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a b s t r a c t

A full-scale, experimental landfarm was tested for the capacity to biodegrade oil-polluted soil under
high-Arctic tundra conditions in northeast Greenland at the military outpost 9117 Station Mestersvig.
Soil contaminated with Arctic diesel was transferred to the landfarm in August 2012 followed by yearly
addition of fertilizer and plowing and irrigation to optimize microbial diesel biodegradation. Biodegra-
dation was determined from changes in total petroleum hydrocarbons (TPH), enumeration of specific
subpopulations of oil-degrading microorganisms (MPN), and changes in selected classes of alkylated
isomers and isomer ratios. Sixty-four percent of the diesel was removed in the landfarm within the first
year, but a recalcitrant fraction (18%) remained after five years. n-alkanes and naphthalenes were bio-
degraded as demonstrated by changing isomer ratios. Dibenzothiophenes and phenanthrenes showed
almost constant isomer ratios indicating that their removal was mostly abiotic. Oil-degrading microor-
ganisms were present for the major components of diesel (n-alkanes, alkylbenzenes and alkylnaph-
thalenes). The degraders showed very large population increases in the landfarm with a peak population
of 1.2 � 109 cells g�1 of total diesel degraders. Some diesel compounds such as cycloalkanes, hydroxy-
PAHs and sulfur-heterocycles had very few or no specific degraders, these compounds may conse-
quently be degraded only by slow co-metabolic processes or not at all.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Terrestrial oil pollution are present throughout the Arctic. They
originate from meteorological stations, research stations, radio
e by Dr. Yong Sik Ok.

r Ltd. This is an open access article
relay stations and military outposts. Many of these stations had
high strategic importance during the cold war but are more or less
abandoned by now. Oils spills at the stations range from a few
leaking oil barrels to thousands of liters, 9117 Station Mestersvig
belongs to the latter category. It is a remotemilitary airfield, located
200 km north of Ittoqqortoormiit on the east coast of Greenland. In
2007, an environmental survey showed high concentrations of oil
products in soil and groundwater (Forsvarets Bygnings- &
Etablissementstjeneste, 2008; NIRAS, 2009; NIRAS, 2010), mainly
caused by a leak of 43,000 L of Arctic grade C in 2001 at the power
station. Arctic grade C is a low-sulfur Arctic diesel with a boiling
point range of 150e275 �C.

To remediate the contaminated soil, a full-scale landfarm was
constructed during the summers of 2011 and 2012. The climate is
Arctic which limited the yearly potential for microbial oil degra-
dation to three cold “summer” months. In 2012, the Danish Min-
istry of Defense Estate Agency (MDEA) offered a rare opportunity to
scientifically document the progress of oil degradation during this
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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full-scale, Arctic remediation experiment. The results have been
reported to MDEA and the Government of Greenland in technical
notes in Danish. In the present article, we summarize and discuss
the most important findings.

Previous research showed that hydrocarbon-degrading micro-
organisms or their genes are common in oil-polluted Arctic and
Antarctic soils (e.g. Whyte et al., 2001; Børresen et al., 2002; Powel
et al., 2006; Vasquez et al., 2009;Whyte et al., 2010; Sørensen et al.,
2010), bioremediation may therefore be an appropriate remedia-
tion technology. The preferred strategy seems to be ex-situ biore-
mediation where nutrients, aeration and soil moisture can be
controlled (for a review, see Aislabie et al., 2006). Microbial oil
degradation in polar ex-situ bioremediation is in most cases greatly
stimulated by the addition of inorganic fertilizer (e.g. Whyte et al.,
2001; Paudyn et al., 2008; McWatter et al., 2016), though soil
moisture may in some cases be more important than N-addition
(Akbari and Ghoshal, 2014). Many previous studies were lab-
experiments or other small-scale experiments where microbial
degrader populations were often quantified by most-probable-
number (MPN) techniques with simple alkanes or diesel as
growth substrates. The potential for oil degradation was in many
cases determined by mineralization of radio-labelled hexadecane
or by simple chemical analyses of changes in total petroleum hy-
drocarbon (TPH) concentrations. We have extended these methods
by enumeration of microbial degrader subpopulations that could
grow on hydrocarbons with different molecular structures and by
semi-quantification of many isomers within different classes of oil
aromatics. We have also applied an elaborate multi-incremental
sampling scheme to ensure highly representative samples. By us-
ing these methods, we aimed at answering the following basic
research questions for a full-scale landfarm: i) Are oil degrading
microorganisms present in the soil for relevant diesel compounds?
ii) Can they be propagated in the landfarm? and iii) Do they effi-
ciently degrade the diesel pollution within a reasonable time
frame?

