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A B S T R A C T   

The anaerobic degradation of aromatic hydrocarbons in a plume originating from a Pintsch gas tar-DNAPL zone 
was investigated using molecular, isotopic- and microbial analyses. Benzene concentrations diminished at the 
relatively small meter scale dimensions of the nitrate reducing plume fringe. The ratio of benzene to toluene, 
ethylbenzene, xylenes and naphthalene (BTEXN) in the fringe zone compared to the plume zone, indicated 
relatively more loss of benzene in the fringe zone than TEXN. This was substantiated by changes in relative 
concentrations of BTEXN, and multi-element compound specific isotope analysis for δ2H and δ13C. This was 
supported by the presence of (abcA) genes, indicating the presumed benzene carboxylase enzyme in the nitrate- 
reducing plume fringe. Biodegradation of most hydrocarbon contaminants at iron reducing conditions in the 
plume core, appears to be quantitatively of greater significance due to the large volume of the plume core, rather 
than relatively faster biodegradation under nitrate reducing conditions at the smaller volume of the plume fringe. 
Contaminant concentration reductions by biodegradation processes were shown to vary distinctively between 
the source, plume (both iron-reducing) and fringe (nitrate-reducing) zones of the plume. High anaerobic mi-
crobial activity was detected in the plume zone as well as in the dense non aqueous phase liquid (DNAPL) 
containing source zone. Biodegradation of most, if not all, other water-soluble Pintsch gas tar aromatic hydro-
carbon contaminants occur at the relatively large dimensions of the anoxic plume core. The highest diversity and 
concentrations of metabolites were detected in the iron-reducing plume core, where the sum of parent com-
pounds of aromatic hydrocarbons was greater than 10 mg/L. The relatively high concentrations of metabolites 
suggest a hot spot for anaerobic degradation in the core of the plume downgradient but relatively close to the 
DNAPL containing source zone.   

1. Introduction 

Groundwater contamination by hydrocarbons is a global problem, 
mainly caused by spills and leaks related to the production and usage of 
petroleum products (Einarson and Mackay, 2001; Kueper et al., 2003; 
Röling and Van Verseveld, 2002). Typically, petroleum products are 
complex mixtures of hydrocarbons (McGregor et al., 2012; Sandercock 
and Du Pasquier, 2003; Sjögren et al., 1995). Once they invade the 
saturated subsurface as dense non-aqueous phase liquid (DNAPL), water 

soluble compounds start partitioning from the DNAPL into the ground-
water, forming contaminated groundwater plumes (Peters and Luthy, 
1993). Processes that mainly reduce the actual removal of the dissolved 
contaminants in the groundwater plume are due to retardation through 
adsorption to the soil matrix, dilution through dispersion and biodeg-
radation by microorganisms (Aronson and Howard, 1997; Micic et al., 
2007; Oka et al., 2011; Rogers et al., 2002; Wiedemeier et al., 1999). At 
tar contaminated sites, besides the commonly reported benzene, 
toluene, ethylbenzene and xylenes (BTEX) in groundwater, other 
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aromatic hydrocarbon compounds such as styrene, trimethylbenzenes, 
ethyltoluenes, indene, indane, naphthalene, methylnaphthalenes and 
methylindenes, are encountered (Micic et al., 2007; Schirmer et al., 
2006; Zamfirescu and Grathwohl, 2001). For naphthalene, degradation 
rates are generally low compared to those of BTEX (Gerritse et al., 
2004), while sorption dependent attenuation is a more prominent 
removal process due to a higher Koc coefficient and relatively low water 
solubility (Rogers et al., 2002; Swartjes et al., 2011). 

Biodegradation of one or multiple monocyclic aromatic hydrocar-
bons compounds has been shown to occur in laboratory and field studies 
under both oxic and anoxic conditions (da Silva and Corseuil, 2012; 
Gibson et al., 1968; Gieg et al., 2009; Grbic-Galic and Vogel, 1987) 
Biodegradation rates range widely and depend mostly on the molecular 
structure of the contaminant and the terminal electron-accepting pro-
cesses (Foght, 2008; Meckenstock et al., 2016; Meckenstock et al., 
2015). Complex mixtures of aromatic hydrocarbon compounds in 
groundwater systems often lead to sequential attenuation of the indi-
vidual components (Suarez and Rifai, 1999). Biodegradation rates for 
some compounds might increase, in different redox zones, while they 
decrease for others (Suarez and Rifai, 1999; Swartjes et al., 2011). 
Moreover, in complex mixtures, co-metabolism can enhance biodegra-
dation of certain recalcitrant compounds (Swartjes et al., 2011). In 
contrast, certain compounds can inhibit biodegradation due to toxicity 
(Swartjes et al., 2011). The complex interplay between multiple 
contaminant compounds that are present in groundwater plumes, 
abiotic and biotic attenuation processes, sequential redox conditions, 
and geohydrological setting makes it difficult to interpret biodegrada-
tion processes at contaminated sites. 

