dense non-aqueous phase liquid (DNAPL)
from a contaminated site in detail in order to determine its impact on
groundwater quality, and the potential for degradation. From multiple
tar samples, we investigated the partitioning behaviour of the water-
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soluble hydrocarbons leaching from the tar into groundwater and dilu-
tion effects, potentially caused by heterogeneity in tar distribution.
Moreover, we looked into hydrocarbon compounds produced from bio-
logical activity at pooled tar zone conditions. Finally, we determined the
water-soluble components of the tar by partitioning experiments on liq-
uid phase tar samples and analysed potentialmetabolites formed by an-
aerobic biodegradation. The overall aim of the studywas to gain a better
understanding of the risk posed by sites contaminated by Pintsch gas
tar.
2. Materials and methods

2.1. Site description

The field site in this study is a former MGP located adjacent to the
central railway station in the city of Amersfoort, the Netherlands
(Fig. 1). From 1910 to 1958, the factory produced lighting gas via the
Pintsch gas process, and the tar by-product was dumped onsite in un-
lined waste lagoons. The site is situated at a geological transition area,
where horizontal sand, peat on loam, and gravel layers shift to a more
vertical, glacial pushed moraine formation to the south. The aquitard
at 12 meter below ground surface (mbgs) consists of a peat on loam
layer, thinning fromnorth to south. At thewestern domain of the source
zone area, the aquitard is b50 cm thick, probably resulting in loss of in-
tegrity of the aquitard. The source zone is considered to be the pool zone
and residual zone combined. In the pool zone, saturation of tar is high
enough for the DNAPL to potentially flow as a separate phase. In the re-
sidual zone, saturation of the tar is relatively low, and the liquid tar is
entrapped, and therefore not considered mobile. The source zone area
covers ±4500 m2, containing the pooled and residual tar, whose vol-
umes are estimated at 2.8 million liters and 250,000 L, respectively. Re-
sidual tar is present below the former tar lagoon, with a soil volume of
approximately 16,500 m3, which extends above the pooled tar zone
(Figs. 1 and 2). The pooled tar zone is approximately 11,000 m3 of soil,
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source zone covers an area of approximately 4500 m2 and visualized by the grey area.



Fig. 2.Transect A↔D source zone is considered the pooled Pintsch gas tar (black area) plus theDNAPL residual zone (striped area) above thepooledPintsch gas tar, residual and pool height
can be interpreted from meter below ground surface (mbgs).
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located at the bottom of the shallow aquifer. There the tar has spread in
the north-eastward dipping direction of the underlying thin aquitard.

In 2000, an engineered hydrogeological barrier was installed, using
two vertical, steel sheet pile walls. The hydrogeological barrier forms a
funnel-and-gate system in the shallow unconfined aquifer (Fig. 1). Its
main purpose is containment of the source and pool zone area and
treatment of the groundwater plume by aeration. The direction of
groundwater flow in the shallow aquifer is towards the southeast and
shifts at the hydrogeological barrier towards the south-west. As a result,
the groundwater interacts with the upgradient DNAPL. The bulk of the
DNAPL is situated below the former tar lagoon and is regarded as the
point of entry in the subsurface and recognized as the source of the
pool zone (Fig. 2). In most monitoring wells within the pool zone, the
measured tar heights varied from 0.3 to 6 m from the bottom of the
well. An outline schematic of the pool zone is given in Fig. 1.
Table 1
Physical properties for Pintsch gas tar samples, collected fromwells A, B, C, D. No replicate
measurements were conducted on these samples.

Well sample A B C D

Distance from entry point (m) 0 25 45 70
Viscosity (cP) 18.56 31.58 34.52 39.41
Density (kg/L) 1.0308 1.0498 1.0576 1.0593
Water content (% wt) 0.0800 0.0660 0.0580 0.0650
2.2. Field work

Prior to our research, 40 boreholes had delineated the DNAPL pool
zone. The wells were placed on the clay/peat aquitard. Pool height
was monitored 20 times over a 19-month period. DNAPL monitoring
well A is situated directly under the former tar lagoon, where the bulk
of the liquid tar is present and the subsurface is saturated with tar
from 6 to 12 mbgs. Tar from this well is considered to be the least
weathered from site, and therefore reflect the most original composi-
tion. Weathering is considered to be relatively low at this well, due to
the high pore saturation of tar and therefore relatively low tar to
groundwater contact. The other three wells chosen for sampling repre-
sent the gravity-driven migrated liquid tar along the dipping aquitard
towards the north. To gather tar for experimental use from the deep
aquifer, two monitoring wells E-1 and E-2 were selected (17 and 21
mbgs) in the deep aquifer. Reference well pb323 (not shown in Fig. 1)
was situated 140-meter upgradient from the source zone. Groundwater
was collected from the reference well to determine the background
composition of contaminants and metabolites and for use in the
partitioning experiments. DNAPL levels in monitoring wells were mea-
sured using a Solinst interface probemodel122. The liquid phase tarwas
sampled using a peristaltic Watson-Marlow 604 U/R pump, using low-
density polyethylene (LDPE) tubing from the bottom of monitoring
wells at a flow rate of ±1 L/h. At this rate, 10 to 60 L liquid phase tar
was obtained per sampling well without extracting any groundwater.

Four Pintsch gas tar samples from four monitoring wells within the
DNAPL pool zone were sent to SGS laboratories in Rotterdam, The
Netherlands, to analyse tar viscosity, density and water content
(Table 1). Analyses were performed according to ASTM D7042, D4052
and D1744 standards, respectively.

2.3. Pintsch gas tar composition

One liquid phase tar sample, extracted fromwell A, was analysed by
comprehensive two-dimensional gas chromatography combined with
fast time of flight mass spectrometry (GCxGC-TOFMS). A LECO (St. Jo-
seph, Michigan) time of flight mass spectrometer on a model Pegasus
4D was connected to an Agilent 7890A gas chromatograph equipped
with a LECO thermal modulator. The TOF ion source was fixed at
200 °C andmasses between 45 and 500 μmwere scanned at a 200 spec-
tra/second rate. The detector voltage was set at 1700 V and the applied
electron ionisation voltage at 70 eV.