2. Materials and methods

2.1. Geology and climate

The surrounding area is composed of sedimentary deposits from
late Carboniferous and early Permian, mostly sandstonewithminor
components of chalk, shales and volcanic intrusions (Escher and
Stuart Watt, 1976). 9117 Mestersvig is located on a sandy river
delta (UTM zone27: 400500 E; 8717500 N). The climate is Arctic
with a yearly mean temperature of �10.5 �C, a monthly mean of
5 �C for the warmest month and �24 �C for the coldest, and only
three months (JuneeAugust) with monthly means above 0 �C. The
precipitation amounts to approximately 300 mm year�1 mostly as
snow (Aastrup et al., 2001). The area has permafrost.

2.2. Establishment of the landfarm

The landfarm (Fig. SM1) was constructed as a slightly sloping,
water-proof basin. The bottom and sides were made of a 10-cm
layer of sand (0e8 mm), then geotextile and a 1.5 mm high-
density polyethene (HDPE) liner, another layer of geotextile and
finally a 30-cm support layer of sand (0e8 mm). The landfarm
covered 13,600 m2 (160 m � 85 m) and was surrounded by dykes.
Approximately 3000 m3 of polluted soil was excavated in 2012
down to the permafrost at the power station. The soil was
distributed in the landfarm in a 0.4m thick layer covering an area of
8500m2. The rest of the landfarmwas left for later use. A sluice gate
drained the landfarm into two retention basins that were con-
structed with a 10-cm layer of sand (0e8mm), geotextile and HDPE
2

liner. The purpose of the retention basins was to biodegrade mobile
oil and nitrogen fertilizer before discharge to a small river delta.
Basin-1 covered 25 m � 100 mwith a depth of 0.9 m. Bassin-1 was
connected to basin-2, which covered 15 � 75 m with a depth of
0.7 m. The bottom of basin-2 was covered with 20 cm of sand
(0e8 mm) followed by 20 cm of cobbles to provide surface area for
biofilm formation. Basin-2 drained into the nearby river delta and
further into King Oskars Fjord.

2.3. Operation of the landfarm

The effect of adding mineral nutrients to the polluted soil was
tested in a preliminary experiment by a commercial laboratory
(BioClear, 2011). Oil degradation was almost absent without added
mineral nutrients but greatly increased when mineral nutrients
were added in the right amounts. On the basis of these experi-
ments, we initially added 1636 kg ha�1 of the fast-release N-fer-
tilizer Yara Liva Tropicote (total N: 15.5%, CaO: 26.3%, total P: 0%. K:
0%) and 6523 kg ha�1 of the NPK fertilizer Novatec Classic with
trace elements (total N: 12%, total P: 4%, K: 13%, S: 9%, Fe: 0.06%, B:
0.02%, Zn: 0.01%, nitrification inhibitor 3,4-dimethylpyrazole
phosphate: 0.8%) to achieve an initial N concentration of almost
300 mg kg�1 soil (wet weight, 15% water), which corresponds to an
N concentration of almost 2000 mg L�1 in the soil water as rec-
ommended by Walworth et al. (1997). The landfarm was then
ploughed (30 cm) to aerate and homogenize the soil and irrigated
by sprinklers to release the fertilizer from the pellets. A slow-
release fertilizer (Multicote 4 M, total N: 15%, total P: 7%. K: 15%)
with freeze-proof coating was introduced in 2014 to better control
release rates. Each year, the landfarm was drained through the
sluice gate after snowmelt followed by distribution of slow-release
fertilizer to maintain N-levels at 2000 mg L�1, ploughing, and
irrigation with water from the retention basins if needed. Total
amounts of added Nwere as follows: 2012: 1219 kg; 2013: 1035 kg;
2014: 1031 kg; 2015: 654 kg; 2016: 1015 kg.

2.4. Sampling

Each year, landfarm soil was sampled prior to fertilizer addition
and ploughing to a depth of 30 cm. The landfarm was divided in
three (experimental plots LF1, LF2 and LF3, Fig. SM1) and the soil
was sampled independently from each of the three experimental
plots by following a multi-incremental sampling strategy to
maximize the reproducibility of mean values. 60 sampling points
were distributed evenly within each experimental plot. Each
sample (approximately 2500 g) represented the whole layer of
polluted soil, on average 37 cm. The samples from each experi-
mental plot (approximately 150 kg) were mixed on a tarpaulin and
distributed on the tarpaulin in a layer of 5e10 cm. Sixty subsamples
(10e12 kg in total) were sampled from the tarpaulin, mixed and
redistributed in a 3-cm layer on another tarpaulin. Every single
sample for chemical or MPN analysis (in triplicate for each exper-
imental plot for each type of analysis) consisted of 20 subsamples
from this layer (50e100 g total depending on the analysis) trans-
ferred to 200-mL glass jars with teflon-lined lids. The time on the
tarpaulins was very short, but we cannot rule out that a small
fraction of the lightest compounds may have evaporated during
handling.

