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In this study, the indigenous microbial mineralisation of 14C-phenanthrene in seven background soils (four

from Norwegian woodland and three from the UK (two grasslands and one woodland)) was investigated.
P

PAHs ranged from 16.39 to 285.54 ng g�1 dw soil. Lag phases (time before 14C-phenanthrene

mineralisation reached 5%) were longer in all of the Norwegian soils and correlated positively with TOC,

but negatively with
P

PAHs and phenanthrene degraders for all soils. 14C-phenanthrene mineralisation in

the soils varied due to physicochemical properties. The results show that indigenous microorganisms

can adapt to 14C-phenanthrene mineralisation following diffuse PAH contamination. Considering the

potential of soil as a secondary PAH source, these findings highlight the important role of indigenous

microflora in the processing of PAHs in the environment.
Environmental signicance

Historical and on-going industrial activities have resulted in the release of polycyclic aromatic hydrocarbons (PAHs) into the environment. As a result of the
physicochemical properties of PAHs, soils serve as a major sink for these organic contaminants, even in soils which are remote from point sources. It is well
known that microorganisms can evolve to degrade organic contaminants in polluted soils; however, what is less well known is whether microorganisms can
degrade PAHs at much lower concentrations in ‘remote’ soils. PAH biodegradation patterns were investigated in soils along a transect from the UK to northern
Norway. Although biodegradation was measured in all of the soils, the PAH concentration and organic matter content were found to be linked to the rates and
extents of biodegradation.
Introduction

Polycyclic aromatic hydrocarbons (PAHs) are an important group
of organic contaminants in the environment. Concerns over their
chronic toxicity (mutagenicity and carcinogenicity), environ-
mental persistence and ubiquitous presence in the environment
have driven research interest into their sources and processing in
the environment.1,2 Most spatial distributions of PAHs in soils
vary in scale and occur through diffuse pollution,3–6 owing to the
degree of remote economic development, population density,
landscape, vegetation and land use.7,8 This results in the
contamination of large areas with hotspots having high PAH
concentrations and is characterised by the absence of identiable
point sources.9 Understanding soil–PAH interactions is impor-
tant because soils can store up to 90% of environmental PAHs
and act as a secondary PAH source to the environment.10,11

Interactions between PAHs and soil matrices are governed by
lancaster.ac.uk

hemistry 2017
several factors, including soil type (mineral and organic matter
content), PAH properties (aqueous solubility, polarity, hydro-
phobicity, lipophilicity and molecular structure), aging and
environmental factors (e.g. temperature and precipitation).12,13

This can result in sequestration within the soil fractions (mineral
or organic), transfer to soil organisms or loss due to leaching to
groundwater, volatilisation to air, or microbial degradation.14–16

Microbial degradation is widely accepted as the most
important means of loss of PAHs from soil.17–19 The size of the
indigenous microora that possesses the necessary genetic
capacity for PAH degradation is a principal factor in the
microbial degradation of PAHs in soil.12,16 Though the processes
on which the evolution of PAH catabolic activity in soil depends
are not fully understood, the presence of naturally occurring
organic compounds with structures similar to PAHs and the
presence of PAHs and PAH concentration levels in soil are
believed to be important.20–23 Since PAHs are ubiquitous soil
contaminants, microorganisms capable of degrading PAHs
have been found in both contaminated and “pristine” soils
from different climates.22,24,25

It is currently believed that the principal control on PAH
levels in the environment is transiting from primary to
Environ. Sci.: Processes Impacts, 2017, 19, 1437–1444 | 1437
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Fig. 1 Map of sampling spots.
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secondary sources. The need for further research into the role of
microorganisms and biodegradation as major PAH processors
has therefore been expressed.26–28 Studying PAH biodegradation
in background soils from areas remote from PAH point sources
holds the potential for shedding more light on the degradative
capacity of indigenous microbial population not previously
exposed directly to high levels of contamination.29 Therefore,
this study aimed to investigate the indigenous biodegradation
of 14C-phenanthrene (radio-labelled) in remote woodland and
grassland soils from Norway and the United Kingdom (UK) not
directly impacted by PAHs. Phenanthrene was used as it
uniquely exhibits both recalcitrant and biodegradable proper-
ties of PAHs as well as being commonly found in the soils
studied. Soils from Norway and the UK provide interesting
samples for study because of their differences in human pop-
ulation (and therefore activity) and histories of industrialisa-
tion. While the UK became industrialised in the 19th century
due to coal burning which continued until the 20th century,
Norway is a comparatively less populated and pristine
country.30–32
Materials and methods
Materials