While field studies have shown that under oxic conditions benzene 
biodegrades faster than toluene, ethylbenzene or xylenes (Alvarez et al., 
1991; Suarez and Rifai, 1999), under anoxic conditions biodegradation 
of benzene is generally slower than that of other aromatic compounds 
(Weelink et al., 2010). Biodegradation of benzene under nitrate- 
reducing conditions has been observed (Atashgahi et al., 2018; Bur-
land and Edwards, 1999; Coates et al., 2001; Dou et al., 2010), but the 
range of biodegradation rates is very wide. In laboratory experiments 
often benzene is the recalcitrant compound and toluene, ethylbenzene 
and xylenes (TEX) show biodegradation (Suarez and Rifai, 1999). 
However, at the field scale it was found that benzene potentially bio-
degrades. Nonetheless, biodegradation of TEX occurs at higher degra-
dation rates than benzene (Aronson and Howard, 1997). It has been 
suggested that benzene biodegradation in shallow aquifers is actually 
enabled by the presence of low oxygen concentrations, along the fringe 
of the contaminant groundwater plumes (Aronson and Howard, 1997). 
Nonetheless, to date a variety of bacteria using nitrate as electron 
acceptor and capable of benzene degradation, have been isolated in a 
pure culture (Atashgahi et al., 2018; Coates et al., 2001; Dou et al., 2010; 
Vogt et al., 2011). More recently, laboratory studies showed strictly 
anaerobic degradation of benzene or naphthalene under iron or nitrate 
reducing conditions related to Peptococcaceae (members of the order 
Clostridiales). However, naphthalene degraders were not able to degrade 
benzene, indicating that benzene and naphthalene are biodegraded by 
different enzymes abcA and nmsA respectively. (Atashgahi et al., 2018; 
Cupples, 2016; Kleemann and Meckenstock, 2011; Meckenstock and 
Mouttaki, 2011; Musat et al., 2009; Toth et al., 2018; van der Waals 
et al., 2017; van der Zaan et al., 2012; Vogt et al., 2011). To our 
knowledge, no studies have been published on the relevance and pres-
ence of Peptococcaceae throughout contaminated plumes at the field 
scale. 

Therefore, this field study focuses on the biodegradation of a wide 
range of hydrocarbons that derive from the dissolution of Pintsch gas 
tar, in a two-aquifer system dominated by denitrifying conditions in the 
surrounding native groundwater. This was performed to assess the dif-
ferences on the biodegradation of individual hydrocarbon compounds 
and benzene in specific in the presence of different electron acceptors. 

2. Materials and methods 

2.1. Site description 

The studied field site is located adjacent to the railway station in the 
city of Amersfoort, The Netherlands. On this site, a manufactured gas 
plant (MGP) was active from 1910 until 1958. The hydrogeological 
situation consists of a two-aquifer system. The shallow aquifer from 2 to 
12 m below ground surface (mbgs) consists of medium to silty fine sands, 
and the deep aquifer from 12 to 85 mbgs of mainly coarse sands with 
gravel enclosures. The general direction of groundwater flow in the 
shallow aquifer is to the southeast and to the northwest in the deep 
aquifer (Fig. 1). Locally at the MGP site, groundwater flow shifts in the 
shallow aquifer, due to sheet piling containment measures and absence 
of the confining layer (Fig. 1). The hydraulic conductivity of the aquifers 
varies from k = 5 m/d in the shallow aquifer to k = 15 m/d in the deep 
aquifer. The two aquifers are separated by a clay/peat confining layer in 
the north (Fig. 2). The clay/peat layer thins out from more than 5 m 
thickness in the north, to about 50 cm or less at the MGP site. The 
aquitard fringe is situated some 50 m south of the DNAPL source zone 
(Fig. 2). In both aquifers, liquid phase tar is detected as free flowing 
DNAPL. More background on the site, partitioning behavior from the 
DNAPL towards the plume, and developed methods for detecting the 
dissolved contaminants and their metabolites were described earlier 
(Van Leeuwen et al., 2020). 

The contaminated MGP site was divided into different zones, based 
on samples from groundwater sampling wells within each zone. The 
upgradient zone, represents non-impacted groundwater and is used as a 
reference. The source zone is the area where DNAPL is located, and the 
plume zone is representing the area of the groundwater dissolved con-
taminants. The fringe zone represents the area where contaminant 
concentrations in groundwater are diminishing and mixing with the 
surrounding groundwater occurs by dispersion. Downgradient is the 
area located in the direction of flow for groundwater and contaminant 
concentrations below 10 μg/L. In Table 1, the number of sampling wells 
in each zone is given. 

2.2. Groundwater sampling 

To create a two-dimensional, transect of the groundwater contami-
nation in the two-aquifer system, groundwater samples were obtained 
from 34 sampling wells. The wells were selected along the groundwater 
flow direction (Fig. 1), as well as along a transversal cross section of the 
plume (Fig. 2). A comprehensive overview of the sampling wells is given 
in the supplementary information S3 to S9. To keep the groundwater 
samples anoxic while sampling, Marprene tubing (Rubber BV, Hilver-
sum) in combination with a peristaltic pump (Watson-Marlow, type 604 
U/R, MA, USA) was used. Some wells in the source zone contained 
DNAPL. To acquire clear groundwater samples, these wells were pum-
ped at a flow rate of 10 L/h until groundwater breakthrough was 
established. Typically, two to sixty liters of tar was pumped before 
groundwater break through started (Table 2). Unaffected reference well 
323 is located 145 m upgradient in the shallow aquifer. 

2.3. Aromatic hydrocarbon analysis 

For the determination of concentrations of aromatic hydrocarbon 
compounds in the groundwater samples, a gas chromatographic head-
space analyses method was used. Analyses were performed on a Shi-
madzu GC-2010 gas chromatograph equipped with a PAL auto sampler 
(Shimadzu Benelux, ‘s Hertogenbosch, The Netherlands) as previously 
described (Van Leeuwen et al., 2020). The detected hydrocarbon 
contaminant concentrations per sample are given in section S5 of the 
supplementary information. 
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Fig. 1. Plan view of the investigated site. The four-pointed stars show the locations of groundwater monitoring wells in the shallow aquifer; x-shapes show 
monitoring well locations, both in shallow and deep aquifers; donut shapes represent multi-level samplers. Dashed line represents location of cross section shown 
in Fig. 2. 