Additional grab-samples were collected from two places in
2014. One was a diesel-polluted, in-situ sample (1.1 m below sur-
face) from where the landfarm soil was excavated at the power
station. The other was a surface sample collected 100 m northwest
of the station area (background sample). Water was sampled all
years for TPH measurements from the sluice gate, basin-1 and
basin-2. Water and sediment were also sampled in 2014 and 2015
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for MPN enumeration.
Soil samples were stored and transported either frozen for

chemical analyses or at 0e5 �C for MPN counting. Samples were
transported to Copenhagen by plane within six days of sampling.
Temperature loggers were placed together with the samples from
sampling to arrival at GEUS in Copenhagen. Samples for MPN
counts were processed within two days after arrival.

2.5. Oil analyses

We determined changes over time in the concentration of
selected individual C0- to C4-PAHs and groups of alkyl-PAH isomers
by semiquantitative GC-MS analysis. Calibration standards and in-
ternal deuterated standards were purchased from Sigma-Aldrich
(MO, USA), and prepared from solutions in isooctane. All organic
solvents were HPLC grade. Anhydrous sodium sulfate was rinsed
three times with dichloromethane and left to dry in a fume hood
over night before drying at 85 �C for 20 h. Silica gel was rinsed
sequentially with acetone, n-pentane and dichloromethane. When
dry, the silica gel was activated at 180 �C for 20 h. Hydromatrix and
Ottawa sand was placed in thin layers (max 1 cm) on alumina foil
and burned at 550 �C overnight. Fine copper powder was activated
with concentrated hydrochloric acid immediately before use and
rinsed with milli-Q water followed by acetone and pentane to
remove residual hydrochloric acid.

Soil samples were homogenized with equal amounts of hydro-
matrix in a mortar and extracted by pressurized liquid extraction
(PLE) using an ASE200 system. The extraction cell consisted of 4 g of
activated silica, bottom layer, 4 g of acidified copper powder (to
bind elemental sulfur), 5 g of sample mix, and topped off with
Ottawa sand. The samples were added 200 mL 8 mg/mL internal
standard mix (see Table SM1 for content and application). The
following PLE parameters were used: Pressure: 1500psi, preheat
time: 2 min, static time: 5 min, flush volume: 70%, purge time: 60 s,
static cycles: 2, temperature: 100 �C, solvent mixture: n-penta-
ne:dichloromethane (90:10). Each cell was extracted twice into
separate collection vials, and after concentrating under elevated
temperature (40 �C), the two extracts were combined and evapo-
rated to dryness, and reconstituted to 5 mL with n-pentane:di-
chloromethane (90:10) and 200 mL 8 mg/mL recovery standard mix
(see Table SM1 for content and application).

The extracts were analyzed for PAHs on an Agilent 5975C inert
XL MSD with electron ionization operating in selected ion moni-
toring (SIM)mode. The GC parameters were as follows: 1 mL sample
was injected in pulsed splitless mode (inlet: 300 �C) to a 60-m HP-5
capillary column with 0.25 mm inner diameter, 0.25 mm film
thickness. The flow rate was 1.1 mL/min. The initial temperature
(40 �C) was held for 2 min, ramped with 25 �C/min to 100 �C fol-
lowed by 5 �C/min to 315 �C and held for 14 min (total run time:
61.4 min). Temperatures: transfer line: 315 �C, ion source: 230 �C,
quadropole: 150 �C. 55 m/z values were monitored in 12 groups
with 13 m/z’s each, with a dwell time of 25 ms. Peaks were quan-
tified using Chemstation V2.0 (Agilent technologies, Inc.).

The semi-quantitative oil data were supported by quantitative
analyses of changes over time in four boiling point cuts of total
petroleum hydrocarbons (TPH). The cuts were: benzene-C10,
>C10eC15, >C15eC20 and >C20eC35. TPH was determined by
GC-FID by a certified, commercial laboratory (Eurofins Denmark A/
S) using the RefLab1 method (https://cdnmedia.eurofins.com/
Microsites/media/1947/metode-1-olie-i-jord-2-udgave-2010.pdf).
At Eurofins, the sample jars were injected with 20 mL of pentane
and 20 mL of pyrophosphate (0.05 M) followed by shaking for 16 h.
The TPH content was quantified by GC-FID after phase-separation.
The detection limit for single BTEX compounds was 0.1 mg kg�1.
The detection limit for diesel cuts was typically 5 mg kg�1.
3