Phenanthrene (>99.6%) and [9-14C] phenanthrene (specic
activity ¼ 50 mCi mmol�1, radiochemical purity >95%) stan-
dards were obtained from Sigma Aldrich, UK. Chemicals for the
minimal basal salt (MBS) solution were obtained from BDH
Laboratory Supplies and Fisher Chemicals. The liquid scintil-
lation cocktail (Ultima Gold) and 7 ml glass scintillation vials
were obtained from Canberra Packard, UK. Sodium hydroxide
was obtained from Sigma Aldrich, UK. Sodium sulphate was
supplied by VWR International. Dichloromethane (DCM) was
supplied by Rathburn Chemicals, UK. Acetonitrile was supplied
by Fisher Scientic. Agar-agar and plate count agar were ob-
tained from Oxoid Ltd., UK.
Soil sampling and characterisation

Soil samples were chosen from soils previously studied to
investigate the latitudinal distribution, fractionation, cold
condensation, and “hopping” of different classes of persistent
organic pollutants (POPs) including polychlorinated biphenyls
(PCBs), polychlorinated dibenzo-p-dioxins (PCDDs) and
PAHs.32,33 Fig. 1 shows the sampling spots on a map; soils 1–4
are Norwegian and 5–7 are UK soils. Sampling methods and
sample information have been previously published.32–35 In
summary, the soil samples were taken from rural/remote sites
at 0–10 cm depth. Individual samples were collected with the
aid of a hand-held corer that was cleaned before and aer col-
lecting each sample.33 The samples were wrapped in two layers
of aluminium foil, sealed in two plastic bags, and stored in
a cool box for transportation to Lancaster University. Upon
arrival at Lancaster University, the samples were immediately
transferred to a freezer where they were stored at �20 �C.

All the Norwegian soils (1–4) used in this study are woodland
soils. Two UK soils (5 and 7) are grassland soils and one (soil 6)
1438 | Environ. Sci.: Processes Impacts, 2017, 19, 1437–1444
is woodland soil. Total carbon was determined by analysing
4 mg of oven dried (105 �C) and sieved (2 mm) soil samples on
a Carlo Erba CHNS-OEA 1108 CN-Elemental analyser. For total
organic carbon (TOC) analysis, soils were heated to 430 �C to
remove all organic carbon; the ash containing inorganic carbon
alone wasmeasured on the analyser and the TOC determined by
mass balance.36

Analysis of PAH concentrations in the soils

The soil water content was measured by oven drying aer the
soil samples were thawed. Soil (10–40 g) (depending on the
water content and density of the individual samples) was mixed
with anhydrous sodium sulphate and then extracted with
dichloromethane (DCM) for 16 h by Soxhlet extraction. Clean-
up was performed on a silica and alumina gravity fed chroma-
tography column. Aer clean-up, the solvent was evaporated
and exchanged to acetonitrile. Six PAH standards at concen-
trations from 0.01 to 0.4 ng ml�1 were prepared. Separation was
achieved on a ChromSpher5 150� 4.6 mmHPLC column with 5
mm particle size (Varian, UK). Quantication was performed by
an external calibration method.37

Quality control

For every twelve samples, a laboratory blank and a duplicate
sample were incorporated into the analytical procedure.
Method detection limits were derived from the blanks and
quantied as three times the standard deviation of the mean
concentration of the blanks. The method detection limit ranged
from 0.1 to 17 ng ml�1 for the 12 PAHs. The recovery efficiency
was determined by analyses of blanks, spiked with 80 ng of each
PAH before extraction which was 95%.