Fig. 2. Cross section of a site conceptual 
model (not to scale) showing the two aquifer 
systems and the thinning aquitard clay/peat 
layer. Concentrations indicated in colors are 
measured sum of benzene, toluene, ethyl-
benzene, xylenes, and naphthalene. Green 
represents 0–100 μg/L, yellow 100–1000 
μg/L, light blue 1000–10,000 μg/L, red 
10,000–100,000 μg/L and magenta 
100,000–1000,000 μg/L. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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2.4. Compound specific stable isotope analysis 

To identify anaerobic biodegradation and the occurring biotrans-
formation reactions CSIA (δ13C and δ2H) was performed. Samples from 
the contaminated groundwater plume were measured in duplicate for 
benzene, toluene ethylbenzene, xylenes, indene and naphthalene on a 
GC–MS-IRMS system consisting of a Thermo scientific Trace GC Ultra 
(GC), a Thermo scientific ISQ (qMS), a Thermo scientific GC Isolink 
(interface) and a Thermo scientific Delta V Advantage (IRMS). A 
comprehensive description of the used method is described in section S2 
of the supplementary information. The δ13C and δ2H data per sample 
for the detected hydrocarbon contaminants are given in section S8 and 
S9 respectively of the supplementary information. 

2.5. Semi-quantitative metabolite analysis 

Putative metabolites of aromatic hydrocarbon degradation were 
analyzed by liquid chromatography, using a Shimadzu Nexera UHPLC 
system and a Bruker maXis 4G quadrupole orthogonal accelerated time- 
of-flight mass spectrometer as described (Van Leeuwen et al., 2020). 
Analytes were semi-quantified by using a linear relation between po-
larity and the molar response factor, where standards with known 
concentrations were used to define the unknown ones through correla-
tion (Wang et al., 2010). The metabolite data per sample are given in 
section S6 of the supplementary information. 

2.6. Analysis of anions, manganese and iron 

Groundwater samples were analyzed for concentrations of anions 
(SO4

2− , NO3
− and NO2

− ) by liquid chromatography (LC) on a Dionex 
ICS-1500 equipped with an IONPAC AS14 anion exchange column and 
an A SRSs-Ultra 14 mm suppressor (Dionex Corporation, Sunnyvale CA, 
USA). Concentrations of dissolved manganese and iron in the ground-
water samples were measured by a Perkin-Elmer Avio 500 inductively 
coupled plasma-optical emission spectrometer (ICP-OES). For both LC 
and ICP-OES analysis, groundwater was sampled in 1.5 mL vials with 
screw caps and silicon PTFE lined septa (Grace). The samples were 
sterilized in the field by addition of 0.6 mL of a 68% solution of nitric 
acid (Sigma-Aldrich Chemie N.V., Zwijndrecht, The Netherlands). An 
overview of environmental conditions such as pH, redox, electric con-
ductivity (EC), dissolved organic carbon (DOC) and oxygen are given in 

section S3 of the supplementary information. Physico chemical data is 
given in section S4 of the supplementary information. 

2.7. DNA extraction and qPCR analysis 

For the extraction of DNA, 1-l groundwater samples were collected 
from monitoring wells in clean green glass bottles. To prevent the 
introduction of oxygen, the bottles were filled completely from the 
bottom up, and let to overflow for a few minutes before sealing with a 
polypropylene screw cap. The bottles were immediately put-on ice in a 
cool box and transported to the laboratory. The 1-l samples were vac-
uum filtered within 24 h. For filtration, 47-mm diameter, 0.22 μm pore 
size, hydrophilic filters were used (Millipore BV, Amsterdam, The 
Netherlands). DNA was subsequently extracted with the MoBio Power-
lyzer kit according to the supplier's protocol (MoBio, CA, USA). DNA 
extracts were stored at − 80 ◦C until analyzed. 

Genes of general groups of micro-organisms were detected that 
signify redox conditions, such as nitrate reducers (narG), sulfite reducers 
(drsA), iron (III) reducers (16S rRNA Geobacteraceae), methanogens 
(mcrA), and Archaea (16S rRNA) Additionally, genes indicating bacteria 
and enzymes were targeted that are known to metabolize benzene, such 
as Peptococcaceae and benzene carboxylase (abcA). Furthermore, two 
kinds of benzylsuccinate synthase (bssA) genes, involved in toluene 
activation were analyzed: those associated with sulfate-, iron (bssA_SRB) 
reducing and nitrate (bssA) reducing micro-organisms. Additionally, 
total bacteria were quantified (16S rRNA). An overview of all analyzed 
genes encoding and primers, is given in the supplementary information 
S1. Assays for qPCR analysis were performed on a CFX96 Real-time PCR 
machine (Bio-Rad) as described (van der Waals et al., 2017). Detected 
gene copies for used essays are given per sample in section S7 of the 
supplementary information. 

3. Results and discussion 

3.1. Distribution of electron acceptors 

Dissolved oxygen concentrations were below 0.5 mg/L, indicating 
anoxic conditions in all sampled groundwater wells. In groundwater 
wells surrounding the contaminated area, nitrate (24–33 mg/L) and 
sulfate (31–36 mg/L) were present. A comprehensive list of hydro-
geochemical data can be found in the supplementary information sec-
tion S3 and S4. Nitrate was depleted in the upgradient part of the source 
zone. The complete oxidation of 1 mol of benzene or toluene to CO2, 
would require reduction of 6 or 7.2 mol of nitrate to N2, respectively 
(Burland and Edwards, 1999), neglecting possible nitrate reduction to 
ammonium. The influx of groundwater containing 24–33 mg/L nitrate 
can therefore serve as an electron acceptor for the oxidation of only a 
relatively small fraction of the contaminant load present. 

Sulfate concentrations decreased along the groundwater path of flow 
and remained low (0.1–7.5 mg/L) throughout the plume zone, along the 
groundwater path of flow. In only 4 out of 34 sampling wells was sulfate 
below 1 mg/L. 