The sample was prepared by accelerated solvent extraction (ASE) as
described by Gallacher et al. (2017b). The sample was sealed and stored
at 4 °C prior to analysis. Dichloromethane, used as a solvent for extrac-
tion of the Pintsch gas tar sample, was purchased from Fisher Scientific
(Loughborough, U.K.). D10-Phenanthrene from Sigma-Aldrich (Gilling-
ham, U.K.) was purchased as a calibration standard. Calibration stan-
dards were prepared using a standard mixture containing all 16 EPA
PAHs, purchased from Thames Restek (Saunderton Bucks, U.K.). Four
deuterated PAHs were purchased from Sigma-Aldrich (Gillingham,
U.K.). Extraction from the tar sample was performed using an ASE 350
Accelerated Solvent Extraction system (Dionex, Camberley, UK) and
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10-mL stainless steel extraction cells. A comprehensive description of
the sample preparation prior to analysis is given in the Supplementary
information.

All standards and extracts were analysed with the primary oven
temperature programmed at 75 °C for 1 min, increasing by 12 °C/min
to 120 °C, then increasing by 3 °C/min to 310 °C, and held at this temper-
ature for 10min. The secondary oven andmodulator temperatureswere
programmed at 20 °C higher offset relative to the primary oven. The
modulation period was 6 s with a 1.3 second hot pulse time and a cool
time of 1.7 s. The injection port temperature was 250 °C, with a split
ratio of 50. One microliter of sample was injected for each run using
anMPS2 twister auto-sampler (Gerstel). Heliumwas used as the carrier
gas, with a flow rate of 1.0 mL/min.

The primary column was a mid-polar TR-50 MS (30 m × 0.25 mm i.
d. × 0.25 μm film thickness, Thermo Scientific, Loughborough) and a
secondary column, a). A non-polar Rtx-5SilMS column
(1.5m×0.25mmi.d.m×0.25 μmfilm thickness)was used as a second-
ary column, supplied by Thames Restek. The columns were connected
via a Thames Restek Press-tight connector.

The chromatograms were processed using LECO ChromaTOF soft-
ware (Version 4.50.8.0) to search for and identify all peaks with a
signal-to-noise (S/N) ratio N10 according to (Gallacher et al., 2017b),
which is the limit of quantification. Signal to noise was set at this ratio
to avoid mass phantom peaks. A signal-to-noise (S/N) ratio N10 is the
limit of quantification. This signal to noise ratio was chosen to avoid
mass phantompeaks,which could potentially hide other peaks for iden-
tification. Statistical analysis was carried out usingMicrosoft Excel (Ver-
sion 14.3.7),Minitab version 16 andMatlab R2013a. All peak areaswere
normalised by dividing the peak area by the sampleweight and the D10-
Phenanthrene peak area and taking the fourth root of the normalised
value. Fourth root data formation is required as, without data pre-
processing, the large range of peak intensities within the dataset results
in small peaks contributing less towards the principal components re-
gardless of their chemical importance. Taking the fourth root also allows
the analysis to focus on the presence/absence of contaminants rather
than their concentration, and so relates the data to the primary produc-
tion method used, instead of changes in relative concentration, which
may have occurred due to environmental factors.

2.4. Bench scale partitioning tests

To study the potential environmental impact of Pintsch gas tar on
groundwater, two partitioning tests were performed. The first test was
conducted to study the differences in partitioning behaviour of Pintsch
gas tar samples taken from different locations in the pool zone. Maxi-
mum saturation for water soluble tar compounds was conducted
using the method described by Lee et al. (1992a). This method resulted
in a1:4 tar to water ratio in the experiment.

The second partitioning test was conducted to determine the effects
of increasing dilution effects for ratios on the partitioning of tar compo-
nents. Differences in dilution in-situ are due to, for example, heteroge-
neity in the distribution of tar in the pool zone. Accordingly, tar was
exposed to increasing water volumes and the water-soluble fraction of
hydrocarbons was quantified. Approximately 2 mL of Pintsch gas tar,
12 mL of unimpacted groundwater from a shallow aquifer, were sam-
pled at a location 175 meter upgradient and 2 mL of 0.5 g/L mercury
chloride (HgCl2) were added to a 20-mL glass vial with 4 mL of head-
space and sealed with a Grace silicone, PTFE lined magnetic gold cap.
The unimpacted groundwater contained 24.1 mg/L of nitrate,
35.0mg/L of sulphate, and 0.1mg/L ofmanganese (III). No benzene, tol-
uene, ethylbenzene, xylenes (BTEX) nor naphthalene above the detec-
tion limit of b10 μg/L were identified. To produce equilibrium
conditions for the dissolving tar components, the vials were rotated
top over bottom on a Labinco 528 test tube rotator at 9 rpm at 12 °C
for 4 weeks. Then, the samples were placed upside down in a vial rack
and kept for 7 days in the dark at 12 °C according to the procedure
proposed by (Peters and Luthy, 1993). After equilibration, 2 × 1.5 mL
of the aqueous phase was sampled and placed in clean 2-mL glass
vials for further gas and liquid chromatography analysis. From the
2 mL vials, 100 μL subsamples were diluted in 12 mL demineralized
water in 20 mL vials capped with PTFE-lined silicone septa for GC–MS
headspace analysis.

Concentrations for BTEX partitioned into thewater phase were used
to determine the content originating from the tar sample for each of the
detected monocyclic aromatic hydrocarbon (MAH) components by cal-
culating partitioning coefficient for each compound.

The initial concentration (Vt) of mono-aromatic hydrocarbons
(MAHs) in the tar and their partitioning coefficients were calculated
from the partitioned concentrations in the aqueous phase following
the methods outlined by Rixey (1999). The method assumes linear
partitioning, where the equilibrium concentration of component i in
the tar Ci

t and its aqueous concentrations Ci
aq can be related by their

partitioning coefficient Ki
tw:

Ki
tw ¼ Ci

t

Ci
aq

ð1Þ

Also, a mass balance of component i gives:

Vt Ci;o
t −Ci

t

� �
¼ VaqC

i
aq ð2Þ

where Vt is the volume of the tar,
Ct
i, o is the initial concentration in the tar, Cti, is the concentration in the

tar following the dissolution in the aqueous phase, Vaq is the water vol-
ume in the test bottle. Caqi is the aqueous concentration of component i.
Combining Eqs. (1) and (2) gives:

1

Ci
aq

¼ 1

Ci;o
t

Vaq

Vt
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þ Ki

tw

Ci;o
t

ð3Þ

The experiment is repeated with different volumes of water in dif-
ferent tests. Then, if a straight line can be fitted to the plot of 1/Cti, o ver-
sus Vaq/Vt, from the slope, 1/Ci, o, and the y-intercept,
Kt, w
i /Cti, o; Kt, w

i and Ct
i, o can be determined.