2.6. Most probable numbers (MPN) of specific oil degraders

The most probable numbers (MPNs) of oil degraders were
determined by amicroplatemethod (Johnsen and Henriksen, 2009)
where hydrocarbon growth substrates are added to the microplate
wells in a separate silicone phase (silicone oil AR20, Sigma Aldrich)
to avoid toxic effects. The method was adapted to Arctic conditions
by lowering the incubation temperature and extending the incu-
bation time. Twenty g of homogenized sample and 180 mL of half-
strength Bushell-Haas minimal medium (Bushnell and Haas, 1941;
Difco product no. 257820) were transferred to single-use, 300-mL
plastic bottles. The bottles were shaken vigorously by hand and
placed on an end-to-end shaker for 15min. Four-fold dilution series
of this extract were prepared in half-strength Bushnell-Haas min-
imal medium. 200 mL aliquots of each dilution were distributed in
microplates in quadruplicate. Fifteen mL of oil substrate dissolved in
silicone oil (AR 20, Sigma-Aldrich) was added to each well. All
samples were MPN-emumerated for degraders that could grow on
the hydrocarbons Arctic Grade C diesel (10% v/v), undecane (10% v/
v), m-xylene (1% v/v) or 2-methylnaphthalene (2% w/v) as single
carbon sources. All samples from 2014 to 2017 were also MPN-
enumerated with the carbon sources phenanthrerne (saturated
solution), biphenyl (2% w/v) or benzothiophene (0.5% w/v).
Selected samples were also MPN enumerated with the carbon
sources cyclodecane (10% v/v), 1,3-dimethylcyclohexane (10% v/v),
n-bytylbenzene (1% v/v), sec-bytylbenzene (1% v/v), 1-
hydroxynaphthalene (0.5% w/v) or 1-naphtoic acid (0.5 w/v).
Microplates with dilutions and silicone oil only were prepared as
negative controls. The plates were placed in airtight plastic boxes
and incubated at 10 �C in the dark for six weeks. After incubation,
growth of hydrocarbon degraders was determined by reading the
optical density (450 nm) using a microplate reader. A well was
scored as growth-positivewhen the optical density exceeded 0.100.
MPNs were calculated from the distributions of growth-positive
and growth-negative wells according to Hurley and Roscoe
(1983). For more details, see Johnsen (2017).

2.7. Data analysis

All data for the landfarm plots (LF1-LF3) consisted of three
multi-incremental replicates from each landfarm plot as described
above. The three replicates per landfarm plot were averaged to give
a mean estimate per landfarm plot. The mean estimates for the
three landfarm plots were used to calculate the overall means and
the overall standard deviations depicted in the figures, i.e. each
datapoint represented 9 soil samples but only 3 fully independent
samplings (LF1-LF3). The only exceptions were the grab samples
from outside the landfarm (in situ sample, background sample and
retention basins). For these samples, we show the technical varia-
tion from subsampling of the original grab sample.

In oil analyses, it is common practice to normalize aromatics to
one of the hopanes but hopane concentrations in the Arctic diesel
were too low to be useful. The aromatics were instead normalized
to C3-phenanthrene which is the most recalcitrant of the semi-
quantified PACs. Compound removal was calculated as content of
compound normalized to C3-phenanthrenes in the sample divided
by the same ratio in the original Arctic grade C. The significance of
TPH changes was determined by one-sided t-tests when comparing
years. MPN data were log-transformed before data analysis.

3. Results and discussion

3.1. Total petroleum hydrocarbons (TPH)

The mean TPH concentration in the landfarm dropped from

https://cdnmedia.eurofins.com/Microsites/media/1947/metode-1-olie-i-jord-2-udgave-2010.pdf
https://cdnmedia.eurofins.com/Microsites/media/1947/metode-1-olie-i-jord-2-udgave-2010.pdf


Fig. 2. Development in most probable numbers (MPN, cells g�1 dry weight) of mi-
crobial subpopulations that could utilize different Arctic diesel compounds as sole
source of carbon and energy. Error bars show ± one standard deviation calculated from
true replicates (LF1-LF3, n ¼ 3).
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3327 mg kg�1 in 2012 to 1192 mg kg�1 in 2013 (Fig. 1). The TPH
concentration decreased in the following years, but at a much
slower rate with 18% left when the project was terminated in 2017.
The overall TPH removal from 2012 to 2017 was highly significant
(p ¼ 0.0001), but the slow removal from 2013 to 2017 was less
significant (p¼ 0.018). The removal was, as usual, highly dependent
on boiling point (Fig. SM2) with 10% remaining of the benzene-C10
fraction and 75% remaining of the >C20eC35 fraction. The change
in the >C20eC35 fraction from 2012 to 2017 was not statistically
significant (p ¼ 0.13). The TPH-changes are similar to results ob-
tained for diesel-polluted soil in a small-scale trial landfarm in the
Canadian High Arctic (Paudyn et al., 2008), in a full-scale biopile
operation in Antarctica (McWatters et al., 2016) and for diesel-
range hydrocarbons in JP-8 aviation fuel in an Alaskan full-scale
landfarm (McCarthy et al., 2004).