Dissolved iron and manganese were not detected in the uncontami-
nated upstream reference well. In contrast, dissolved iron and manga-
nese were detected in relatively high concentrations up to 14.6 mg/L, 
within the contaminated plume and fringe zones. This is an indication of 
iron(III) and manganese(IV) reduction by bacteria such as Geo-
bacteraceae, which are known to use a wide range of aromatic com-
pounds (Nealson, 1994). Dissolved iron and manganese were detected at 
similar concentrations, which is remarkable, since generally iron is five 
to ten times more abundant in soil systems than manganese (Nealson, 
1994). This observation may be explained by precipitation of ferrous 
iron with sulfide produced through sulfate reduction. The solubility in 
water of FeS is negligible, whereas that of MnS is 47 mg/L at 18 ◦C 
(Nealson, 1994). It was reported that about 60% of the iron (III) had 
been reduced to iron (II) in the source zone, and 35% of the ferric iron in 

Table 1 
Overview of contaminated site zonation and number of groundwater sampling 
wells per zone. Upgradient: ± 140-m upgradient from the source zone.  

Well 
location 

Upgradient Source 
zone 

Plume 
zone 

Fringe 
zone 

Downgradient 

Number of 
wells 

2 well 5 wells 13 wells 6 wells 8 wells 

Plume zone: No DNAPL presence in sampling well and at least one contaminant 
>2 mg/L. Source zone: DNAPL presence within the sampling well. Fringe zone: 
No DNAPL present in sampling well and each contaminant <2 mg/L. Down-
gradient: sample wells are hydrogeological downgradient and each compound 
<10 μg/L. 

Table 2 
Wells sampled in the DNAPL-source zone, with well screen depth in meters 
below ground surface (mbgs), tar height measured from bottom of the well.  

Sampling well A010 A005 A012 A036A 4031 4031 

Well screen (mbgs) 2–12 10–12 10–12 10–12 16–17 20–21 
Tar height (m) 6 3.8 2.7 2.5 0.3 0.3 
PBGB (L) 60 35 10 15 5 2 

Pumped tar volume before groundwater breakthrough (PBGB) is given in liters 
(L). 
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the plume zone due to biodegradation of aromatic hydrocarbons from a 
tar contaminated site (Wege, 2005).This suggests that at least 60% of 
iron (III) in an aquifer was available to microorganisms for biodegra-
dation of hydrocarbons over several decades. Moreover, based on this 
outcome calculating the potential biodegraded contaminant load 
through iron(II) reduction, provides an insight, in present and future 
groundwater plume stability. Stoichiometric relationships for the 
oxidation of naphthalene, toluene and benzene are as follows: 

C10H8 + 48Fe(OH)3→10HCO−
3 + 48Fe2+ + 28H2O+ 86OH− (1)  

C7H8 + 36Fe(OH)3→7HCO−
3 + 36Fe2+ + 22H2O+ 65OH− (2)  

C6H6 + 30Fe(OH)3→6HCO−
3 + 30Fe2+ + 18H2O+ 54OH− (3) 

Stoichiometric relations imply that 2,7 kg of ferric iron are needed to 
biodegrade 1 mol (128 g) of naphthalene. For biodegradation of 1 mol of 
benzene (78 g) or toluene (92 g) 1.7 and 2 kg of ferric iron are needed, 
respectively (Eq. (2) and (3)). In the Netherlands, generally 1.5–30 g/ 
dm3 Fe(OH)3 is present in sandy soils (De Vries, 1999). This implies that 
for every kilogram of naphthalene a soil volume of on average 1.3 m3 is 
potentially sufficient as electron acceptor. The total dimension of the 
contaminant plume zone at the investigated site is approximately 3.3 
million m3. The contaminated soil volume of the plume at the former 
MGP site in Amersfoort would potentially hold sufficient Fe(III) as 
electron acceptor for the biodegradation of 2.5 million kg naphthalene. 
Moreover, acceptors such as nitrate and sulfate flow into the ground-
water contaminated plume, over an inflow area of 12,000 m2 (300 m1 

wide and down to 40mbgs). The aquifer flows at a constant rate of ±25 
m/y, which implicates 300,000m3/y of water inflow into the contami-
nated area. This amount of groundwater contained of 0,024 kg/m3 and 
0,035 kg/m3 of nitrate and sulfate respectively in the upgradient 
reference well. This would roughly contribute an additional 7200 kg/y 
of nitrate and 10,500 kg/y of sulfate as potential terminal electron 
acceptor to the contaminated area. Ferric iron is not replenished like 
nitrate and sulphate and might potentially deplete. Moreover, various 
chemical reactions between iron and sulfur can occur in the fringe zone. 
Due to a relatively large iron reducing volume of the plume compared to 
a small nitrate reducing volume at the fringe zone, reduction of ferric 
iron coupled to relatively slower biodegradation of most hydrocarbon 
contaminants within the plume zone, appears quantitatively to be of 
greater significance than coupled to nitrate reduction in the fringe zone. 

3.2. Distribution of aromatic hydrocarbons 

In the source zone, the relatively light hydrocarbon compounds 
partition from the tar into the surrounding groundwater. The liquid 
DNAPL in the source zone, is considered to be an instantaneous solute 
source. The composition of the initial solute mixture (C0) is determined 
by averaging the concentrations of partitioned tar compounds to water 
and is shown in (Fig. 3) and described by (Van Leeuwen et al., 2020). 
The nine most abundant compounds that have partitioned into the 
groundwater are: naphthalene (29%), followed by toluene (22%) and 
benzene (15%). Other compounds such as 2-methylnaphthalene (2-MN), 
styrene, indene, xylenes and ethylbenzene were detected varying from 
8% down to 2%. The other 15 detected aromatic compounds at lower 
concentrations than ethylbenzene are not considered here (not shown in 
Fig. 3). An overview of all detected contaminant compounds per sam-
pling well is given in the supplementary information S5. 

Propagation of the contaminant mixture by groundwater transport 
phenomena, such as dispersion/dilution and retardation have an 
prominent effect on the concentration profile along the groundwater 
path of flow. Composition of the aromatic hydrocarbon mix is besides 
dispersion, affected by retardation. For each compound. Koc values and 
retardation values for the nine most abundant aromatic hydrocarbons 
detected in the contaminant groundwater are given in Table 3 (Abraham 

et al., 1994; Freeze and Cherry, 1979). The Koc values used are obtained 
from chemical database (gsi-net.com). 