To quantify themost soluble tar components (MSTC), six treatments
were prepared in duplicate. Also, two 1 L bottles in duplicate were pre-
pared as control samples, where one sample contained only groundwa-
ter and no tar, and the second one was filled with demineralized water
and tar. Groundwatermixtures were prepared with the tar with tar and
groundwater from site. Tar from well A was used, as it is the least
weathered and therefore considered to reflect the most unaltered tar
obtainable from the site. Groundwater from reference well pb323 was
used. The six treatments consisted of increasing tar to water ratios
(10:1, 21:1, 43:1, 360:1, 722:1 and 3613:1) in batch bottles ranging
from 100 mL to 10 L. Two control treatments were prepared, the first
with only groundwater from site (no tar) and second with tar from
site with demineralized water.

HgCl2 was added at 25mg/L in each treatment to inhibit any biodeg-
radation. The bottles were sealedwith butyl rubber stoppers and stirred
with amagnetic bean at 150 rpm for fiveweeks in a dark room at a con-
stant temperature of 12 °C. Subsequently, stirring was stopped and the
bottles were kept at the same conditions for seven days to equilibrate.
To prevent tar contamination during later sampling procedure,
150 mm long steel syringe needles containing stylet wires were placed
through the stoppers. Syringes were placed on the inserted needle to
prevent any air water interaction.

2.5. Aromatic compound analysis by GC–MS

To quantify the volatile MAH compounds in the liquid phase tar, a
GC–MS analysis method was developed. The following solvents were
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tested for extraction: hexane, methanol, acetone, and dichloromethane
(DCM). After preliminary testing, 100 mL of each solvent was added to
2 g of tar in 100 mL borosilicate bottles with butyl rubber/PTFE lined
septa. Methanol and hexane did not dissolve all the tar, and soot or car-
bonaceous sorbents were still visible as black particles. DCM appeared
to dissolve the butyl rubber septa and did not dissolve all the soot. In lit-
erature, often a mixture of hexane and acetone is mentioned as extrac-
tion solvent (Ghosh et al., 2000; Hodges and Richardson, 1996; Jonker
and Koelmans, 2002; Jonker and Smedes, 2000; Lee, 2000). Testing a
hexane-DCM mixture showed no proper mixing with the water phase
and therefor was not suitable as solvent. However, the addition of hex-
ane to the acetone did not show improved extraction over acetone
alone. Based on the least solvent volume required to fully dissolve the
tar including the soot, acetone was chosen as solvent.

The injected acetone extract volume was 10 μL, with a split ratio of
1:6. The temperature program was set at: start 40 °C hold for 1 min,
then to 200 °C at 10 °C/min and third step to 300 °C at 20 °C/min and
hold 1 min. A Varian ms-column was employed, type VF-624, with di-
mensions 30 m × 0.25 mm × 1.40 μm film thickness. Helium was used
as carrier gas at 1 mL/min, and the injector temperature was set at
250 °C. For mass spectrometer, a Shimadzu QP-2010 plus was
employed, mode EI/scan at a mass range of 29–300 amu. Deuterated
compoundswere used to show a high enough signal outside the natural
mass distribution. Benzene-d6, toluene-d8, ethylbenzene-d10, 1,3,5-
trimethylbenzene-d12 and naphthalene-d8 were purchased from
Sigma-Aldrich and used as internal standards. External standards, con-
taining all relatively highly water-soluble components from Pintsch
gas tar were prepared as solutions in methanol as 2, 20, 50, 100 and
200 mg/L.

Gas chromatographic analyses of headspace analyses were per-
formed on water samples from the tar to water partition tests on a
Shimadzu GC-2010 and a PAL auto sampler. The same GC–MS method
as for the acetone extracts was used. Injection volume was
250–500 μL, with a split of 1:5–1:10. Samples were collected frommon-
itoring wells A, B, C, D, E-1 and E-2 at the site (Fig. 1) and a GC–MS
method was developed. The water samples were prepared and stored
as described in Section 2.2.

2.6. Metabolite analysis using LC-qTOF MS

Analysis on metabolites was performed using liquid chromatogra-
phy quadrupole time of flight mass spectrometry (LC-qTOF MS). To as-
sess metabolites from mobile tar component degradation a target list
Fig. 3. Overview of used methods. In Section 2.2 methods are described for physical properties
Section 2.4 laboratory partitioning and dilution experiments are explained and in Section 2.6 m
was compiled. Subsequently, a method was developed to qualify all
targeted metabolites. For analysis, samples were sterilized with
25 mg/L of HgCl2 to inhibit any biodegradation processes and were
stored at −26 °C for a maximum of 180 days. Prior to analysis, 1.5 mL
from the field sample was filtered and transferred into a 1.5 mL screw
topped vial (VWR; cl. Gl. 32 × 11.6 mm). Sample preparation is de-
scribed in detail in the Supplementary information. For quantification,
a standard mix was prepared containing 2-naphthoic acid, DL-
benzylsuccinic acid, cinnamic acid, benzoic acid, 4-hydroxybenzoic
acid and 1-H-indene-3-carboxylic acid. First, 1 g/L stock solutions
were prepared by dissolving 10mg of those compounds in 10mLmeth-
anol. From the stock solutions, a mixture was prepared and used to
make standard series containing; 1, 5, 10, 25, 50, 100, 200 and
500 μg/L of each compound. A hybrid quadrupole orthogonal acceler-
ated time-of-flight mass spectrometer, in combination with a Bruker
maXis 4Gmass spectrometer (MQ0201G053, Bruker Daltonics, Bremen,
Germany), was used with a mounted HD collision cell for higher maxi-
mum resolution and sensibility on lowmolecular compounds (b200m/
z). The Shimadzu Nexera UHPLC system contained a SIL-30A
autosampler, binary pumping system (LC-30AD) and a column oven
(CTO-20AC) Shimadzu, Kyoto, Japan (Prantle 2014). An Acquity
UHPLC CSHC18 column (150 mm × 2.1 mm; 1.7 mm; Waters) was
used. Electrospray ionisation (ESI) was used to produce ions frommac-
romolecules and compounds were measured in negative ionisation
mode. A pre-run of 8 min was used for equilibration of the LC column,
and sodium acetate (CH3COONa), (0.25 mM in 1:1 isopropyl alcohol
(IPA):H2O) was used as calibration liquid. MS-MS fragments for the
standards and suspects were searched by using Auto MS-MS data.
Broadband CID (bbCID) was then used for suspect screening and quan-
tification. A full description of the developedmethod is given in the Sup-
plementary information.