Catabolism of 14C-phenanthrene in soil

The mineralisation of 14C-phenanthrene was determined in
250 ml screw-cap Erlenmeyer asks (respirometers) using
methods described by Reid et al. (2001), Doick and Semple
(2003), and Semple et al. (2006).38–40 The respirometers con-
tained 10 g of soil (spiked with 50 mg kg�1 unlabelled and 14C-
phenanthrene [80 Bq 14C-phenanthrene g�1 soil]) using toluene
as a carrier solvent in 30 ml mineral basal salt (MBS) medium to
This journal is © The Royal Society of Chemistry 2017
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make a slurry.40 The respirometers were fastened on a SANYO®
Gallenkamp orbital incubator which was set at 100 rpm to
agitate and ensure adequate mixing over the 32-day incubation
period (Norwegian soils) stored in the dark at 22 �C (ref. 36 and
40), and the contents were analysed using a Packard Canberra
Tri-Carb 2250CA liquid scintillation counter.36 Lag phases were
measured as the time before 14C-phenanthrene mineralisation
reached 5%. The fastest rates of mineralisation (%) were
measured as the highest rate of mineralisation per day divided
by 24 hours to obtain per hour, whilst the extents of minerali-
sation were measured as the total amount of 14C-phenanthrene
mineralised aer 14 days (the UK) and 32 days (Norway) when
the 14CO2 curve plateaued. Analytical blanks containing no 14C-
phenanthrene were used for the determination of the levels of
background radioactivity.

In order to attain a standard rate constant and half-life for
the mineralisation of 14C-phenanthrene in the soils, the
residual PAH percentages were calculated by subtracting the
mineralised fraction (%) from 100%. The mineralisation data
collected were tted into the rst-order kinetic model, S ¼
S0 exp (�kt), t1/2 ¼ 0.693/k, where S0 is the substrate fraction at
the beginning of the experiment prior to mineralisation and S
corresponds to the amount of 14C-phenanthrene remaining in
the soil aer mineralisation at time t (d) and k the degradation
rate constant.
Enumeration of soil bacteria

Colony forming units (CFUs) of heterotrophic bacteria and 14C-
phenanthrene degrading bacteria were enumerated on plate
count agar using a viable plate count technique.41 12C-
phenanthrene was used as a sole carbon source on plate
count agar for the measurement of 14C-phenanthrene degrad-
ing bacteria following standard microbiological techniques.
Statistical analysis

The levels of 14C-phenanthrene detected by the liquid scintil-
lation counter were corrected for background radioactivity. All
Table 1 Physical and chemical properties of seven soils from Norway (s

PAH (ng g�1 dry wt soil) Soil 1 Soil 2 Soil

Naphthalene 0.60 2.39 4.
Fluorene 0.21 0.61 1.
Phenanthrene 1.35 4.73 15.
Anthracene 0.07 0.37 0.
Pyrene 0.23 0.08 0.
Benzo(a)anthracene 0.14 2.67 22.
Chrysene 0.39 3.61 14.
Benzo(b)uoranthene 0.58 5.50 33.
Benzo(k)uoranthene 11.3 0.93 0.
Benzo(a)pyrene 0.34 1.57 10.
Benzo(ghi)perylene 0.68 2.63 16.
Coronene 0.5 1.58 15.P

PAHs 16.39 26.67 132.
% C 4.30 48.54 15.
% TOC 4.12 47.56 15.

This journal is © The Royal Society of Chemistry 2017
samples were analysed in triplicate and error bars presented in
graphs are standard error mean for n ¼ 3. The SIGMA STAT
version 3.5 soware package was used for statistical analysis of
data. The signicance of 14C-phenanthrene degradation
between soils was assessed by implementing ANOVA and
Tukey's tests, while the Pearson product moment correlation
was used for analysis of correlations between data.

Results
Soil characteristics

Soil total carbon (% C), TOC and PAH concentrations (ng g�1 dw
soil) are presented in Table 1. The Norwegian woodland soils (1–
4) generally showed higher % TOC (up to 47.56% in soil 2) than
the woodland and grassland UK soils (5–7). The highest TOC
level in a UK soil (13.99%) was in soil 6. The highest

P
PAHs

(285.54 ng g�1 dw soil) was in soil 7 (the UK) and the lowest
(16.39 ng g�1 dw soil) in a Norwegian soil (2). A weak positive
correlation (r ¼ 0.32) was found between % TOC and

P
PAHs in

Norwegian soils alone. No direct correlation was found between
P

PAHs in all soils and the numbers of 14C-phenanthrene
degraders (r ¼ 0.00).