In the plume zone, the composition of the contaminant mixture has 
changed, compared to the source zone. In the source zone naphthalene 
and toluene were the most abundant compounds (Fig. 3), whereas in the 
plume zone, the most abundant compounds were ethylbenzene and 
benzene, with values of 0.56 and 0.71C/C0, respectively (Fig. 4). This 
may be attributed to the retardation effect, as the Koc value for ethyl-
benzene, benzene and other aromatic hydrocarbons is lower than that of 
naphthalene (Fetter, 1999) (Table 3). Another compound from the most 
abundant hydrocarbon compounds, 2-methylnaphthalene (2-MN), has a 
relatively high Koc, and is expected to decrease less than naphthalene, 
based on retardation. However, 2-MN decreased relatively the most of 
all compounds from the source zone to the plume zone (Fig. 4). Naph-
thalene is expected to decrease the most if only retardation played a role. 
This is indicative for biodegradation of 2-MN within or relatively close 
(± 10 m1) to the source zone. 

Further downgradient (± 50–150 m1), from the plume zone to the 
fringe zone, the highest relative loss was not observed for 2-MN, but for 
styrene and toluene. This suggests, further down the groundwater path 
of flow in the contaminated groundwater plume, biodegradation is 
different for 2-MN than close to the source zone and relatively less than 
for styrene and toluene. 

N
29%

T
22%

B
15%

2-MN
8%

S
7%

Ind
7%

pm-X
7%

o-X
3%

E
2%

Fig. 3. Nine most abundant hydrocarbon compounds in the aqueous phase 
within the DNAPL source zone. Concentrations represent the average of four 
samples taken from the pool zone. N = naphthalene, T = toluene, B = benzene, 
2-MN – 2-methylnaphthalene, S = styrene, Ind = indene, pm-X = para- and 
metaxylene, o-X = orthoxylene, E = ethylbenzene. 

Table 3 
Log Koc of the nine most abundant aromatic hydrocarbons compounds parti-
tioned into the groundwater in the source zone.   

Log Koc Retardation factor 

R 

N 2.91 2.14 
2-MN 2.83 1.95 
pm-X 2.48 1.42 
E 2.48 1.42 
o-X 2.46 1.41 
S 2.33 1.3 
Ind 2.92 2.17 
T 2.17 1.21 
B 1.73 1.08 

2-methylnaphthalene (2-MN), naphthalene (N), para- and metaxylene (pm-X), 
ethylbenzene (E), orthoxylene (o-X), styrene (S), Indene (Ind), toluene (T), 
benzene (B). organic carbon content (foc) = 1%, bulk density 1.8, porosity 0.32. 
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Further downgradient at the boundary of the groundwater plume, 
where the plume zone transitions into the fringe, and nitrate reducing 
conditions prevail, the concentration of ethylbenzene is observed to 
decrease 2.5 times more than the upgradient decrease from source- to 
plume zone. Remarkably, the ratio of benzene to toluene changes at 
these downgradient nitrate reducing conditions at the boundaries of the 
contaminated groundwater plume. Upgradient from source zone to 

plume zone and from plume zone to fringe zone toluene concentrations 
are lower than benzene, moreover, further downgradient this is 
reversed, and toluene concentrations are higher than benzene (Fig. 4). 

Overall, the relative decrease of contaminant compound differences 
from source zone to plume zone compared to fringe zone to down-
gradient in other ratios than cannot be explained by retardation. This 
suggests that biodegradation occurs for most contaminant compounds. 

0.00001

0.0001

0.001

0.01

0.1

1
upgradient source plume fringe downgradient

C/
C 0

N T B 2-MN S Ind pm-X o-X E
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Moreover, decreases of individual contaminant compounds within the 
mix, differ along the groundwater path of flow in different zones within 
the contaminant plume (Fig. 4). 

To interpret the composition changes of compounds in the complex 
contaminant mixture along the path of groundwater flow, two- 
dimensional plots were produced, where the concentration of 1,3,5-tri-
methylbenzene (1,3,5-TMB) was plotted versus contaminant com-
pounds as presented in Fig. 4 (C1,3,5-tmb: Cx) using all obtained 
groundwater samples (Figs. 5 and 6). Where C1,3,5-TMB is the concen-
tration is of 1,3,5TMB and Cx the concentration of a specific aromatic 
hydrocarbon from the contaminant mix. 

Naphthalene, 1,2,3-trimethylbenzene (1,2,3-TMB) and 1,2,4-trime-
thylbenzene (1,2,4-TMB) show a comparative fit to linear dilution or 
dispersion only (Fig. 5). Benzene and toluene show the least fit to linear 
dilution and benzene as well as toluene concentration decrease rela-
tively more than 1,3,5-TMB at relatively lower concentrations (Fig. 6). 
Although soil heterogeneity and retardation effects play a role in 
groundwater transport of contaminants, relatively for the contaminant 
mix benzene shows the most deviation from dilution and naphthalene 
together with trimethylbenzenes the least (Fig. 5). This indicates that 
naphthalene and trimethylbenzenes are the most conservative com-
pounds in the contaminant mix. Tri-substituted alkylbenzenes are less 
vulnerable to microbial degradation than monosubstituted alkylben-
zenes (Peng et al., 2021). Moreover 1,3,5-TMB is recognized as the most 
conservative degrading aromatic hydrocarbon compound (Aamand 
et al., 1989; Aronson and Howard, 1997; Baedecker et al., 2011; Peng 
et al., 2021; Richnow et al., 2003). Other contaminant compounds such 
as xylenes, ethylbenzene, styrene and 2-methylnaphthalene show, 
however less distinct, decreased relative concentrations corresponding 
to benzene and toluene versus 1,3,5-TMB. 