Some TPH may have evaporated or biodegraded before the first
sampling of the landfarm. We therefore estimated the TPH con-
centration of the excavated soil to give very rough estimates of TPH
removal during the landfarm construction (for details, see supple-
mentary material). Approximately 3000 mg kg�1 of TPH was
removed before the first landfarm sampling. The fraction removed
was highest for the lightest fraction (benzene-C10: approximately
70%) and lowest for the heaviest fraction (>C20eC35: approxi-
mately 30%).

3.2. Populations dynamics of microbial hydrocarbon degraders

The relatively high Arctic diesel MPN already in 2012 indicated
substantial growth of hydrocarbon degraders during excavation
and distribution in the landfarm. The subsequent decrease in TPH
was reflected in an increase in the MPN of Arctic diesel degraders
(Fig. 2) that grew from a mean of 1.3 � 106 cells g�1 in 2012 to a
peak density of 1.2 � 109 cells g�1 in 2015. The population increase
corresponded to a theoretical mean bioassimilation of 920 mg TPH
per kg of soil if we assume a probable yield of 1.3 � 109 cells mg�1

for bacteria growing on hydrocarbons (Johnsen et al., 2006), i.e., the
microbial bioassimilation may have accounted for 40% of the TPH
removed from 2012 to 2015. The potential bioassimilation was
Fig. 1. Changes over time in mean diesel concentration (TPH, benzene-C35) in the
landfarm. Error bars show ± one standard deviation calculated from true replicates
(LF1-LF3, n ¼ 3).

4

substantial given the process was limited to only three yearly
months with soil temperatures above 0 �C (Table SM2). Several
factors may have affected the actual bioassimilation. Degraders
may have been non-cultivable or killed by protozoan predation,
phage infection or repeated freezing, which would give an under-
estimation of the bioassimilation. Growth on soil organic matter, on
the other hand, would lead to overestimation of the bio-
assimilation. We could not determine the biodegradable soil
organic matter content of the landfarm soil, but it was probably low
compared to the diesel content (3300 mg kg�1) since the landfarm
soil was high-Arctic mineral soil without pedogenesis. The diesel
degrader MPNs declined from 1.2 � 109 cells g�1 in 2015 to
1.1 � 108 cells g�1 in 2017, probably because most of the easily
degradable TPH was already degraded.

To follow the microbial degrader populations in greater detail,
we also MPN enumerated degraders that could utilize undecane,
m-xylene, or 2-methylnaphthalene as sole source of carbon and
energy. These compounds represented the major components of
Arctic diesel, i.e., n-alkanes, alkylbenzenes and alkylnaphthalenes.
The undecane MPN was slightly lower than the Arctic diesel MPN
but otherwise similar, which is not surprising since n-alkanes are
the main component of Arctic grade C diesel. Methylnaphthalene
and xylene MPNs also showed sharp initial population growth, but
they peaked at lower mean densities than Arctic diesel and unde-
cane MPNs (Fig. 2). The temperature logger indicated that some
samples were briefly below 0 �C during transport in 2014, which
probably resulted in some underestimation of the degrader pop-
ulations as seen for m-xylene and 2-methylnaphthalene MPNs in
Fig. 2.

The MPN data showed that degraders were present for the
major components of Artic diesel and heavily enriched in the
landfarm. With such promising results, we decided in 2014 also to
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enumerate degraders of three more recalcitrant aromatics. De-
graders of biphenyl, phenanthrene and benzothiophene were
therefore MPN-enumerated from 2014 to 2017 to investigate the
potential for degradation of biphenyls, three-ring PAHs and sulfur-
heterocyclic aromatics. The MPNs of phenanthrene- and biphenyl
degraders were almost identical to the 2-methylnaphthalene de-
graders (Fig. 2) suggesting a large potential for growth on various
two- and three-ring PAHs. The reason may have been that the ar-
omatics degraders could grow on different aromatics as reported by
Romine et al. (1999), Kim and Zylstra (1999) and Choi et al. (2013).
This would also explain the relatively high m-xylene MPNs even
from 2013 and onwards when the light TPH fraction, containingm-
xylene, had almost disappeared.

Cultivable degraders that could utilize benzothiophene as car-
bon and energy sourcewere different as they were absent in almost
all tested soil samples. Only the LF-3 experimental plot had
detectable benzothiophene MPNs and that was exactly at the
detection limit of 1.3 � 103 cells g�1, only in two out of three rep-
licates and only in 2016. The general absence of cultivable benzo-
thiophene degraders suggests that benzothiophene and probably
most other sulfur-heterocyclic PAHs were biodegraded mostly by
slow cometabolic processes if biodegraded at all.