Enumeration of bacteria in soils

The numbers of colony forming units (CFUs) of total hetero-
trophic bacteria and 14C-phenanthrene degrading bacteria
present in the soils before and aer 14C-phenanthrene miner-
alisation to 14CO2 are presented in Table 2. Total heterotrophic
and phenanthrene degrading bacteria present ranged between
104–106 and 103–106 CFU g�1 soil, respectively. The highest
numbers of total heterotrophs before mineralisation were
found in soil 2 (5.16� 106 � 0.03 � 106 CFU g�1) and the lowest
in soil 5 (1.34 � 104 � 0.36 � 104 CFU g�1). Phenanthrene
degraders were highest in soil 3 (3.80� 105� 0.05� 105 CFU g�1)
and lowest in soil 4 (4.56 � 103 � 1.45 � 103 CFU g�1). No
signicant difference (P > 0.05) was found between the numbers of
both total heterotrophic bacteria and phenanthrene degraders
in UK and Norwegian soils. The CFUs of total heterotrophs and
oils 1–4) and the UK (soils 5–7)

3 Soil 4 Soil 5 Soil 6 Soil 7

00 4.35 1.67 0.62 2.16
06 1.34 0.54 0.12 0.77
01 16.16 7.14 2.32 0.04
61 0.61 0.28 0.10 1.73
13 1.43 0.06 2.53 0.36
40 36.6 8.15 4.24 2.16
54 24.17 1.46 4.22 2.24
15 52.9 39.04 2.13 2.27
30 10.57 3.73 0.41 92.44
01 11.31 10.80 0.80 178.72
25 22.96 24.88 1.93 0.29
04 15.04 0.16 0.63 2.36
5 197.44 97.91 20.05 285.54
64 46.12 12.43 14.31 5.87
47 44.94 12.38 13.99 5.72

Environ. Sci.: Processes Impacts, 2017, 19, 1437–1444 | 1439
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Table 2 Colony forming units (CFUs) of total PAH degraders and total heterotrophs before and after 14C-phenanthrene degradation in
Norwegian and UK soils

Soil

Before mineralisation assay Aer mineralisation assay

Heterotrophs (CFU g�1) 14C-phe. degraders (CFU g�1) Heterotrophs (CFU g�1) 14C-phe. degraders (CFU g�1)

1 4.11 � 105 � 0.14 � 105 1.68 � 105 � 0.08 � 105 9.00 � 104 � 1.29 � 104 1.41 � 105 � 0.07 � 105

2 5.16 � 106 � 0.03 � 106 6.70 � 104 � 0.60 � 104 2.54 � 105 � 0.04 � 105 5.77 � 104 � 0.58 � 104

3 9.18 � 105 � 0.01 � 105 3.80 � 105 � 0.05 � 105 1.52 � 106 � 0.07 � 106 5.10 � 106 � 0.52 � 106

4 2.25 � 104 � 0.01 � 104 4.56 � 103 � 1.45 � 103 2.76 � 106 � 0.23 � 106 1.53 � 104 � 0.08 � 104

5 1.34 � 104 � 0.36 � 104 2.73 � 104 � 0.03 � 104 9.91 � 104 � 0.11 � 104 5.73 � 105 � 0.48 � 105

6 4.38 � 104 � 0.02 � 104 1.17 � 105 � 0.29 � 105 4.94 � 106 � 0.17 � 106 5.82 � 106 � 0.48 � 106

7 9.13 � 104 � 1.83 � 104 1.17 � 104 � 0.24 � 104 0.73 � 104 � 0.04 � 104 7.31 � 105 � 1.22 � 105
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phenanthrene degraders increased in all soils aer minerali-
sation except in soils 1 and 2 where they decreased.
Microbial degradation of 14C-phenanthrene

Fig. 2 shows the catabolism of 14C-phenanthrene in background
UK and Norwegian soils as determined by the mineralisation of
14C-phenanthrene to 14CO2 by indigenous microora aer a 14-
Fig. 2 14C-phenanthrene mineralisation in four (4) Norwegian soils
[soil 1 (A); soil 2 (-); soil 3 (C); soil 4 (:)] and three (3) UK soils [soil 5
(C); soil 6 (;); soil 7 (-)].

