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ARTICLE INFO ABSTRACT
Keywords: Legacy industrial activities have generated soils co-contaminated with petroleum hydrocarbons, metal(loid)s,
Bioremediation and regulated organic pollutants such as polycyclic aromatic hydrocarbons (PAHs) and polychlorinated bi-
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phenyls (PCBs). In these complex systems, conventional remediation approaches and concentration-based
monitoring often fail to fully capture contaminant transformation processes and residual chemical complexity.
Here, pilot-scale field bioremediation was combined with an environmental forensics framework to evaluate
contaminant degradation, microbial response, and metal(loid) mobility under realistic field conditions. Six
biostimulation strategies were assessed, including plant-derived compost, sludge-based compost, mineral fer-
tilisers, and natural attenuation controls. After 150 days, hydrocarbon removal remained below 30% in control
treatments, whereas nutrient-based treatments achieved intermediate efficiencies and compost-amended systems
showed the highest performance, reaching up to 58% with plant-derived compost. Compost application was also
associated with reductions in TCLP-extractable Zn, Pb, and Cd fractions, consistent with decreased metal
mobility. Molecular fingerprinting revealed selective degradation of labile hydrocarbon fractions, while
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biomarkers, asphaltenes, and heavy waxes persisted after treatment. In parallel, non-target screening identified
persistent polar contaminants, including organophosphorus flame retardants and phthalates, which were largely
unaffected by remediation. Overall, the results demonstrate that compost-assisted bioremediation can enhance
hydrocarbon degradation and reduce metal mobility in complex co-contaminated soils, while integrative envi-
ronmental forensic approaches provide critical insight into residual contaminant complexity not captured by
conventional concentration-based metrics.

1. Introduction

Brownfield sites—abandoned or underused industrial areas affected
by legacy pollution—pose major environmental and socio-economic
challenges due to the persistence, heterogeneity, and complexity of
the contaminants present [1,2]. Many of these sites are characterised by
long-term, mixed industrial activities that have resulted in the
co-occurrence of petroleum hydrocarbons, regulated organic pollutants
such as polycyclic aromatic hydrocarbons (PAHs) and polychlorinated
biphenyls (PCBs), and metal(loid)s [3-5]. This co-contamination gen-
erates complex interactions: while organic contaminants may undergo
microbial transformation, metal(loid)s are non-degradable and often
exert chronic inhibitory or selective pressures on soil microbial com-
munities [6,7]. These interactions affect contaminant bioavailability,
mobility, and toxicity, leading to complex contamination patterns that
hinder remediation efforts and delay ecological recovery.

Biological remediation strategies, including biostimulation and
compost-assisted bioremediation, are increasingly recognised as sus-
tainable and cost-effective approaches for managing hydrocarbon-
contaminated soils [8]. However, their performance in
co-contaminated systems remains difficult to predict. Although readily
bioavailable hydrocarbons are typically degraded during the early
stages, more recalcitrant fractions persist due to ageing processes,
sorption to soil particles, and limited bioavailability [9]. Furthermore,
the presence of metal(loid)s can exacerbate these limitations by altering
redox conditions, enzyme activity, and microbial metabolic pathways.
As a result, removal efficiencies observed in simplified or
mono-contaminated systems cannot be directly extrapolated to complex
field conditions [10]. In response to these challenges, recent research
has increasingly focused on integrative and nature-based solutions that
combine multiple remediation functions within a single framework [11,
12]. Compost amendments, in particular, can enhance hydrocarbon
biodegradation while improving soil structure, nutrient availability, and
microbial diversity. However, most studies rely primarily on
concentration-based metrics (e.g., total petroleum hydrocarbons, TPH),
which do not fully capture contaminant transformation processes or the
persistence of recalcitrant fractions [13].