For data acquisition and analysis, first the retention times of the
standards were searched, based on their calculated exact masses, by
using a software program DataAnalysis Compass IsotopePattern
(omicX). Then, the recovery of the reference compoundswas calculated
from the spiked samples and MS-MS fragments were searched in
DataAnalysis, using Mol-files from Chemspider. In the second phase,
all data generated, including exact masses, retention times, and MS-
MS fragments (and in some cases also ion ratios), were used to produce
an automatic screening method in TASQ. Settings can be found in the
description given in the Supplementary information.

All different topics for data acquisition and the method applied are
included in Fig. 3.
of tar samples. In Section 2.3 methods for determining tar composition are described. In
ethods leading to metabolite analyses are described.
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Fig. 4. Concentrations for water soluble compounds within Pintsch gas tar, using acetone extraction on pure phase tar and GC–MS analysis. Concentrations on y-axis represent
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methylnaphthalene. No replicate measurements were conducted for this test.
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3. Results

3.1. Pintsch gas tar composition

The Pintsch gas tar samplewith the lowest viscosity and densitywas
found closest to the former tar lagoon (Fig. 1, monitoring well A,
Table 1). At this location, the tar pool height (6 m) is also the highest
on-site, suggesting that the tar present here has the most original com-
position. In this tar sample, a total of 946 individual compounds were
detected by GCxGC-TOFMS analysis. The large number of detected com-
pounds illustrates the chemical complexity of the tar. This tar sample
contained 57% polycyclic aromatic hydrocarbons (PAHs), 22% polycyclic
aromatic sulphur heterocycles (PASH), 12% aliphatic compounds and
alkylated PAHs, 6% polycyclic aromatic oxygen heterocycles (PAOH)
and 2% polycyclic aromatic nitrogen heterocycles (PANH). A complete
list of all detected components can be found in the Supplementary in-
formation. The primary compound was phenanthrene with 26.2 g/kg,
followed by naphthalene, with 20.9 g/kg. A total of 57 alkylated ben-
zenes ranging between C9H12 and C13H20 were detected in the sample,
with the largest number of isomers containing C12H18 with 17 isomers
detected. The lowest molecular weight volatile aromatic compound
Table 2
calculated log Ktw and initial concentrations of water-soluble hydrocarbon compounds within

logKtw logKow Solubility in water A

Compound Calculated Lit.a mg/L (mg/

Benzene 2.3 2.1 1790 96
Toluene 3.0 2.7 520 36,4
Ethylbenzene 3.5 3.2 150 61
m/p-Xylene 3.5 3.2 170 22,9
Styrene 3.0 3.1 300 10,4
o-Xylene 3.5 3.0 180 11,4
3-Ethyltoluene 4.1 3.6 40 45
1,2,4-Trimethylbenzene 4.2 3.8 60 16,6
1,2,3-Trimethylbenzene 4.2 3.7 60 66
Indene 3.5 2.9 20 21,1
2-Methylindene 4.0 2.6 20 90
Naphthalene 4.1 3.3 30 221,1
Total 376,3

a log Kow values from national centre of biotechnology.
found was styrene. BTEX were not detected by the GCxGC-TOFMS, due
to the analysis method. A relatively small number of 15 nitrogen-
containing PAHs (PANHs) were detected, all in the form of 3- and 4-
ring heterocycles. A total of 49 compounds representing oxygen-
containing PAHs (PAOHs) were found, where the lowest molecular
weight PAOH was anisole (C7H8O) and the highest molecular weight
PAOH was three dibenzofuran isomers (C18H10O2). A large number of
sulphur-containing PAHs (PASHs) were detected with a total of 203
PASHs ranging from benzenethiol (C6H6S) to benzo[4,5]triphenylono
[1,12-bcd]thiophene (C20H10S), phenanthro[3,4-b]thiophene, benzo
[2,3]phenanthro[4,5-bcd]thiophene. No terpenes, such as known oil
biomarkers hopanes or steranes, were detected in the Pintsch gas tar
sample. Since BTEX components could not be detected by the GCxGC-
TOFMS method used, additional analyses were performed by GC–MS.

The additional GC–MS analysis revealed light molecular hydrocar-
bon compounds from the Pintsch gas tar. Toluene (33.9 g/L) was the
most abundant followed by xylenes (19.5 g/L), benzene (13.3 g/L),
and ethylbenzene (4.4 g/L) (Fig. 4). Benzene, xylenes and toluene
(BXT) content in our Pintsch gas tar sample was 6.7 wt%, which is rela-
tively high compared 0.5 to 1 wt% for coal tars (Lee et al., 1992b; Peters
and Luthy, 1993).
the tar, using (Rixey et al.).

B C D E-1 E-2

L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

49.2 409.9 61.9 436.4 4704.3 4348.8
18.0 33,183.1 25,075.2 31,203.7 34,276.4 37,206.1
90.2 6660.5 7128.6 5730.7 6701.0 7556.9
48.8 25,737.8 28,882.5 23,956.0 24,597.5 28,199.6
36.9 12,316.2 13,544.9 11,250.4 11,235.3 12,750.3
27.9 12,550.8 12,891.1 9980.0 12,084.0 13,717.9
67.1 4988.9 4815.9 4133.3 5261.1 6143.5
81.3 18,636.9 17,572.2 15,035.4 19,188.3 22,592.8
41.2 6917.5 6318.1 5381.4 7188.0 8731.9
70.5 25,968.8 25,464.1 21,255.6 24,675.1 32,692.6
64.2 9364.8 8255.3 7646.7 9233.5 10,534.2
50.2 243,693.4 289,798.6 274,428.5 236,276.9 244,929.1
45.3 400,428.7 439,808.4 410,437.9 395,421.5 429,403.7
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measured compounds: B for benzene; T for toluene; N for naphthalene; S for styrene; I for indene; pm-X for para-/meta-xylenes; o-X for ortho-xylene; E for ethylbenzene; 2-MI for 2-
methylindene; 1,2,4-TMB for 1,2,4-trimethylbenzene; 1-MN for 1-methylnaphthalene and 2-MN for 2-methylnaphthalene. No replicate measurements were conducted in this test.
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3.2. Partitioning of tar to water from several samples across the pool zone

Four liquid-phase tar samples from different locations in the source
zone (A, B, C andD, Figs. 1 and 2)were analysed to compare the tar com-
position and partitioning behaviour after decades in the aquifer.