1440 | Environ. Sci.: Processes Impacts, 2017, 19, 1437–1444
day (UK soils) and 30-day (Norwegian soils) assay. The lag
phases in the Norwegian soils were noticeably longer than those
in UK soils. The shortest lag phase observed in a Norwegian soil
was approximately 18 days (soil 3) and the longest lag phase in
a UK soil was 6.39 days (soil 7). Soils 5 and 6 specically had the
shortest lag phases (P < 0.05) of approximately 3 days when
compared to other soils (1, 2, 3, 4 and 7). The observed fastest
rates of 14C-phenanthrene mineralisation were generally higher
in the UK soils than those in the Norwegian soils (Table 3).
Norwegian soils 2 and 3 showed signicantly lower levels (P <
0.05) of rate of mineralisation when compared to soils 1 and 4.
Similarly, soils 5 and 6 from the UK had a signicantly higher (P
< 0.05) fastest rate of 14C-phenanthrene mineralisation when
compared to soil 7 from UK and other Norwegian soils.
Regarding the extents of 14C-phenanthrene mineralisation in
both Norwegian and UK soils, soils exhibiting shorter lag pha-
ses and higher rates of mineralisation also showed higher
extents of mineralisation. The highest extents of 14C-
phenanthrene mineralisation were observed in soil 6 (86.16%)
and soil 5 (74.79%), which were signicantly higher (P < 0.01)
than those in soils from Norway and soil 7 from the UK (Table
3). There was however no statistically signicant difference
between the extents of 14C-phenanthrene mineralised in
Norwegian soils (P > 0.05), where they were below 42%, except
soil 1. In contrast, soil 7 (the UK) exhibited the shortest (P <
0.05) extent of mineralisation (23.49%) amongst all soils.

When tted into a rst-order kinetic model, the biodegra-
dation rate constants for phenanthrene in the soil samples 1–7
were estimated at 0.110, 0.011, 0.012, 0.010, 0.261, 0.407 and
0.040% day�1, and half-lives at 6.30, 60.85, 57.75, 69.30, 2.66,
1.70 and 17.33 days, respectively (Table 3). As the biodegrada-
tion rate constants increased, the extents of mineralisation also
increased with shorter half-lives and lag phases. In general, UK
soils exhibited higher rate constants and shorter half-lives
compared to Norwegian soils, except for soil 1 having 4.12%
TOC, irrespective of the variation in CFUs. A positive linear
correlation (r2 ¼ 0.80) was observed between TOC (%) and the
lag phase for UK soils, indicating that 80% of data points fall on
the regression line. Also, a strong correlation relationship (r2 ¼
0.97 and r2 ¼ 0.95) was observed between TOC (%) and the half-
life and TOC (%) and rate constants of phenanthrene biodeg-
radation in UK soils, respectively. In Norwegian soils, there were
weak but obvious relationships between TOC (%) and lag phase
(r2 ¼ 0.65); half-lives (r2 ¼ 0.65) and rate constants (r2 ¼ 0.56),
This journal is © The Royal Society of Chemistry 2017
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Table 3 Lag phases and fastest rates and extents of 14C-phenanthrene mineralisation in seven Norwegian and UK soils

Soil
Lag phase (time before
mineralisation > 5%) (d)

Fastest rate of phenanthrene
mineralisation (% hour�1)

Extent of phenanthrene
mineralisation (%)

K
value (% day�1)

Half-life –
t12 (days)