To address these limitations, environmental forensics approaches
have been increasingly applied to contaminated soils. These approaches
combine quantitative analysis with molecular-level diagnostic tools to
distinguish between biodegradation and abiotic processes, and to
characterise the evolution of different contaminant fractions [9,14]. In
particular, gas chromatography-mass spectrometry (GC-MS) finger-
printing and diagnostic ratios provide insights into the selective removal
of hydrocarbon compounds and the persistence of resistant biomarkers.
In addition, analytical techniques such as pyrolysis-GC-MS
(Py-GC-MS) enable the characterisation of complex and highly recal-
citrant fractions, including asphaltenes and polymer-associated com-
pounds [15-17]. Beyond regulated contaminants, these approaches can
also reveal the presence of non-target or emerging compounds not
routinely included in soil monitoring frameworks, such as plastic addi-
tives or flame retardants. In this study, these compounds are not treated
as primary remediation targets but are considered within a non-target
screening framework to assess additional contaminant complexity and
to identify potential limitations of conventional monitoring approaches.
Their identification provides additional insight into contaminant
complexity and may help explain residual environmental constraints

and limitations of remediation processes.

Despite growing interest in these integrative approaches, field-scale
studies that combine quantitative contaminant analysis, metal mobility
assessment, microbial community profiling, and molecular-level
fingerprinting remain scarce. Most research has focused on laboratory-
scale systems or on single contaminant groups, thereby limiting the
transferability of results to real-world conditions. Thus, in this study, we
address this gap through a pilot-scale evaluation of bioremediation
strategies in a soil co-contaminated with petroleum hydrocarbons
(TPH), PAHs, PCBs, and metal(loid)s under field conditions. The specific
objectives were to: (i) evaluate the effectiveness of compost-assisted and
nutrient-based treatments in enhancing organic pollutants biodegrada-
tion and reducing metal bioavailability; and (ii) to demonstrate the
added value of an integrated environmental forensics approach for
resolving contaminant transformation pathways and identifying over-
looked constraints in complex soil systems.

2. Materials and methods
2.1. Study site description

The study was conducted at a former industrial brownfield in Punta
Parayas (Camargo, Cantabria, northern Spain), located on the southern
margin of the Bay of Santander. Covering approximately 10 ha
(Fig. Sla), the site hosted naval ship dismantling activities from the
1960s onwards, which led to the long-term accumulation of petroleum-
derived hydrocarbons, PAHs, PCBs, and heavy metal(loid)s. As docu-
mented in previous site studies addressing pollutants regulated under
the Spanish soil contamination framework (data not shown), this ac-
tivity resulted in a highly heterogeneous pattern of mixed contamina-
tion. The first remediation phase consisted of selective excavation and
off-site disposal of the most severely contaminated materials
(Fig. S1b). However, subsequent assessments revealed the presence of
approximately 30,000 m® of residual soil with elevated total petroleum
hydrocarbon (TPH, Ci0—Ca0) concentrations (Fig. S1b) ranging from
4500 to 10000 mg-kg™, exceeding acceptable risk thresholds defined by
a site-specific Quantitative Risk Assessment (QRA). The persistence of
this residual contamination, together with the spatial variability of
pollutants, justified the implementation of complementary in situ
remediation measures. Accordingly, pilot-scale trials were established
under field conditions to evaluate compost-assisted and nutrient-based
bioremediation strategies.

2.2. Experimental design and bioremediation treatments

Sampling locations were selected based on previous site research and
contamination mapping. Excavated soils were subjected to an intensive
mixing and homogenisation process to minimise spatial heterogeneity
and to obtain a representative bulk material with uniform physico-
chemical properties. Approximately 12 m® of homogenised soil was used
to build the experimental units (Fig. S1c), ensuring comparable initial
conditions across all treatments.

The pilot-scale bioremediation experiment was conducted under
field conditions between April and October of 2024 using six experi-
mental biopiles designed to evaluate natural attenuation and several
biostimulation strategies. Each biopile (2 x 2 x 0.5 m; approximately
2 m?® of soil) was constructed on a concrete slab to prevent downward
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migration of contaminants and leachates. Following homogenisation,
the bulk soil was evenly distributed among the six biopiles. Composite
samples were collected from each pile at day O to verify the uniformity of
initial conditions and to characterise baseline physicochemical proper-
ties, including petroleum hydrocarbons, PAHs, PCBs, and metals (see
Section 3.1).