Naphthalene and benzene both non-substituted cyclic aromatic hy-
drocarbons are also known as anaerobically slow degrading compounds 
relative to other water soluble tar constituents (Aronson and Howard, 
1997; Flanagan et al., 2014; Wiedemeier et al., 1999). The data obtained 
from this contaminated groundwater plume show that naphthalene is 
behaving in accordance, however benzene is not. Benzene concentra-
tions decrease in the same order as toluene concentrations when plotted 
to the most persistent compound in the mix 1,3,5-TMB (Fig. 6). 

Considering various redox conditions along the path of flow, concen-
tration ratios for benzene (CB) and toluene (CT) could be occurring at 
different conditions and are given in (CB:CT), Fig. 7. In the source zone, 
which is considered an instantaneous point source, concentrations are 
relatively high for benzene (30,000 μg/L) and toluene (32,000 μg/L). 
The majority of samples containing dissolved iron and manganese, yet 
no nitrate, show a ratio of greater than one for benzene versus toluene 
(Fig. 7). This could be explained by relatively more adsorption of 
toluene to the soil matrix since benzene has a lower retardation factor. 
However, some of the samples show a ratio smaller than one for benzene 
versus toluene (Fig. 7). These samples relate to the fringe zone and its 
nitrate reducing conditions. The surrounding groundwater contains ni-
trate, which mixes in with the contaminated groundwater, due to 
dispersion. The relatively high toluene versus low benzene concentra-
tions, indicate more loss of benzene than of toluene under the nitrate 
reducing conditions at the fringe of the contaminant plume. This 
composition change was also observed in sample locations above the 
source zone, where an inflow of nitrate containing groundwater from 
upgradient occurs. The lower ratio of benzene versus toluene in the up- 
and downgradient locations cannot be explained by retardation effects 
or dilution through dispersion and therefore indicates greater biodeg-
radation of benzene than toluene at nitrate reducing conditions in the 
plume fringe. 

3.3. Multi-element compound-specific isotope fractionation 

Fractionation of stable isotopes of hydrogen (2H/1H) and carbon 
(13C/12C) was determined for BTEX, indene, and naphthalene in 
contaminated groundwater samples. To determine direct insight in the 
reaction mechanisms for biodegradation, hydrogen (δ2H) and carbon 
(δ13C) enrichments were combined, into two-dimensional compound 
specific isotope analysis plots. The slope of the linear regression, leads to 
the apparent reaction mechanism and is expressed as the lambda value 
(Λ) (Kümmel et al., 2016) (Fig. 8). Lambda values indicate putative 
reaction mechanisms of aromatic hydrocarbon degradation pathways 
corresponding to carboxylation, fumarate addition, and hydroxylation 
(Vogt et al., 2016). The Λ-value found for toluene (Λ = 25) and o,m- 
xylene (Λ = 20) both corresponded to anaerobic degradation via 
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succinylation by fumarate addition (Fig. 8). Benzene isotope fraction-
ation (Λ = 19), corresponds to degradation via the putative carboxyla-
tion reaction mechanism, in which benzene is carboxylated yielding 
benzoate (Abu Laban et al., 2010; Luo et al., 2014; Vogt et al., 2016). 

While the generated lambda value for ethylbenzene suggests hy-
droxylation, this is based mainly on one datapoint representing high 
hydrogen fractionation. The latter suggest a different reaction mecha-
nism. However, no lambda values are published that represent other 
reaction mechanisms for ethylbenzene such as fumarate addition. 
Furthermore, benzoylacetate was the only signature metabolite detected 
for ethylbenzene degradation, which relates to the hydroxylation 
mechanism. This metabolite was detected in 8 groundwater samples 
originating throughout the contaminated groundwater plume. An 
overview of all detected metabolites per monitoring well are given in 
supplementary information S6. 

The Λ-value for naphthalene has a poor correlation (R2 = 0.51) and 
does not correspond with a known carboxylation mechanism (Fig. 8). 
This can be explained by masking of kinetic isotope fractionation 
because of the relatively low solubility of naphthalene, resulting in 
diffusion controlled degradation (Vogt et al., 2018). The Λ-value for 
indene has the least correlation of the presented 2D plots and no refer-
ence data could be acquired to compare the results with (Fig. 8). 

The lowest values for fractionation of hydrogen (δ2H) and carbon 
(δ13C) isotopes were generally found in samples from the source zone 
and its proximity. This indicates that a relatively large fraction of the 
total amount of contaminants in the source zone has not been bio-
degraded. Small fractionation values of carbon and hydrogen might not 
be reliably quantified and could be underestimated due to ongoing 

partitioning of aromatic hydrocarbons from the DNAPL into the 
bypassing groundwater (Van Leeuwen et al., 2020). Moreover, the 
partitioning effect induced by groundwater flow, could be increased by 
higher mass transfer rates caused by biodegradation (Langevoort and 
Hassanizadeh, 2009). Simultaneous biodegradation and source parti-
tioning could underestimate the biodegradation effect in the source zone 
(Vogt et al., 2016). Moreover, ongoing partitioning of contaminant 
compounds from the instantaneous source to the groundwater, poten-
tially could create a double masking effect due to the fact that the par-
titioning takes place to an already biodegrading hydrocarbon mixture in 
the water phase and simultaneously is diluted by inflow of less 
contaminated groundwater from upgradient. (Van Leeuwen et al., 
2020). 

3.4. Metabolites of aromatic hydrocarbon biodegradation 

The highest total concentration of metabolites in a single well (545 
μg/L) was found at the start of the plume (well A026). This well is 
located approximately 35 m downgradient of the source zone (Fig. 1, 
Fig. 2). This suggests that the start of the plume, governed by metal 
reducing conditions corresponds to a relatively high bio-active zone 
(Abu Laban et al., 2010; Beller et al., 2008; Jobelius et al., 2011a, 2011b; 
Kleemann and Meckenstock, 2011; Nealson, 1994), or metabolites 
accumulate due to conditions preventing complete contaminant 
mineralization. In the source zone the second highest concentration of 
metabolites in a single well (321 μg/L) was detected. In the fringe zone, 
upgradient and downgradient highest total metabolite concentrations 
for a single well were measured at 40 μg/L, 37 μg/L and 50 μg/L, 
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respectively. A comprehensive overview of all detected metabolites per 
groundwater sample is given in section S6 of the supplementary 
information. 