1 22.30 � 0.01 0.47 � 0.00 65.47 � 0.21 0.110 6.30
2 18.22 � 0.21 0.25 � 0.01 41.44 � 0.43 0.011 60.85
3 18.00 � 0.33 0.22 � 0.01 38.26 � 0.35 0.012 57.74
4 24.50 � 0.10 0.37 � 0.02 39.13 � 0.74 0.010 69.30
5 3.19 � 0.00 1.01 � 0.02 74.79 � 1.61 0.261 2.66
6 3.89 � 0.01 1.29 � 0.04 86.16 � 2.44 0.407 1.70
7 6.39 � 0.01 0.28 � 0.01 23.49 � 1.47 0.040 36.47
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respectively. There were no correlations (r ¼ 0.00) found
between 14C-phenanthrene degraders and extent of 14C-
phenanthrenemineralisation in all the Norwegian and UK soils.
Discussion

PAH concentrations in background soils are important to
indigenous PAH biodegradation because their presence has
been linked to the development and retention of PAH degrading
genes in the soil microora.42 The highest

P
PAH concentration

in all of the seven soils studied in this experiment was in soil 7,
a grassland soil from the UK. Comparing the three UK soils
interrogated in this study showed that the highest TOC was in
the woodland soil 6, but unlike in Norwegian soils,

P
PAHs was

not found to correlate with TOC. This suggests that TOC may
not be the only primary controlling factor in the biodegradation
of PAHs in the UK soils. The TOC is composed of amorphous
and carbonaceous organic matter fractions, with the potential
to alter the desorption kinetics of hydrophobic organic
compounds, such as phenanthrene, which was used in this
study.43–47 Previous studies have also shown that PAH levels were
higher in UK soils than those in Norwegian soils.32,48 This was
attributed to the UK's longer history of industrialisation and
coal burning, larger human population and closer proximity to
PAH point sources.32,34,49 PAH concentrations in Norwegian soils
are thought to be predominantly inuenced by long range
atmospheric transport and not deposition from local sources.
As a result, for PAH partitioning within soil, TOC plays a domi-
nant role in the retention of PAHs in such soils, particularly in
those with higher TOC.37 TOC concentrations in 2–4 of the
Norwegian soils investigated in this experiment were higher
than those in all of the UK soils (Table 1), as they were all
woodland soils.32 The weak positive correlation found between
TOC and

P
PAHs in Norwegian soils further demonstrates the

importance of TOC in the retention of PAHs in Norwegian
woodland soils.32

The numbers of 14C-phenanthrene-degrading bacteria found
in all of the soils were at similar levels to those previously found
in uncontaminated background soils.50 PAH-degrading bacteria
are present in both contaminated and uncontaminated soils
because of the ubiquitous presence of PAHs in the environment
resulting from atmospheric deposition.9,22,51 In addition to
atmospheric deposition, there is also evidence for the biogenic
synthesis of PAHs in soils.3,52–55 As an example, Wilcke et al.
This journal is © The Royal Society of Chemistry 2017
(2003)56 and Krauss et al. (2005)57 compared the levels of PAHs
in the atmosphere to those in the soils of a tropical rainforest
and found that the levels of phenanthrene, naphthalene and
perylene in plants, termite nests, and soils were higher than the
levels in the atmosphere, supporting the claim for biological
sources of PAHs. Although the numbers of soil microora have
been shown to increase to reect the introduction or the pres-
ence of carbon sources (e.g. PAHs, organic matter) in their
environment,50,58–60 this study showed no direct correlation
between

P
PAHs in soils and the numbers of 14C-PAH

degraders. Reasons for this may be the weakness of the
method employed for microbial enumeration or that not all 14C-
phenanthrene-degrading bacteria may be culturable. For
example, Bodour et al. (2003)61 studied the temporal changes in
the culturable phenanthrene degraders in response to exposure
to phenanthrene in a soil. The authors found that a diverse
microbial community participated in phenanthrene degrada-
tion in soil, some of which were temporally unculturable before,
during or aer the experiment. Many 14C-phenanthrene
degraders can also utilise other more readily degradable
carbon sources for growth in soil. Therefore, a direct correlation
between the total PAH content or even the bioaccessible PAH
content in soils and the number of PAH degraders should not
always be expected.50,62–64