3.3. Degraders in different landfarm compartments

How does the MPN of the landfarm differ from non-polluted
soil, the in-situ pollution and the retention basins? To answer
this question, we collected a background soil sample, an oil-
polluted soil sample from where the landfarm soil was excavated
and samples of water and sediment from the retention basins. MPN
counts sometimes give high variation between technical replicates
which is why Fig. 3 depicts all technical MPN replicates for each
landfarm plot. The background MPN levels were around 103 to
104 cells g�1 (Fig. 3) which is slightly higher than reported for
pristine subsoil from Northern Greenland (Sørensen et al., 2010).
The in-situ populations of the original contamination were around
Fig. 3. Most probable numbers (MPN) of oil degrader microorganisms in different compartm
in-situ pollution (2014). MPNs were determined as cells g�1 dry weight (soil) or cells mL�1

compounds as sole source of carbon and energy. Error bars show ± one standard deviation

5

105 cells g�1, i.e. slightly enriched before the landfarm soil was
excavated. The in-situ enrichment was, however, small compared
to the very large degrader populations in the three experimental
plots (Fig. 3). For the LF2 plot, the undecane degrader enrichment
was more than five orders of magnitude compared to background
levels and four orders of magnitude compared to the in situ levels.

With such high MPN in the landfarm, one would expect that
many degraders were washed to the retention basins, but theMPNs
were close to or below the detection limit of 1.1� 101 cells mL�1 for
most compounds in 2014 (Table SM3). The reason was probably a
combination of high turn-over of degraders in the water and very
low oil concentrations (basin-1: 19e88 mg L�1). MPNs were higher
in 2015 (Fig. 3) which coincided with slightly increased oil con-
centrations (basin-1: 23e400 mg L�1) due to heavy rain. TPH con-
centrations were much higher at the inlet to basin-1 (2014e2015
range: 550e1600 mg L�1) indicating efficient biodegradation of the
mobile TPH fraction in the retention basins.

3.4. Metabolic diversity

The absence of detectable benzothiophene degraders suggested
that we should look more into the metabolic diversity of the
degrader community. Complex oil products such as Arctic diesel
contain thousands of different compounds and isomers with
slightly different structures, most of which are present in very low
concentrations. We therefore “tested” the microbial communities
with structurally different compounds (Fig. SM3) that generally are
present in diesel at low concentrations. Cyclodecane is a bicyclic
alkane and 1,3-dimethylcyclohexane is a branched cyclic alkane.
There were no detectable degraders (<800 cell g�1) for these two
compounds showing that even though n-alkane degraders were
extremely high in MPN (5.5 � 108 cell g�1), they could not utilize
these structurally more complex compounds for growth Degraders
were present for the alkylbenzenes n-butylbenzene (2.4 � 106 cell
g�1) that has a straight C4-alkyl sidechain, and sec-butylbenzene
(1.5 � 108 cell g�1) that has a branched C4-alkyl sidechain, but in
ents of the landfarm (2015), in an unpolluted soil sample (background, 2014) and in the
(water and sediment) for microbial subpopulations that could utilize different diesel
of technical replicates (n ¼ 3).
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lower numbers than for the more common alkylbenzene m-xylene
(3.0 � 107 cell g�1). We also tested the alkylnaphthalenes 1-
methylnaphthalene, 1-naphthoic acid and 1-hydroxynaphthalene.
1-methylnaphthalene gave high MPNs similar to 2-
methylnaphthalene, suggesting that the position of the methyl
side-group was of minor importance. 1-naphthoic acid may be
produced from 1-methylnaphthalene as a photooxidation product
(Feng et al., 2012), an intermediate in anaerobic 1-
methylnaphthalene degradation (Marozava et al., 2018) and a
dead-end product of aerobic 1-methylnaphthalene degradation
(Mahajan et al., 1994).1-naphthoic acid gaveMPNs similar to 1- and
2-methylnaphthalene which suggests a large potential for degra-
dation of this compound. In contrast, we did not detect any de-
graders of 1-hydroxynaphthalene (<800 cell g�1) which is a
photodegradation product from naphthalene (McConkey et al.,
2002) and presumably not used by the aromatics degraders for
growth in the landfarm. To conclude, it seems that the landfarm
developed a great potential for degradation of n-alkanes and
various one-, two- and three-ring aromatics, but also that complex
alkanes and some aromatics do not support growth of degrader
cells.

3.5. Removal of specific oil aromatics

Another way of assessing the metabolic diversity is by looking
into the fate of series of compounds with similar structures. We did
this for selected series of alkylated aromatics (naphthalenes, ben-
zothiophenes, dibenzothiophenes and phenanthrenes, Fig. 4). The
large number of isomers within each series are grouped by the total
number of carbon atoms in the alkyl sidechains (C0-, C1-, C2-, C3-
and C4-isomers). The aromatics were semi-quantified and double-
normalized to C3-phenanthrene and the original Arctic grade C
Fig. 4. Changes over time in the relative concentration of selected classes of oil aromati
show ± one standard deviation calculated from true replicates (LF1-LF3, n ¼ 3).