Twelve MAHs components were measurable in the water phase
(Table 2), ofwhich the concentrations of benzene, toluene andnaphtha-
lenewere highest. Additionally, in the water extracts from two samples
from the deep aquifer (E-1 and E-2), iso-propylbenzene, also known as
cumene, and 1,2,4,5-tetramethylbenzene were identified. Water ex-
tracts from the four tar samples from the pool zone (A, B, C, D) show a
decrease of trend of decreasing concentration of benzene and toluene
0.1

1.0

10.0

100.0

)L/g
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noitartencnoc suoeuqa

1:10 1:21 1:43

Fig. 6. Concentration of water-soluble hydrocarbon compounds partitioning from tar to the wa
the aqueous phase. Themost original tar from site was used in this test, collected fromwell A at
for toluene; N for naphthalene; S for styrene; I for indene; pm-X for para-/meta-xylenes; o-
trimethylbenzene; 1-MN for 1-methylnaphthalene and 2-MN for 2 methylnaphthalene. Error b
concentrations. The decrease in benzene corresponds to an increasing
distance from the former tar lagoon (Fig. 5). The benzene concentration
in the water extracts decreased from 44.3 mg/L in well A to 0.3 mg/L in
well D, which is located 70m from the entry point of the DNAPL source.
In contrast, concentrations of other relatively water-soluble compo-
nents, such as styrene, indene, xylenes and ethylbenzene, did not de-
crease in the extracts from downstream samples (Table 2 and Fig. 5).
Naphthalene concentrations showed an inverse relationship to ben-
zene, with increasing concentrations with distance from the source
entry point; the naphthalene concentration in well A was 18.2 mg/L,
while 70 m towards the pool fringe in well D the concentration was
23.9 mg/L (Fig. 5).
1:360 1:722 1:3613

ter phase at increasing water volumes. Concentrations are given in mg/L per compound in
presumed historical entry point. X-axis represent measured compounds: B for benzene; T
X for ortho-xylene; E for ethylbenzene; 2-MI for 2-methylindene; 1,2,4-TMB for 1,2,4-
ars represent standard deviations based on analysis from duplicate test samples.
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3.3. Dilution effects of aromatic hydrocarbons partitioning

The effects of increasing dilution on the partitioning behaviour of tar
componentswere assessed in a series of tar-water dilution batch exper-
iments (Fig. 6). Tar fromwell A (Fig. 1) was exposed to increasingwater
volumes (tar:water ratios, v:v). In the tar water extracts, 18 lower mo-
lecular weight aromatic hydrocarbon components were detected by
GC–MS analysis. Benzenewas the lowest detectedmolecular weight ar-
omatic hydrocarbon compound and 1- and 2-methylnaphtalene were
the heaviest detected aromatic components. In addition, compounds
not commonly associated with tar contaminated sites were detected,
such as styrene, ethyltoluenes, diethylbenzene, 1,2,4,5-
tetramethylbenzene and methylindenes.

Changes in aromatic hydrocarbons leaching from the tar into the in-
creasing groundwater volumes were observed (Fig. 6). In samples with
water to tar ratio of 10:1 and 21:1, approximately the same total con-
centrations of dissolved aromatic hydrocarbons were found, 63.4 mg/L
and 64.9 mg/L, respectively. This similarity indicates that the maximum
solubility of dissolved hydrocarbons was reached in the water phase.
The concentrations and composition of thewater-soluble hydrocarbons
changed at more diluted water to tar from N43:1 up to 3613:1 (Fig. 6).
The total concentration of detected hydrocarbons dropped from
Table 3
Overview of detected metabolites from Pintschs gas tar. Pintsch gas tar samples obtained from
suspect,- and proposed metabolites. Parent compound(s) are given for each metabolite, includ

Category Metabolite Parent compound Refer

Suspect Benzoic acid Benzene, toluene (Calla
Suspect Cinnamic acid Toluene (Chee
Suspect Phenylsuccinic acid Toluene (Leut
Signature Benzylsuccinic acid Toluene (Calla
Signature Benzoylacetic acid Ethylbenzene (Calla
Signature 3-o-Toluoyl propionic acid Xylenes (Mor
Signature Methylbenzylsuccinic acid Xylenes (Belle
Suspect Acetylphenol m-Xylene, styrene (Tisch
Suspect Hydroxyphenylacetic acid Styrene (Tisch
Signature Dimethyl-benzoic acid Trimethylbenzene (Cozz
Proposed Indyl methyl succinic acid Indene –
Signature Indenediol Indene (Kim
Signature 1H-indene-2-carboxylic acid Indene (Calla
Signature Dihydro-2-indenoic acid Indene (Calla
Proposed Tetrahydro-2-indenoic acid Indene –
Proposed Dihydromethyl indenoic acid Indene, naphthalene –
Suspect Octahydro-2-naphthoic acid 2-Naphthoic acid (Ohle
Suspect 2-Carboxycyclohexylacetic acid Oxo-decahydro-2-naphthoic acid (Safin
Suspect Methyl benzoic acid Naphthalene (Safin
Signature 1-Naphthoic acid Naphthalene (Zhan
Signature 2-Naphthoic acid Naphthalene (Zhan
Suspect Naphthaleneacetic acid Naphthalene (Safin
Suspect 2,3-Naphthalenedicarboxylic acid Anthracene (Rich
Suspect Naphthyl-2-methyl-succinate Naphthalene (Ann
Suspect P-cresol Phenanthrene (Tsai
Suspect 4-Hydroxy benzoic acid Phenanthrene, benzene (Fogh
Suspect Octanoate Octanoate (Bian
Suspect Adipic acid Cyclohexane (Vers
Suspect 4-Hydroxyphenylpyruvate Phenylacetate (Moh
Suspect Phenylglyoxylic acid Phenylacetate, phenol, benzene (Leib
Suspect Butyrate Alkanes (Bian
Suspect Nonanoate Alkanes (Bian
Suspect 2-(1-Methyldodecyl)succinate Alkanes (Bian
Suspect 2-(1-Methyltetradecyl)succinate Alkanes (Bian
Suspect Methylmalonate semialdehyde Hydrocarbon derivative The M
Suspect Methylglyoxal Acetone (Belli
Suspect 2-Methyl 2-hydroxy-propanal Acetone (Frey
Suspect Valeric acid or pentanoic acid – Satur
Suspect Fumaric acid Maleic acid, succinate Dicar
Suspect Succinic acid Propionate Dicar
Suspect 3-OH-isovaleric acid Butyrate, isovaleric acid PubC
Suspect Quinolinic acid – Produ
Suspect Hippurate Toluene, benzene, benzoic acid Repor
Suspect Ethylmalonate Malonic acid Dicar
Suspect Butylmalonate Malonic acid Dicar
Suspect 2-Isopropylmalic acid a-Ketoisovaleric acid An in
64.9mg/L to 23.3mg/L for dilutedwater to tar from21:1 to 3613:1. Ben-
zene showed the largest aqueous concentration decrease when diluted
at higher dilutions. This can be explained by possible depletion of ben-
zene in the tar. Aqueous concentration decrease was not in the order
of high to low water solubility but varied due to initial concentrations
in the tar. Benzene was followed by toluene, styrene, indene, naphtha-
lene, xylenes and ethylbenzene. For methylindene and 1,2,4-
trimethylbenzene, no concentration changes were detected. Dissolved
1- and 2-methylnaphthalene concentrations increased when more
groundwater was present, from 0.3 mg/L and 0.6 mg/L to 0.6 mg/L
and 1.0 mg/L respectively, (Fig. 6).