Lag phases can be affected by the number of degrading cells
and soil TOC.65 Here, the observed lag phases in the biodegra-
dation of 14C-phenanthrene were markedly longer in all the
Norwegian woodland soils than those in the UK grassland and
woodland soils. Since the numbers of PAH-degrading bacteria
were found to be similar in all the soils, it was not thought of as
a reason for the different lag phases. In soils with high TOC,
PAHs tend to be sequestered over time thereby reducing their
bioavailability/bioaccessibility to microbial degradation.15,66,67

However, this depends on the composition, structure and pore
distribution of organic matter,44,68 which can delay the onset of
mineralisation, hence longer lag phases. While this is true in
the natural environment, the higher TOC content of the
Norwegian soils is believed to be the factor responsible for the
longer lag phases before the on-set of 14C-phenanthrene.32 More
specically, organic matter composition of soils has been
shown in the literature to be composed of both rubbery and
glassy domains which govern the sorption mechanisms (parti-
tioning, adsorption) of non-polar organic compounds such as
phenanthrene.69,70 Although 14C-phenanthrene was freshly
Environ. Sci.: Processes Impacts, 2017, 19, 1437–1444 | 1441
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added to the soil slurry, diffusion of 14C-phenanthrene into
accessible high energetic sites (aliphatic or aromatic moieties)
still occurred in all soils, thus reducing the rapidly desorbable
fractions of phenanthrene for degradation. Catabolism of 14C-
phenanthrene in UK soils by indigenous microorganisms has
been shown by Oyelami et al. (2015),47 where the increased
porosity of activated carbon (AC) delayed lag phases from 4.5
days (control) to 6.7–8.0 days (0.1% AC) as 14C-phenanthrene
was rapidly sorbed. Although not measured, ACs represent
a class of modied carbonaceous geosorbents within a group of
similar materials collectively named black carbons (BCs). BCs
are higher in Norwegian soils compared to UK soils owing to
long range atmospheric transport and deposition32 and repre-
sent a chemically recalcitrant component of the glassy
(condensed) fraction of organic matter in soils that signicantly
affects the fate of PAHs in soils.44,69,70 Investigating the nature of
organic matter in the soils can reveal more about the integral
sorption capacities of the soils.

In contrast, soil 7 from the UK contained the lowest TOC
level, except for soil 4, and had a longer lag phase compared to
the other UK soils. Apparently, the benzo[a]pyrene (B[a]P) level
in this soil was responsible for this anomaly. The B[a]P
concentration in soil 7 (178.7 ng g�1) exceeded the B[a]P
concentrations in all other soils by over 90% and also exceeded
the

P
PAHs of the majority of the studied soils except soil 4

(197.4 ng g�1). Although the co-metabolism of B[a]P was not
determined, it is suspected that owing to its high concentration
there would have either been inhibition of 14C-phenanthrene
with or without co-metabolism of B[a]P or toxicity of B[a]P
derived metabolites leading to the delayed onset of degrada-
tion.17,71 The implication is that even in remote soils, not
directly impacted by high levels of PAH contamination, micro-
bial activity can, in addition to the effect of natural PAH
analogues,71 still be stimulated by the low levels of PAHs present
due to diffuse pollution. In one of the few available studies on
indigenous PAH biodegradation in background soils, Johnsen
and Karlson (2005)50 found a clear correlation between the
amount of soil PAHs and the potential for biodegradation of
phenanthrene and pyrene; however, they did not nd any lag
phase in phenanthrene mineralisation. This current study
shows that the onset of 14C-phenanthrene degradation in soil
can vary depending on the concentration of PAHs present in the
soil.