Six treatment strategies were implemented (Table 1), comprising
two natural attenuation controls and four biostimulation approaches.
Natural attenuation treatments included a passive control without
management (S1) and a managed control subjected to aeration and
irrigation only (S2). Biostimulation treatments consisted of the appli-
cation of a slow-release mineral fertiliser (S3), an oleophilic fertiliser
(S4), a sewage sludge-based compost (S5), and a plant-derived compost
(s6).

All amendments were applied at the beginning of the experiment and
thoroughly mixed into the soil matrix to ensure homogeneous distri-
bution. The slow-release fertiliser (Sierrablen® 31:5:7 N:P:K, Scotts), a
granular formulation with a nutrient release period of approximately
2-3 months and previously used in bioremediation contexts [18], was
applied at a dose calculated to achieve an optimal C:N ratio of approx-
imately 10:1, following established guidelines for hydrocarbon biore-
mediation [19]. The second biostimulant tested was S200 (distributed
by www.soilutions.es), an oleophilic fertiliser with a C/N/P ratio of
62:5:1 that belongs to a family of oleophilic/lipophilic fertilisers
frequently and successfully applied in both marine and terrestrial oil
spill cases ([20-22], and references therein). It was applied as a 10%
(v/v) aqueous solution by nebulisation in two applications of approxi-
mately 100 L each, at the start of the experiment and after 30 days.

The two composts (SC and PC) were supplied by COGERSA (Asturias,
Spain). SC was produced from wastewater treatment sludge and
shredded wood under forced aeration, while PC was derived from plant
residues. Compost amendments were incorporated at a rate of 5% (w/
w), followed by moisture adjustment. The main physicochemical char-
acteristics of the two products, together with those of the initial soil, are
shown below in Results.

All treatments except the passive control (S1) were regularly irri-
gated to maintain soil moisture between approximately 60 and 80% of
water-holding capacity (corresponding to 15-20% gravimetric mois-
ture). Soil moisture was monitored using a thermobalance and adjusted
as required by the addition of distilled and sterilised water (typically
80-100 L per biopile). Aeration was ensured by biweekly mechanical

Table 1
Experimental design and bioremediation treatments applied in the pilot-scale
field trial. Fig. S1 shows illustrative images of the procedures followed.

Pile Treatment Type Description

S1 Natural Attenuation — Passive Untreated control exposed to ambient
conditions, without irrigation,
aeration, or amendments.

Soil subjected to regular irrigation and
mechanical aeration, without nutrient
or organic amendments.

Amended with granular slow-release
mineral fertiliser (Sierrablen®
31-5-7 N:P:K) at a dose targeting a C:
N ratio of ~10:1, combined with
regular irrigation and aeration.
Amended with oleophilic fertiliser
(S200) as a 10% (v/v) aqueous
solution by nebulisation, applied at
day 0 and day 30, with regular
irrigation and aeration.

S2 Natural Attenuation — Managed

S3 Biostimulation — Slow-Release
Fertiliser (SRF)

sS4 Biostimulation — Oleophilic
Fertiliser (5200)

S5 Compost-Assisted Bioremediation Amended with 5% (w/w) sewage
with sewage sludge-based compost ~ sludge-based compost, combined with
(SC) regular irrigation and aeration.

S6 Compost-Assisted Bioremediation Amended with 5% (w/w) plant-based

with plant-based compost (PC) compost, with regular aeration and

irrigation.
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tilling to promote oxygen availability and maintain soil homogeneity.

Soil samples were collected from each biopile at six time points: day
0 (baseline), 15, 30, 60, 90, and 150. At each sampling event, composite
samples were obtained and analysed for total petroleum hydrocarbons
(TPH, C10—Ca0) and hydrocarbon fractions (see Section 2.4.1). Additional
analyses of PAHs, PCBs, metal(loid)s, microbial community structure,
and qualitative hydrocarbon fingerprints by GC-MS were performed as
described in the following sections. Due to the pilot-scale nature of the
experiment, treatments were not replicated at the biopile level. There-
fore, the results should be interpreted as system-specific and process-
oriented rather than statistically generalisable.