3.4. Metabolites detected from Pintsch gas tar

To assess the occurrence of biodegradation, the aqueous phase from
the tar-water partition vials was screened for metabolites. In total, 46
specific metabolites were detected (Table 3). The identifiedmetabolites
were divided into signature-, suspect- and proposedmetabolites. Signa-
ture metabolites originate from one parent compound, while a suspect
metabolite could be originating from several parent compounds and a
proposed metabolite is a potential metabolite that has not been de-
scribed as one so far to our knowledge. Parent compounds relating to
a liquid DNAPL pool zone in a shallow aquifer. Metabolites are categorized in signature-,
ing references and specific remarks.

ence/remark

ghan, 2013)
-Sanford et al., 1996)
wein and Heider, 2001)
ghan, 2013)
ghan, 2013)
asch et al., 2004)
r et al., 1996; Young and Phelps, 2005)
ler, 2015)
ler, 2015)
arelli et al., 1990)

et al., 2011)
ghan, 2013)
ghan, 2013)

nbusch et al., 2002; Zhang et al., 2000)
owski, 2005; Zhang et al., 2000)
owski and Meckenstock, 2006)
g et al., 2000)
g et al., 2000)
owski and Meckenstock, 2006)
now et al., 1999)
weiler et al., 2000)
et al., 2009)
t, 2008; Tsai et al., 2009)
et al., 2015)
chueren, 2001)
amed et al., 1993)
man, 1975; Mohamed et al., 1993; Tischler, 2015; Tischler and Kaschabek, 2012)
et al., 2015)
et al., 2015)
et al., 2015)
et al., 2015)
etabolomics Innovation Centre
er et al., 2019)
et al., 2016)
ated fatty acid
boxylic acid, (Callaghan et al., 2012)
boxylic acid involved in succinilation of aromatic compounds (Callaghan et al., 2012)
hem
ction of nicotinamide adenine dinucleotide (NAD+)
ted in urine of workers exposed to toluene (Hasegawa et al., 1983)
boxylic acid, and a product of the skeleton rearrangement (Bian et al., 2015)
boxylic acid and a product of the skeleton rearrangement (Bian et al., 2015)
termediate in the Leucine biosynthesis of proteins (Strassman and Ceci, 1963)
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these signature metabolites were toluene, ethylbenzene, xylenes,
trimethylbenzene, indene and naphthalene (Table 3). Furthermore, 34
suspect metabolites were detected. These suspect metabolites related
to biodegradation of BTEX, styrene, indene, naphthalene, phenanthrene
and anthracene (Table 3).Moreover,metaboliteswere detected relating
to biodegradation of cyclohexane, alkanes and acetone. Furthermore,
several dicarboxylic acids were detected and metabolites that relate to
carbon skeleton rearrangement of hydrocarbon compounds.

In the core of the tar pool zone (well A), the highest number of me-
tabolites were present (42 compounds). In samples near the fringe of
the pool zone less metabolites were found to be present, varying from
40 metabolites in well B, 41 in well C and 37 in well D. In samples
from the deep aquifer 38 and 37 metabolites, were detected from well
E-1 and well E-2 respectively. In the groundwater reference sample,
which is located upgradient, 16 metabolites were detected.

Out of all targetedmetabolites, fivewere quantified using standards:
butyric, cinnamic, benzoic, 1H-indene-2-carboxylic- and 2-naphthoic
acid. The compound confidence scores and concentrations of the de-
tected metabolites are given in the Supplementary information. One of
the metabolites detected upgradient in the reference sample was
benzoic acid. Benzoic acid is a suspect metabolite for various mono aro-
matic hydrocarbons. However, the detected concentration upgradient
was relatively low 14.6 μg/L, compared to 231.7–309.5 μg/L detected
in the tar samples. Making the upgradient concentration 15 times
lower than the lowest concentration of the six tar samples (231.7 μg/L).

Signature metabolite for anaerobic indene degradation, 1-H-
indenecarboxylic acid was detected in all tar samples. Concentrations
for 1-H-indenecarboxylic acid ranged from 0.8 to 1.2 μg/L. Cinnamic
acid a suspect metabolite for toluene was found at concentrations as
high as 3.0 μg/L and 2-naphthoic acid a metabolite for naphthalene up
to 6.6 μg/L. The upgradient reference sample revealed no 1-H-
indenecarboxylic acid, cinnamic acid, nor naphthoic acid.

Additionally, several suspect metabolites were detected, such as
phenyl-, benzyl- and methylbenzyl-succinic acid, ethylmalonate,
acetylphenol, butylmalonate and isopropylmalonate (Table 3).

Compounds, indyl methyl succinic acid and tetrahydro-2-indenoic
acid, were recognized as potential metabolites for indene. Thesemetab-
olites were nominated as proposedmetabolites. The detected signature,
suspect and (new) proposed metabolites for indene were combined,
and introduced as an anaerobic biodegradation pathway for indene, fol-
lowing the carboxylation process (Fig. 8).