Faster rates of 14C-phenanthrene mineralisation were
observed in the UK soils (Table 3). Rates of PAH degradation are
determined by the availability of the contaminants to the
degrading microorganisms, the numbers of degrading micro-
organisms present in the soil and the activity of degrading
microorganisms.72,73 Therefore, as with the lag phases, the
slurry system would have enhanced the availability of 14C-
phenanthrene to the degrading microorganisms, thereby
describing the maximum amount of 14C-phenanthrene that
may be mineralised in the soils (bioaccessibility).16 Mass
transfer of 14C-phenanthrene to a designated diffusion
boundary layer is enhanced during shaking, thus encouraging
dissolution for catabolism.17 However, in the natural environ-
ment, the higher TOC of the Norwegian woodland soils may
1442 | Environ. Sci.: Processes Impacts, 2017, 19, 1437–1444
have decreased the rate of transfer of the 14C-phenanthrene to
the degrading microorganisms, thereby reducing the rate of
mineralisation.44,47 This study further showed that the TOC and
inherent B[a]P composition can strongly inuence the degra-
dation rates of 14C-phenanthrene in soils, irrespective of the
source. When 55 mg kg�1 phenanthrene was spiked into
a sediment slurry by Chen et al. (2008),74 the extent of biodeg-
radation was between 85% and 96% with varying rate constants
higher than that of this present study owing to the absence of
other PAHs, salinity of the system and microbial inoculum size.
More specically, degradation of phenanthrene in a long-term
PAH contaminated industrial site in Germany showed similar
rate constants found in the Norwegian soils, having higher TOC
values; reduced desorption and diffusion were responsible and
not microbial activity.75 Additionally, the rate constants deter-
mined in this study (soils 1, 5 and 6) were higher than phen-
anthrene degradation rates observed by Antizar-Ladislao et al.
(2006)76 and Crampon et al. (2014),77 where reduced bioavail-
ability and microbial population, respectively, were critical
factors. This current study supports that TOC-reduced
bioavailability and rates of degradation, together with the
presence of higher concentrations of ve ring PAHs (e.g. B[a]P),
can also affect rates and in-turn affect the half-life of target
contaminants in the soil.

The extents to which 14C-phenanthrene were mineralised in
the soils (up to 86% in soil 6) in this study can be attributed to
the use of soil slurry assays because soil slurries and agitation
are a measure of the maximum catabolic potential of the
soil.39,40 This means that even in pristine soils that are not
directly impacted by PAHs, the genetic potential for PAH
biodegradation can be determined and maintained.78,79

Biochemical pathways for degradation of phenanthrene in soil
have been well documented in the literature,18,80,81 and most
indigenous bacteria possess the multicomponent dioxygenase
enzyme system responsible for degradation.18 Although the
microbial diversity was not determined, Uroz et al. (2016)82 and
Martin et al. (2012)83 have shown that the diversity and structure
of indigenous microbial populations can be altered through
biomass type (trees, plants) and PAH concentrations with time.
Indeed, most bacterial phenanthrene degraders include Pseu-
domonas, Burkholderia, Mycobacterium, Nocardia, Alcaligenes,
Acidovorax, Polaromonas, and Rhodoferax genus,18,82,83 and
fungal degraders frequently identied include Candida, Irpex,
Pleurotus, Fusarium, Cunninghamella, and Phanerochaete.18,84

However, microbial composition and distribution in this study
varied due to the difference in the distribution of inherent PAHs
and TOC composition in the soils. Since PAHs were present in
all soils, it is suggested that variation in microbial diversity will
still vary due to the soil type, TOC composition and content.
Additionally, TOC and the presence of the high B[a]P concen-
tration (soil 7) also affected half-lives and extents of 14C-
phenanthrene mineralisation in the soils. Despite indigenous
microbial consortium supporting each other to improve
bioavailability and metabolism, dead-end products from co-
metabolism or B[a]P may have inhibited 14C-phenanthrene
mineralisation in soil 7.85,86
This journal is © The Royal Society of Chemistry 2017
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Conclusion

The results from this study show that PAH concentrations
found in soils vary and long range transport and deposition in
pristine soils can encourage microbial catabolic potential in
such soils. Surprisingly, TOC of soils did not correlate with the
sum of PAHs found within the soils sampled but indicated that
the composition of the organic matter domain in soils needs to
be studied. Bacterial enumeration of PAH-degrading bacteria in
CFUs was done but their numbers did not determine the
greatest extent of PAH mineralisation. UK soils showed highest
extent of phenanthrene mineralisation (>80%) with shortest lag
phases, shorter half-lives, highest rate constants and highest
fastest rates of mineralisation when compared to soils from
Norway. Our ndings show that the nature of the degrading
microorganisms and composition of organic matter are
accountable for differing catabolic activities by indigenous
microorganisms.
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