2.3. Physicochemical characterisation of soil and composts

Air-dried initial soil samples, SC and PC were sieved to < 2 mm and
homogenised using a roller mill. The > 2 mm fraction was washed and
gently abraded to recover adhering fine material, while coarse frag-
ments (gravel and pebbles) were discarded. Representative subsamples
of the < 2 mm fraction were obtained by quartering using a channel
splitter.

Physicochemical properties were determined following standardised
methods. The pH of the soil and amendment was measured in water
suspensions (1:2.5, w/v) using a glass electrode, and electrical con-
ductivity was determined in the same extract after dilution (1:5). Total
nitrogen was quantified by the Kjeldahl method, available phosphorus
by the Olsen method, and organic matter content by loss on ignition
(LOD). Particle-size distribution was determined using the Bouyoucos
hydrometer method. Total organic carbon (TOC) and inorganic carbon
(IC) were measured using a TOC-V CSH analyser (Shimadzu, Japan).
Total nitrogen was determined using a LECO CN-200 elemental analyser
to support carbon-to-nitrogen (C:N) ratio calculations.

To characterise the elemental composition of soils and organic
amendments before treatment, the total concentrations of major and
trace elements were determined. Subsamples (0.250 g) were digested by
microwave-assisted aqua regia digestion (HCI:HNOs) using a Milestone
ETHOS 1 system. Digests were filtered through 0.45 pm membranes,
diluted as required, and analysed by inductively coupled plasma mass
spectrometry (ICP-MS 7700, Agilent Technologies, USA) using isotopic
dilution analysis (IDA) with multi-element spike solutions (ISC Science,
Spain).

2.4. Pollutant analysis

2.4.1. TPH quantification

Representative soil samples were sent to an ISO/IEC 17025 certified
laboratory (Eurofins Analytico, The Netherlands) to quantify semi-
volatile hydrocarbons and obtain partitioning data in terms of carbon
chain length (C10-C12, C12-C16, C16-C21, C21—C30, C30—C3s, C35-C40) by
means of GC-FID (Gas Chromatography-Flame Ionization Detection).
Analytical measurements were periodically validated in another
accredited laboratory (CIEMSA, Spain).

2.4.2. PAH and PCB congener analysis

For PAH determination, representative 10 g subsamples were
extracted with dichloromethane: acetone (1:1) in a Soxtherm apparatus
(Gerhardt). The extracts were concentrated by rotary evaporation, and
the 16 priority PAHs were measured after injection into a 7890A GC
System coupled to a 5975C Inert XL MSD with a Triple-Axis Detector
(Agilent Technologies) and following a modification of EPA method
8272. The chromatographic parameters used were as in Baragano et al.
[5]. The mass spectrometer was run in selected ion monitoring (SIM)
mode, with quantification based on the following m/z values: 128
(naphthalene); 152, 153, 154 (acenaphthylene and acenaphthene); 165,
166 (fluorene); 178 (phenanthrene and anthracene); 202 (fluoranthene
and pyrene); 228 (benz[a]lanthracene and chrysene); 252 (benzo[b]
fluoranthene, benzo[k]fluoranthene, benzo[alpyrene); and 276, 278
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(dibenz[a,h]anthracene, benzo[ghi]perylene, indeno[1,2,3-cd]pyrene).

PCBs were analysed using the PCB Congener Content Evaluation
Revised Mix 1 standard under previously optimised GC-MS configura-
tion [4] and the mass spectrometer in SIM mode. Quantification was
performed using the following m/z ions: 186, 256, 258 (2,4,4"-tri-
chlorobiphenyl); 220, 290, 292 (2,2,5,5-tetrachlorobiphenyl); 256,
326, 328 (2,2,4,5,5-pentachlorobiphenyl and 2,3',4,4',5-penta-
chlorobiphenyl); 290, 360, 362 (2,2',3,4,4',5"-hexachlorobiphenyl and 2,
2/,4,4' 5,5 -hexachlorobiphenyl); and 324, 394, 396 (2,2,3,4,45,
5"-heptachlorobiphenyl). Calibration curves for both PAHs and PCBs
were prepared using certified AccuStandard® reference mixtures.