Amongst the detected components also fatty acids and dicarboxylic
acids were found to be present, such as: butyric-, valeric-, fumaric-,
succinic-, 3-OH-isovaleric-, octanoic-, adipic-, cinnamic-, nonanoic-,
quinolinic- and hippuric acid. These compounds were not detected in
the reference sample; however, they are known products of hydrocar-
bon fermentation (Table 3).

4. Discussion

4.1. Composition of Pintsch gas tar

In the analysed Pintsch gas tar, phenanthrene was found to be the
most dominant compound, while in coal tar this is commonly naphtha-
lene (Brown et al., 2006; Electric Power Research Institute, 1993). The
detected n-alkane distribution is most similar to diesel as can be seen
from Fig. 7, (Coulon et al., 2004; Kaplan et al., 1997), suggesting that
the original feedstock was similar to diesel oil. The absence of hopanes
and steranes in the Pintsch gas tar suggests that the feedstock was a re-
fined product and supports that diesel-like oil has been used. An alter-
native possibility is that the Pintsch gas production process itself could
be responsible for loss of hopanes and steranes, due to the high temper-
atures involved. Although few alkylated benzenes were expected to be
present within Pintsch gas tar in relation to the production process
(Lunge, 1909), we found that alkylated benzenes make up a notable
group of compounds. In addition, 15 PANHs compounds were detected
in the form of heterocycles; this is a relatively small number and likely
due to a low nitrogen content in the feedstock oil (b0.5%) compared
to coal tar (N0.5–2%) (Burchill et al., 1983). Our findings indicate that
Pintsch gas tar contains a relatively high content of BTX and other
MAH compared to known coal tars (Brown et al., 2006; Electric Power
Research Institute, 1993). BTEX in tar is usually close to 0.5 wt%
(Peters and Luthy, 1993). Due to relatively high concentrations
partitioning into thewater phase, it was calculated that BTEX and naph-
thalenemake up 36.5 wt% of themost original tar found on the site. The
naphthalene content in Pintsch gas tar (±21%) is relatively high com-
pared to coal tar (10.5%) (D'Affonseca et al., 2011). High BTEX concen-
trations can also be substantiated as benzene and toluene were the
main components of the lighting gas produced by the Pintsch gas pro-
cess (Butterfield, 1904). The weight percentage of MAH compounds in
tar is important because they affect the viscosity of the tar (Electric
Power Research Institute, 1993). The tar samples obtained in this
study north of the former tar lagoons show higher viscosity than
found at the bulk of the pool situated directly beneath the former tar la-
goon. This suggests substantial depletion of BTEX from themigrated tars
in this study (Table 1).

4.2. Physical properties and partitioning behaviour

The tar-water extraction experiment shows the highest concentra-
tions of benzene and toluene in the water phase (Fig. 6). Benzene and
toluene concentrations decreased at increasing water volumes. The
tars sampled from different locations in the pool zone, show similar
partitioning behaviour after extraction with water. Samples from the
shallow aquifer show that benzene and toluene concentrations de-
crease along the path of migration over the dipping aquitard, as seen
in the dilution experiment. The most original tar shows the highest
partitioned benzene concentration and least dilution. The tar that trav-
elled the furthest and was sampled near the tar pool fringe, showed the
lowest concentration of benzene and the most dilution. Since ground-
water flow is opposite to the dipping direction of the aquitard, this indi-
cates that the tar is more depleted due to dissolution along the tar
migration path; the dilution experiment simulates the field situation
well. While the concentrations decreased for benzene and toluene, it
is not so for other constituents such as styrene, indene, xylenes and eth-
ylbenzene. Concentrations of these constituents in water decreased
with increasing water volumes in the experiment (Fig. 6) as expected
from partitioning calculations, but this was not observed in the samples
from the pool zone (Fig. 5), with distance from the tar lagoon. An expla-
nation could be that due to biodegradation of benzene and toluene in
the water phase, their dissolution is enhanced, and they become de-
pleted in the tar whereas this is not the case for the other components.
The viscosity of the tar samples ranged from 9.72 to 18.25 cP at 25 °C,
which is relatively low compared to values given in the literature for
coal tar samples, ranging from 34 to 6000 cP at 40 °C (Lee et al.,
1992a; Peters and Luthy, 1993). This points to the enhanced dissolution
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and depletion of the MAH compounds along the migration path of tar.
Thus, the most soluble and degradable aromatics are more rapidly
depleted.

The determination of tar composition using acetone extraction,
showed higher concentrations for all water-soluble components in the
tar compared to calculated weight percentages from aqueous concen-
trations using Raoult's law. This indicates partition behaviour differ-
ences for acetone and water. The mass fractions in the tar were higher
for the lightest molecular weight compound, benzene, up to four
times higher than that of methylindene. A similar effect has been de-
scribed by Peters and Luthy (1993), where naphthalene concentrations
in water, were in line with Raoult's law predictions, but higher
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molecular compounds, such as phenanthrene and pyrene, showed
higher than predicted concentrations. Ideal behaviour is not necessarily
expected for tar water partitioning and a factor of two is accepted for
field-scale approximation of partitioned concentrations due to signifi-
cant errors (Lee et al., 1992b). Due to the high content ofMAH in Pintsch
gas tar, the non-ideal behaviour could be greater for higher molecular
weight components. Characterization of tars is known to be difficult
due to the large number of constituents. Different extracts from tar gen-
erally have the same functional groups but in different concentrations
depending on the solvent used. This is due to the variance in the ability
of solvents to extract components with certain functional groups
(Guillén et al., 1991). Solvents with a high density and low viscosity
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tend to produce more reproducible data. However, there is no simple
relationship between extraction yield and the ability of a solvent to in-
teract with a tar. Extraction yields for BTEX and naphthalene from coal
tar using varying solvents may show a difference of up to 14% for hex-
ane, 20% for ethanol, 49% for acetone and 64% for DCM (Guillén et al.,
1991). For Pintsch gas tar, acetone was chosen as the solvent due to
its ability to dissolve the total tar mass, without leaving soot, which
did occur with hexane, ethanol, and DCM.
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4.3. Biodegradation indicators within the source zone