6

diesel.
The naphthalenes and the benzothiophenes were highly

weathered which can be seen from the fact that the landfarm soil
contained 2% or less of the C0- to C3- naphthalenes and benzo-
thiophenes when sampled in 2012. This means that >98% of these
compounds were removed by evaporation, dissolution and possibly
biodegradation in-situ and during construction of the landfarm
when compared to the composition of the original diesel. More was
left of the heavier C4-naphthalenes (5%) and C4-benzothiophenes
(7%). All of naphthalene- and benzothiophene isomer classes
showed decreasing trends from 2012 to 2017, except C1-
benzothiophenes, which was probably because the absolute con-
centrations of these were close to the quantification limit.

The phenanthrenes and dibenzothiophenes were different.
Weathering was less pronounced with 20e100% remaining when
the landfarmwas sampled in 2012. For the phenanthrenes, only the
lighter C0- and C1-isomers showed decreasing trends. These results
are slightly different fromwhat would be expected from the MPNs.
Phenanthrene removalmay be explained by the high phenanthrene
degrader MPNs. C1-naphthalene removal could easily be biodeg-
radation since the soil developed very high numbers of 1-
methylnaphthalene and 2-methylnaphthalene MPNs. Biodegrada-
tion of benzothiophenes and dibenzothiophenes, on the other
hand, would not be expected from the almost complete absence of
cultivable benzothiophene MPNs.

3.6. Diagnostic isomer ratios

To look further into the removal mechanisms, we calculated
isomer ratios that are diagnostic of oil biodegradation. The princi-
ple of biodegradation indicator ratios relies on the assumption that
microorganisms degrade isomers within a compound class,
cs. C0-, C1-, C2, C3- and C4- indicate the number of alkyl carbon atoms. Error bars
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typically alkylated aromatics, at different rates, whereas physico-
chemical processes such as evaporation and dissolution affect the
isomers equally (Rowland et al., 1986; Wang et al., 1998; Vergeynst
et al., 2019). This means that biodegradation rates depend on the
position of the alkyl groups of otherwise similar isomers such as 1-
methylphenanthrene and 9-methylphenanthrene (Wang et al.,
1999). Biodegradation is therefore qualitatively reflected in
changing isomer ratios whereas evaporation and dissolution will
not change the ratios. Several ratios may be used for the naph-
thalenes and the phenanthrenes (Rowland et al., 1986; Budzinski
et al., 1998; Wang et al., 1998; Christensen et al., 2005; Vergeynst
et al., 2019). There are no validated ratios for C1-
benzothiophenes, but C1-dibenzothiophene isomers may be used
to indicate biodegradation of sulfur-heterocycles (Christensen et al.,
2005). The progress of n-alkane biodegradation can be determined
from changes in straight-chain to branched alkane ratios for
instance the n-heptadecane to pristane ratio (nC17/Pr) and the n-
octadecane to phytane ratio (nC18/Ph). The ratios may conveniently
be expressed relative to the ratio of the original oil to indicate how
biodegradation has progressed from when the oil was spilled
(Fig. 5).

For the aromatics, the ratios of the in-situ sample were very
close to the ratios of the original oil with values of 98% for 2þ3MP/
9 MP, 100% for 1MP/9 MP, 101% for 2MN/1 MN and 2þ3MDBT/
4DMBT, and 109% for 1MDBT/4MDBT compared to the original oil.
This shows that while removal had been extensive in-situ (only
0.9e5.0% left for C0eC4-naphthalenes, 0.2e2.0% left for C0eC4-
benzothiophenes, 17e103% left for C0eC3-phenanthrenes, and
9e106% left for C0eC3-dibenzothiophenes), it was not due to
biodegradation, which would have shifted the ratios. The in-situ
removal of lighter aromatics therefore must have been mostly
abiotic, probably evaporation and dissolution. The 2MN/1 MN ratio
had dropped to 84% in the landfarm in 2012 (Fig. 5), demonstrating
that biodegradation of the naphthalenes started already during
Fig. 5. Changes in biodegradation indicator ratios over time. nC17: n-heptadecane,
nC18: n-octadecane, Pr: pristane, Ph: phytane, MN: methylnaphthalene, MDBT:
methyldibenzothiophene, MP: methylphenanthrene. Error bars show ± one standard
deviation calculated from true replicates (LF1-LF3, n ¼ 3).