2.4.3. Comprehensive GC-MS and Py-GC-MS study

10-g representative subsamples were extracted with dichloro-
methane:methanol (3:1, v/v) in a Soxtherm system (Gerhardt, Germany)
at 150 °C for 3 h. The extracts were concentrated by rotary evaporation,
and aliquots were fractionated and gravimetrically quantified by deas-
phaltening and liquid chromatography (LC) into four fractions following
the SARA (Saturates, Aromatics, Resins and Asphaltenes) procedure [23,
24]. SARA fractions are expressed as relative percentages of the
extractable organic matter and are interpreted as compositional in-
dicators rather than absolute mass balances. In brief, maltenes and
asphaltenes were separated by passing the extracts through 0.45 pm
PFTE filters, first using n-hexane to remove maltenes, followed by
dichloromethane to mobilise asphaltenes. Maltenes were then separated
into three fractions according to polarity, from lowest to highest, in an
LC column (Corning 7078-5 N serological disposable glass pipette) filled
with activated (dried overnight at 240 °C) silica gel (4/5) and alumina
(1/5). Saturates (SAT) were eluted with hexane, aromatics (ARO) with
dichloromethane:hexane (7:3, v/v), and resins (polars, POL) with
dichloromethane:methanol (1:1, v/v). The desaphaltening and LC
methodologies are based upon published sources [15]. Blanks, dupli-
cates, and representative standard materials were routinely used for
quality control and assurance purposes (QC/QA).

The three maltene fractions were analysed by GC-MS. Extracts were
injected into a GCMS-QP2010 Plus (Shimadzu Europe, Germany). A DB-
5MS capillary column (5% phenyl, 95% dimethylpolysiloxane; 60 m x
0.25 mm i.d. x 0.1 um film) from Agilent Tech. was used, with He as
carrier gas at 1 mL/min. The initial oven temperature was 50 °C (held
for 2 min), which was ramped up at 2.5 °C min~! up to 310 °C and then
held for 45 min. The mass spectrometer was operated in EI mode at
70 eV and calibrated daily by auto-tuning with PFTBA. The chromato-
grams were acquired in full-scan mode (mass range acquisition:
45-500 m/z). For quality control, solvent blanks were periodically
injected. Compounds were identified using NIST27 and NIST47 mass
spectral libraries (https://chemdata.nist.gov/).

Py-GC-MS was performed on a measured representative amount of
asphaltene fraction (0.2 mg) for 20 s at 610 °C using a PY-2020iD
double-shot pyrolyser (Frontier Lab) connected to the same GC-MS
device described above. The oven temperature of the gas chromatograph
was programmed from 50 °C to 310 °C (at 2.5 °C min1), with an initial
hold of 2 min at 50 °C and a final hold of 45 min at 310 °C. The mass
spectrometer was operated in full-scan mode (50-600 m/z). Pyrolysis
products were analysed by GC-MS (Py-GC-MS) using the conditions
employed for the other fractions, while the compounds were identified
using the aforementioned libraries.

Ratios of compounds were compared to define diagnostic ratios.
Selection criteria consisted of abundance in the extract of the initial soil,
ease of identification in SIM chromatograms, and representability of the
predominant pollutant families. To eliminate the potential varying
response of the MS, the ratios were obtained with compounds whose
peak areas were measured at the same m/z values, as suggested by
Kienhuis et al. [25]. Chromatograms with poorly resolved peaks or noisy
baselines were discarded.
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2.4.4. Heavy metals and metalloids

The concentration of metal(loid)s in soil was determined after
digestion with a mixture of nitric and hydrochloric acids in a 1:3 ratio (v:
v) in a microwave reaction system (Milestone ETHOS 1, Italy). As, Cd,
Cu, Fe, Pb, Zn, and Hg contents were quantified by Inductively Coupled
Plasma Mass Spectrometry (ICP-MS 7700; Agilent Technologies, Cali-
fornia, USA).