It is known that anaerobic hydrocarbon degradation of crude oil is a
common process in relatively shallow, but still in the deep subsurface,
oil reservoirs (Aitken et al., 2004). The presence of biomarkers and
compound-specific signature metabolites extracted from crude oil is
one line of evidence to show the occurrence of anaerobic biodegrada-
tion (Bian et al., 2015). Metabolite profiling in a tar contaminated shal-
low aquifer, and relatively shallow subsurface, could also be used as a
line of evidence of anaerobic biodegradation. The presence of 46 puta-
tive metabolites detected in the Pintsch gas tar samples suggests active
biodegradation in the liquid DNAPL containing source zone. The results
show that liquid phase tar samples collected from both the shallow and
the deep aquifer hold a variety of metabolites. Where the most metab-
olites are present in the core of the tar pool and less metabolites are
present in the proximity of nitrate-reducing groundwater conditions,
at the fringe of the tar pool. Althoughmostmetabolites had a high iden-
tification confidence score (Schymanski et al., 2014), and appeared at
similar retention times in different samples, the identification of metab-
olites is not definite. The interpretation is mostly based on MS/MS frag-
mentation, rather than on comparisonwith reference standards (Krauss
et al., 2010). Reference standards are unfortunately not available for
most detected metabolites.

Indene carboxylic acid, a signature metabolite for carboxylation
of indene (Callaghan, 2013), and indanoic acid a suspect metabolite
for indane or indene (Callaghan, 2013), were detected in several
tar samples. Other compounds were recognized as metabolites
from indene, due to their indene associated molecular structure in
combination with a carboxylate. Indene carboxylic acid is described
as a possible first intermediate in the degradation of indene or 2-
methylindene (Callaghan, 2013; Safinowski, 2005). Followed by
dihydro-2-indenoic acid down to hexahydro-2-indenoic acid or cis-
2-carboxtcyclohexylacetic acid (Fig. 8). The new introduced meta-
bolic pathway, suggests, indene is reduced stepwise before ring
cleavage occurs. This stepwise reduction is similar to that of anaero-
bic naphthalene biodegradation following the carboxylation path-
way (Meckenstock et al., 2000).

2-Naphthoic acid (2-NA) and benzoic acid (BA) concentrations
(Fig. 9) are relatively high compared to previously found in contami-
nated groundwater plumes (Jobelius et al., 2011; Ohlenbusch et al.,
2002). This suggests that these metabolites respectively from naphtha-
lene or benzene, toluene, ethylbenzene, xylenes, although formed in the
aqueous phase accumulated in the tar at this site. The highest concen-
trations of BA were found in tar extracts from wells B and D. These
wells are situated to the north of the former tar lagoon, where ground-
water from upstream, containing nitrate and sulphate, meets the fringe
of the DNAPL. The highest 2-NA and indene carboxylic acid (ICA) con-
centrationswere detected inwells A and C, situated towards themiddle
of the pool zone, where less or nonitrate and sulphate are present in the
surrounding groundwater. This suggests that at the upgradient side of
the pool zone, relatively more BTEX is biodegraded and further
downgradient and deeper in the source zone, relatively more naphtha-
lene and indene were biodegraded.

All detected metabolites were extracted from tar that had been in
the subsurface for approximately 60 to 100 years. Presence of metabo-
lites from anaerobic biodegradation could be explained by:
1. Formation during the invasion of tar in the subsurface and remained
within the tar for decades.

2. Biodegradation in the source zone is active and metabolites are
formed in the vicinity of the tar and once formed in the groundwater
these metabolites (re-)dissolve into the tar.

3. Metabolites originate from the original distilled feedstockprior to the
Pintsch gas process.

All detected metabolites could potentially originate from crude oil,
distilled feedstock, or the Pintsch gas tar itself. However, it is unlikely
that carboxylated hydrocarbon compounds survived thedistillation pro-
cess from crude oil to feedstock (diesel/gasoil), as temperatures during
production would have been 700–1000 °C (Butterfield, 1904). Benzoic
acid and naphthoic acid are known to be thermally destroyed at
530–762 °C and 305–410 °C, respectively (Brzyska and Kula, 1995;
Winter et al., 1969). Therefore, it is likely that benzoic acid, naphthoic
acid and possibly all other found metabolites are formed in the aquifer
and indicate biodegradation of hydrocarbons in the source zone. When
metabolites are formed at the tar-water interface and/or in groundwater
adjacent to pure phase tar, the metabolites can either be transported
downstream by groundwater advection, or the metabolites remain in
the source zone, because they (re-)dissolve back from the aqueous
phase into the tar as they are still relatively hydrophobic. When the
sum of all detected metabolites is compared to the sum of the water-
soluble monocyclic and polycyclic aromatic hydrocarbon concentra-
tions, we find that the least metabolites are present where the water-
soluble hydrocarbons have the highest concentration (Fig. 10).

5. Conclusions

Although Pintsch gas tar produced from oil can be mistaken for coal
tar, we found that phenanthrene is the most abundant constituent
rather than naphthalene and holds a high MAH content. The n-alkane
distribution also shows high similarity to that of diesel. The low viscosity
and low density of Pintsch gas tar originates from a relatively high con-
tent ofMAH compounds. Therefore, tar produced by the Pintsch gas pro-
cess potentially has relatively high invasive properties in the subsurface
and partitioning characteristics to the groundwater. MAH compounds,
such as styrene, ethyltoluenes, diethylbenzene, trimethylbenzenes and
1,2,4,5-tetramethylbenzene, are not commonly reported at tar contam-
inated sites, however, these compounds are present within Pintsch gas
tar. These MAHs are soluble in groundwater, partition from the tar into
groundwater and potentially are present in contaminant plumes.

The abundance of biomarkers found within Pintsch gas tar samples
from the study site suggests active anaerobic biodegradation under
the pool zone conditions. A considerable amount of indene related me-
tabolites was detected that can be attributed to anaerobic biodegrada-
tion by the carboxylation pathway. From these ten indene related
metabolites, an anaerobic carboxylation pathway is introduced.
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Themetabolites present in the tar can be used as biomarkers for active
biodegradation under pool zone conditions. The geochemical and biolog-
ical conditions at the investigated former Pintsch gas plant are represen-
tative for other contaminated sites. We therefore suggest that the
detected metabolites from biodegradation under source zone conditions
also occur at other hydrocarbon contaminated sites. The partitioning of
contaminants from multi-component DNAPL into the aqueous phase
and re-dissolution of their slightly less hydrophobic metabolites back
from the aqueous phase into the DNAPL is feasible and demonstrates
the complexity of assessing degradation processes within a source zone.
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