These findings indicate that biodegradation occurs in the plume zone 
and in the source zone. The upgradient reference sample, fringe zone 
and downgradient samples, all show some metabolite presence, how-
ever at relatively low concentrations. 

It has been reported that the highest concentrations of metabolites 
occurred at plume fringes (Abu Laban et al., 2010; Elsner, 2010), while 
at this MGP site in Amersfoort, The Netherlands, the highest concen-
trations were detected within the source zone and at the start of the 
plume. Limited electron acceptor availability at this site may have 
resulted in metabolite accumulation (Jobelius et al., 2011a). Another 
explanation for relatively high concentrations of metabolite presence is 
that although the source zone and the start of the plume zone have redox 
conditions such as iron reducing or methanogenic at which biodegra-
dation is relatively slow, these conditions may be considered high bio- 
active zones, due to an abundance of both hydrocarbon compounds 
and their degrading bacteria. Absence or lower concentrations of me-
tabolites in the fringe zone compared to the plume- or source zone, can 

be explained by the relatively fast degradation of both parent com-
pounds and their metabolites, due to nitrate availability in fringe zone. 

Over 40%, of the metabolite concentration detected in the plume 
zone, were signature metabolites related to toluene degradation. The 
highest concentration was found for benzylsuccinic acid (211.8 μg/L), a 
signature metabolite for toluene (Callaghan, 2013; Griebler et al., 2004). 
While in the source zone benzylsuccinic acid was absent. 

Although naphthalene showed little scatter when plotted versus o- 
xylene and is suggested to biodegrade less than benzene and toluene, 
approximately 25% of the metabolite concentration detected in the 
plume zone were related to the anaerobic naphthalene degradation. The 
highest concentration of suspect metabolite was found for naph-
thaleneacetic acid (67.3 μg/L), a so far metabolite earlier hypothesized, 
yet unverified, in the naphthalene methylation pathway (Safinowski and 
Meckenstock, 2006). Moreover, nine specific metabolites for naphtha-
lene carboxylation were detected in multiple samples including di- 
methyl benzoic acid (36.8 μg/L), and 2-naphtoic acid (38.1 μg/L) 
(Callaghan, 2013). Naphthalene metabolite concentrations were 
generally the highest in the plume zone, except for 2-naphtoic acid (61 
μg/L), which was detected as the highest concentration in the source 
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zone. The other naphthalene metabolites related to carboxylation were 
also present in the source zone, however at lower concentrations than in 
the plume zone. This either suggests that the first step in the carboxyl-
ation pathway is more apparent in the vicinity of the DNAPL than in the 
groundwater downgradient, or biodegradation is more limited and more 
accumulation occurs (Callaghan, 2013). 

In the source and plume zone, other individual metabolites for 
anaerobic biodegradation were detected related to parent compounds 
ethylbenzene, indene, naphthalene, acenaphthene, phenanthrene and 
fluorene (Annweiler et al., 2000; Beller and Spormann, 1998; Callaghan, 
2013; Chee-Sanford et al., 1996; Cozzarelli et al., 1990; Gieg and Suflita, 
2002; Morasch et al., 2004; Safinowski, 2005; Tischler and Kaschabek, 
2012). A few metabolites were found at highest concentrations within 
the source zone, such as dimethylbenzoic acid, methylbenzoic acid and 
benzoic acid. Another compound that was detected in groundwater 
samples, 2-methylindene, could possibly be a compound originating 
from the tar, or a metabolite formed through biodegradation of indene 
in the aquifer, similar to methylnaphthalenes (Callaghan, 2013). 
Furthermore 2-ethylhexanol, a metabolite for anaerobic biodegradation 
of styrene (Tischler, 2015) and 4-amino benzoic acid a metabolite from 
aniline (Schnell and Schink, 1991) degradation were detected. 

Some metabolites, such as 3-o-toluoylpropionic acid and benzoic 
acid, were not only detected in the contaminated area, but also up- and 
downgradient, though in relatively low concentrations. These metabo-
lites could originate from the contaminated zone upgradient; however, it 
is likely that benzoic acid is also formed during degradation of aromatic 
compounds in natural organic matter present in the aquifer. 

High concentrations of metabolites in the source and plume zone, 
instead of at the fringe zone, might suggest that they were discharged 
from the DNAPL. However, since they are thermally relatively unstable, 
they would have disintegrated at the high temperatures during the 
Pintsch gas fabrication process (Van Leeuwen et al., 2020). The presence 
of carboxylated and succinylated metabolites therefore indicate active 
anaerobic degradation in the DNAPL containing source zone and the 
plume (Aitken et al., 2004; Bian et al., 2015; Callaghan, 2013; Elshahed 
et al., 2001; Head et al., 2003). 

3.5. Distribution of microorganisms and enzymes 

Gene copies of generic microorganisms, that use specific electron 
acceptors indicating redox conditions, were analyzed in groundwater 
samples. Gene copies indicating Geobacteraceae, nitrate and sulfate 
reducing micro-organisms, and methanogenic Archaea were found 
throughout the investigated area at concentrations from 103 per mL for 
methanogens up to 107 per mL for total bacteria (Fig. 9). This suggests 
that these micro-organisms co-exist, or that different microbial niches 
exist in a smaller domain than the one-meter filter length of the 
groundwater sampling wells (Rivett et al., 2008). Another possibility is 
that Archaea that perform pathways in the N-cycle are present, such as 
denitrification, although much less is known in Archaea than in bacteria 
(Cabello et al., 2004). 