The TCLP test (USEPA method 1311, 1992) was performed to eval-
uate the potential mobility and availability of heavy metals and metal-
loids in soil; no additional grinding or disaggregation of the samples was
needed as the material was smaller than 1 cm in its narrowest dimension
as specified in the method. An acetic acid-based TCLP extraction fluid
was prepared with 2.572 g of NaOH and 5.72 mL of glacial acetic acid
(pH 4.93 £ 0.05). This test involved stirring 1 g of sample with 20 mL of
leaching liquid. After 18 h of mixing, the leachate was passed through a
0.4 pm Millipore filter. The pH of the filtrate was then measured, and the
leachate was acidified with a small amount of nitric acid to a pH < 2,
followed by ICP-MS analysis. TCLP solution blanks were also measured
in order to check the quality of the reagents. TCLP results should be
interpreted as an operational measure of potential metal mobility under
standardised acidic extraction conditions, enabling comparison among
treatments rather than direct prediction of in situ soil behaviour.

2.5. Bacterial community analysis

2.5.1. Culturable heterotrophic bacterial counts

Microbial counting for initial soil and compost was carried out by
conventional plate-counting using serial dilutions. To this end, soil and
compost serial dilutions were spread on agar plates of Tryptic Soy Broth
(Merck, Germany) diluted 1/10 and supplemented with 15% of agar (1/
10 TSA). Plates were incubated at 30 °C for 7 days. Cultivable bacteria
were then monitored over time in the six microcosms using the same
procedure described above.

2.5.2. Bacterial automated ribosomal intergenic spacer analysis

Automated ribosomal intergenic spacer analysis (ARISA) uses the
natural length variability of the bacterial 16-23 S rRNA intergenic
spacer region to provide a bacterial community profile. ARISA was used
to assess changes in bacterial community structure during the micro-
cosm experiments. DNA was extracted with the PowerSoil DNA Isolation
Kit (MOBIO Laboratories, Carlsbad, CA, USA) following the manufac-
turer’s instructions. The 16-23 S rRNA intergenic spacer region was
amplified using specific ARISA primers, and subsequent fragment
analysis was performed as described in Pefia-Alvarez et al. [26]. Based
on ARISA fragment profiles, p-diversity was determined using a
Morisita-Horn dissimilarity matrix, while a-diversity was estimated with
Hill numbers, and group differences were evaluated with the
non-parametric analysis of similarities (ANOSIM).

3. Results and discussion
3.1. Characterisation of initial soil and amendments

The initial characterisation highlighted marked contrasts between
the contaminated soil and the two organic amendments selected for
detailed physicochemical analysis (i.e., composts; Table 2). The slow-
release mineral fertiliser (SRF) and the oleophilic fertiliser (S200)
were applied following the manufacturer’s specifications and previous
bioremediation studies and were therefore not subjected to independent
physicochemical characterisation.

The soil had an alkaline pH (8.2) and relatively high electrical con-
ductivity, reflecting its industrial legacy and the presence of soluble
salts. Nutrient availability was extremely limited, particularly nitrogen
(0.03%) and available phosphorus (3 mg-kg™), resulting in an unfav-
ourable nutrient balance for microbial activity and clearly supporting
the need for biostimulation. In contrast, the two composts showed near-
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Table 2

Initial physicochemical properties and contaminant concentrations of the soil and organic amendments used in the field bioremediation trials (values correspond to the
<2 mm fraction). Parameters include pH, electrical conductivity, nutrients, carbon forms, major and trace elements, and organic contaminants (TPH, PAHs, and PCBs),
and they were used to define baseline conditions prior to treatment application. Relative standard deviations (RSD) were below 5% for all parameters, except for TPH

(<11%), PAHSs (<9%), and PCBs (<10%).

Parameters Units Soil SC PC Reference values/thresholds
Physico-chemical parameters pH 8.2 7.3 7.5 6-71
Conductivity uS/cm 1840 1313 1171 < 2000®
Nitrogen % 0.03 2.55 2.3 >1.5@
Phosphorus (available) mg/kg 3 406 306 7-181
Carbon TOC % 2.79 26.63 24.20 > 1.20
IC 0.97 0.77 0.77 -
Major elements Fe % 0.6 3.6 1.1 2.5
Al 0.7 1.4 1.0 5.8
K 0.1 1.0 1.9 1.6®
Na 0.1 3.4 2.2 0.6®
Ca 3.1 6.4 5.6 0.7®
Mg 0.6 0.7 0.7 0.5®
Trace elements Cu mgkg™! 1566 172 46 4000
Zn 4100 685 260 10,000®
As 58.5 14.2 7.5 200
cd 7.7 1.6 1.0 200
Pb 1767 90 33 800®
Organics TPH (C10-Cao) mg-kg ! 6050 4250 790 50
PAH 59.88 10.11 2.06
PCB 0.97 0.10 0.12 0.8%