7

excavation and construction of the landfarm. The 2MN/1 MN ratio
dropped further in the landfarm to 37% in 2013 suggesting exten-
sive C1-naphthalene biodegradation. 2MN/1 MN was almost con-
stant during the following years probably because the C1-
naphthalenes were almost completely removed by 2013 (Fig. 4).
The MDBT ratios showed only small changes over time (Fig. 5) and
we could hardly detect any cultivable degraders of the lighter
sulfur-heterocycle benzothiophene, which suggests that many
sulfur-heterocycle isomers may be removed mostly by evaporation
and possibly by dissolution. 2þ3MP/9 MP decreased only slightly,
which is surprising considering the decrease in C1-phenanthrene
concentrations (Fig. 4) and the very high number of phenan-
threne degraders (Fig. 2). 1MP/9 MP remained almost constant
suggesting that some C1-phenanthrene isomers were resistant to
biodegradation.

The alkane ratios nC17/Pr and nC18/Pr were reduced to 51% and
56% of the original oil in the in-situ samples, indicating extensive
in-situ biodegradation of n-alkanes before excavation. The ratios
ratio were further reduced in the landfarm until 2016 (nC17/Pr: 18%
compared to the original oil, nC18/Pr: 17% compared to the original
oil, Fig. 5), confirming continued biodegradation of n-alkanes in the
landfarm which agrees well with the very high numbers of unde-
cane degraders that developed (Fig. 2). nC18/Pr data is unfortu-
nately missing for 2013 due to a contamination of the CG-MS soil
extracts. The drop in the nC17/Pr and nC18/Ph ratios within the first
three years is like the results of a small-scale landfarm trial in the
Canadian Arctic (Paudyn et al., 2008) and a full-scale biopile
operation in Antarctica (McWatters et al., 2016). Most ratios have
the fastest degrading isomer as numerator which means that the
ratios generally decrease during biodegradation. The ratios may,
however, increase in late stages, as seen for nC17/Pr and nC18/Ph
(Fig. 5), when the numerator isomer is almost completely
degraded, and the microbial community start to degrade the more
recalcitrant denominator isomer.

3.7. Recalcitrant diesel components

The very high MPNs indicated a high potential for microbial
degradation of the major components of Arctic diesel (alkanes,
alkylbenzenes and alkylnaphthalenes) and probably also for many
of the minor components, either directly as carbon sources or
indirectly by cometabolism when the major components were
degraded. Cometabolism has been demonstrated in pure cultures
and enrichments of many aromatic degraders for instance comet-
abolic degradation of benzothiophene by degraders growing on
naphthalene (Annweiler et al., 2001). Removal of TPH (Fig. 1) and
alkylated PAHs (Fig. 4) was, however, slow from 2014 to 2017. One
reason may be recalcitrant fractions where the degrader organisms
have the metabolic capacity but where the compounds are non-
accessible for the bacteria due to aging (Alexander, 1995, 2000).
This would explain that C1-naphthalenes and phenanthrene were
still detectable in 2017 despite very large degrader populations.
Another reason may be limitations in the metabolic pathways of
the microbial degrader community. Our test of substrate range
showed that there are compounds and isomers without detectable
degraders. In the recalcitrant TPH, these are probably highly alky-
lated aromatics, alkylated heterocyclic aromatics, branched alkanes
and cycloalkanes. Each of these thousands of isomers may be pre-
sent only in minute amounts, but together they may constitute a
considerable fraction of the remaining TPH. Inoculation with spe-
cific degrader consortia may increase total oil bioremediation un-
der full-scale conditions (e.g. Mishra et al., 2001; Poi et al., 2017),
but this strategy will probably fail for the recalcitrant diesel fraction
since the added metabolic pathways should be extremely diverse
and since the flux of each compound to the cells may be too low to
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sustain growth of specialized degraders.
According to the Danish clean soil criteria the concentration of

benzene should be < 1.5 mg kg�1 and TPH (C5eC35) should
be < 100 mg kg�1. Benzene dropped to non-detectable levels, but
with a mean TPH of 590 ± 90 mg kg�1 in 2017, the Danish clean soil
criteria were not reached by landfarming. A general TPH (benzene-
C35) reduction of approximately 82% and especially a 90% reduc-
tion of the lightest and most mobile compounds (benzene-C10)
suggests nevertheless that the potential environmental impact of
the pollution was reduced.

4. Conclusions

Oil degrading microorganisms were present in the Arctic Mes-
tersvig soil for the major components of diesel (n-alkanes, alkyl-
benzenes and alkylnaphthalenes) and they showed very large
population increases in the landfarm. Some diesel compounds such
as cycloalkanes, hydroxy-PAHs and sulfur-heterocycles may have
very few or no specific degraders as indicated by MPNs below the
detection limit and constant dibenzothiophene isomer ratios. These
compound classes may consequently be biodegraded only by slow
cometabolic processes or not at all. Sixty-four percent of the diesel
was removed in the landfarmwithin the first year, but a recalcitrant
fraction (18%) remained after five years of active landfarming.
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