Gene copy concentrations of sulfite reducers (drsA) and iron 
reducing Geobacteraceae 16S rRNA were one order of magnitude higher 
in the source zone than observed anywhere else in the aquifer. Total 16S 
rRNA bacterial and Archaea genes in the source zone were two orders of 
magnitude higher than in the contaminant plume area (Fig. 9). 

In samples from the source zone(s), gene copies of nirS and narG were 
detected in thousands or tens of thousands per mL of sampled ground-
water, although no nitrate or nitrite was detected in those samples 
(Fig. 9). 

In addition to detected genes related to use of specific electron ac-
ceptors, DNA was targeted for bacteria and enzymes known capable of 
anaerobic biodegradation of mono- and bicyclic aromatic hydrocarbons, 
such as Peptococcaceae 16S rRNA genes, benzene carboxylase (abcA 
genes) and benzylsuccinate synthase (bssA genes) (Fig. 10). The func-
tional bssA genes for anaerobic toluene degradation via succinylation 
were found throughout the aquifer in relatively high concentrations, 
suggesting toluene degradation all over the investigated area. The 
highest gene copy numbers of bssA genes for iron and sulfate reducers 
were detected in the source zone, while the highest concentration of bssA 
genes of nitrate-reducers was detected in the plume zone (Fig. 10). These 
results indicate presence of microorganisms capable of toluene degra-
dation by succinylation over the whole contaminated area, at iron, 
sulfate and nitrate reducing conditions. 

The highest concentrations of Peptococcaceae 16S rRNA genes were 
detected in the source zone, but they were also present in the plume 
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zone, and at the fringe of the contaminated area (Fig. 9). Peptococcaceae 
16S rRNA genes were detected in relatively low concentrations from 
hundreds up to thousands of gene copies per mL groundwater, compared 
to bssA genes. This suggests that Peptococcaceae, known to be involved in 
anaerobic benzene and naphthalene degradation, may have contributed 
to the anaerobic degradation of benzene and naphthalene at this site 
(Abu Laban et al., 2010; Kleemann and Meckenstock, 2011; Luo et al., 
2014; van der Waals et al., 2017; van der Zaan et al., 2012). 

Genes encoding for the benzene carboxylase enzyme (abcA) in ni-
trate reducing Peptococcaceae (Toth et al., 2021),were detected in rela-
tively low concentrations in the source-, and plume zones. The highest 
concentrations of abcA genes were detected at the plume fringe (Fig. 10). 
This indicates that the carboxylation reaction mechanism may be 
involved in benzene degradation in the vicinity of the nitrate containing 
groundwater at the fringes of the plume. Copy numbers of Peptococca-
ceae were lowest, in fringe samples, and numbers of abcA genes were 
highest. Considering copy numbers of Peptococcaceae were highest and 
numbers of abcA genes were lowest in the source zone samples. This 
indicates that several Peptococcaceae were not involved in benzene 
degradation. 

The lowest concentration of bacterial 16S rRNA gene copy numbers 
was found at the plume fringe, and downgradient outside the contami-
nant plume. Although concentrations of gene copies for bacteria and 
Archaea are relatively high in the upgradient reference well, genes 
indicating aromatic hydrocarbon degrading microorganisms such as 
benzylsuccinate synthase by sulfate and iron reducers, Peptococcaceae 
and benzene carboxylase (abcA) were below detection limit of the 
identification method. The amount of biodegraded contaminants is 
highest in the source zone. This most likely explains why the source zone 
is teaming with microbial life. In the fringe zone biodegradation is 
potentially the fastest under nitrate reducing conditions, however con-
centrations have decreased heavily before arriving that far down-
gradient, and thus are merely a polishing step influencing the length of 
the contaminant plume. 

4. Conclusions 

The results of this study show that benzene concentrations decrease 
relatively slow compared to other monoaromatic hydrocarbons at the 
iron reducing core of the groundwater plume but is the most decreasing 
component in the contaminant mix at the nitrate reducing plume fringe. 
Biodegradation of benzene was confirmed in the source zone and all 
along the groundwater path of flow by detection of signature and sus-
pect metabolites, relevant micro-organisms, and fractionation of stable 
isotopes. Changes in stable isotopic ratios for δ2H and δ13C, along with 
carboxylated metabolites and micro-organisms responsible for anaer-
obic degradation of aromatic hydrocarbons, indicated biodegradation 
for benzene via the carboxylation mechanism. The concentration ratio of 
benzene versus toluene, ethylbenzene, xylenes and naphthalene shifted 
from greater than one at iron reducing conditions to smaller than one at 
nitrate reducing conditions. Moreover, benzene carboxylase (abcA) 
genes, were in accordance most abundant at the nitrate reducing plume 
fringe. 

Overall composition of the contaminant compounds changes along 
the groundwater path of flow in other ratios than can be explained by 
dispersion nor adsorption. In addition, metabolites of xylenes and tri-
methylbenzenes were detected in the source zone at their highest con-
centrations. The highest diversity and concentrations of most 
metabolites were detected in the upgradient part of the plume zone, near 
the source zone. 

This indicates active biodegradation in the vicinity of the DNAPL 
pool zone. The highest numbers of 16S rRNA gene copies for total 
bacteria, bssA of sulfate, iron-reducing Geobacteraceae, and Peptococca-
ceae, were detected within the source zone indicating a relatively high 
bio-active zone for biodegradation compared to the total groundwater 
contaminated zone. 

Most if not all water-soluble aromatic hydrocarbon contaminants 
biodegrade at the relatively large dimensions of the anoxic plume core. 
However, relatively slow biodegradation of most hydrocarbon 
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contaminants at iron reducing conditions within the relatively large 
dimensions of the plume zone appears quantitatively to be of greater 
significance than relatively more biodegradation in the relatively small 
dimensions of the nitrate reducing fringe zone. 
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