@ European Environment Agency (2023), Soil monitoring in Europe-Indicator and thresholds for soil health assessment. https://www.eea.europa.eu/en/analysis/

publications/soil-monitoring-in-europe

@ Hazelton PA (2016) Interpreting Soil Test Results. https://doi.org/10.1071/9781486303977
® EuroGeoSurveys (EGS) (2006). FOREGS Geochemical Atlas of Europe. http://weppi.gtk.fi/publ/foregsatlas/
) BOPA 91 21-1V-2014 (2014). Niveles Genéricos de Referencia para metales pesados en Suelos del Principado de Asturias. https://medioambiente.asturias.es/do

cuments/646140/0/ASTURIAS-RESOLUCION-20-03-2014-NGR.pdf/

® Real Decreto 9/2005 (2005). Actividades potencialmente contaminantes del suelo y los criterios y estandares para la declaracién de suelos contaminados.

https://www.boe.es/boe/dias/2005/01,/18/pdfs/A01833-01843.pdf

neutral pH values and substantially higher nutrient contents, especially
nitrogen and available phosphorus, confirming their suitability as
organic amendments. TOC contents in the composts were approximately
one order of magnitude higher than in the soil, indicating a strong po-
tential to stimulate microbial growth and improve soil structure, while
inorganic carbon contents were comparable across materials, suggesting
a similar contribution from carbonate phases.

In terms of major elements, the soil was characterised by elevated Ca
concentrations and moderate Fe and Al contents, consistent with local
geochemical background conditions and historical anthropogenic in-
puts. The composts showed higher concentrations of Fe, K, Na, and Ca,
reflecting their organic origin and the incorporation of mineral fractions
during the composting process. In turn, trace element analysis revealed
markedly elevated concentrations of Cu, Zn, and Pb in the soil, well
above typical background levels (Table 2). In contrast, both composts
exhibited substantially lower trace metal concentrations, minimising the
risk of introducing additional metal loads during amendment
application.

Organic contaminant analysis confirmed the heavily impacted na-
ture of the soil, with high concentrations of TPH, together with detect-
able levels of PAHs and PCBs. Although both composts contained
residual hydrocarbons and trace amounts of PAHs and PCBs, their
concentrations were one order of magnitude lower than those measured
in the soil, indicating that compost application did not represent a sig-
nificant additional source of organic contamination.

Overall, these results emphasise the severe nutrient limitation and
multi-contaminant character of the soil, while highlighting the com-
plementary role of organic composts in supplying carbon, nutrients, and
buffering capacity. Of note, as shown in Table 2, the initial concentra-
tions of several organic and inorganic pollutants clearly exceeded the
reference values established under current Spanish soil legislation, thus
justifying the implementation of risk-based remediation strategies at this
site.

3.2. General evolution of bioremediation treatments

3.2.1. Temporal dynamics of TPH

Fig. 1 shows the temporal evolution of TPH (Ci0-Cs) under the
different bioremediation strategies tested over the 150-day pilot trial.
Initial TPH concentrations were comparable across all treatments
(~5500-6500 mg-kg™ dry weight), confirming homogeneous starting
conditions and allowing a robust comparison of treatment performance.

Time (days) m0 m15 m30 = 60 w150
7000

6000 I I
5000 1 I I I I
4000 1 I I I I I
3000 I z il
i
’ s1 s2 s3 sa s5 s6

Soil Treatments

TPH (C10-Cso) [mg kg™ d.w.]

Fig. 1. Temporal evolution of total petroleum hydrocarbons (TPH, Cio—Cao) in
soils subjected to different bioremediation treatments over 150 days. Error bars
represent the relative variability associated with measurements of composite
samples taken in the same biopile (n = 6) and reflect the progressive homog-
enisation of the system over time under field conditions. Due to the pilot-scale
design (one biopile per treatment), statistical comparisons between treatments
should be interpreted with caution. Observed trends are supported by com-
plementary evidence from PAH removal and chemical fingerprinting analyses.
Treatments: S1, natural attenuation (static); S2, natural attenuation with irrigation
and tilling (dynamic); S3, slow-release fertiliser (SRF); S4, oleophilic fertiliser (S-
200); S5, SC; S6, PC.
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Natural attenuation treatments showed limited remediation effi-
ciency. The passive control (S1) exhibited only marginal TPH reductions
throughout the monitoring period, while the managed control (S2),
involving irrigation and periodic tilling but no nutrient or organic
amendment, achieved slightly higher removal. This behaviour is
consistent with a landfarming-type effect driven by improved aeration
and moisture control, but it also highlights the intrinsic limitations of
unassisted biodegradation in nutrient-depleted, co-contaminated soils
[27]. Consistently, all biostimulation strategies enhanced hydrocarbon
removal relative to natural attenuation. Both the slow-release mineral
fertiliser (S3) and the oleophilic fertiliser (S4) induced an initial rapid
decrease in TPH concentrations during the first 60 days, followed by a
markedly slower removal phase. This two-stage pattern suggests early
stimulation of microbial activity, which was subsequently constrained
by nutrient depletion, contaminant ageing, or limited bioavailability of
the remaining hydrocarbon fractions.

Compost-assisted treatments yielded the highest remediation effi-
ciencies. The sewage sludge-based compost (SC, S5 cell) promoted a
sustained and progressive decline in TPH concentrations throughout the
trial, whereas the plant-derived compost (PC, S6 cell) consistently out-
performed all other treatments, reaching the lowest residual TPH levels
at day 150. Overall, TPH removal efficiencies remained below 30% in
the control treatments (S1 and S2), reached 32% in S3 and 49% in S4,
and increased to 51% and 58% in the compost-amended systems S5 and
S6, respectively.

Taken together, these results demonstrate that compost-assisted
bioremediation  substantially enhances hydrocarbon removal
compared to both natural attenuation and mineral-based biostimulation
under field conditions, as previously reported [8,9]. The superior per-
formance of plant-derived compost (S6) points to a more favourable
combination of nutrient supply, organic carbon availability, and mi-
crobial stimulation.

3.2.2. Hydrocarbon fractions

Changes in the distribution of TPH fractions by carbon number
provide additional insight into the degradation processes operating
under the different treatments. Also, GC-FID-based fractionation sup-
ports most regulatory frameworks and site-specific risk assessment
procedures applied to contaminated soils.

Relative to the initial soil, all treatments showed a pronounced
depletion of the lighter hydrocarbon fractions (C10-C12 and C;2-Cie),
consistent with the preferential biodegradation of more labile com-
pounds and, to a lesser extent, volatilisation processes, as widely re-
ported in the literature ([9] and references therein). These
compositional changes were most evident in treatments achieving
higher overall TPH removal, particularly in compost-amended systems.
Across all treatments, the intermediate fraction (Cz1—Cso) remained
dominant throughout the experiment. In contrast, heavier fractions
(C30—Css and Css—Cao) became progressively enriched in relative terms as
biodegradation advanced, reflecting the increasing recalcitrance and
reduced bioavailability of the residual hydrocarbon pool [8].

Natural attenuation treatments retained a comparatively higher
proportion of intermediate fractions, indicating limited progression
beyond early-stage degradation. Conversely, compost-amended
biopiles—especially the PC treatment (S6; Fig. S2)—displayed more
advanced degradation patterns, characterised by substantial depletion
of bioavailable fractions and relative enrichment of heavier hydrocar-
bons. These trends are consistent with enhanced microbial activity and
more effective transformation of labile hydrocarbons under compost-
assisted bioremediation.

3.2.3. Bacterial counts

The temporal evolution of culturable heterotrophic microbial pop-
ulations during the pilot trial is shown in Fig. S3. Initial microbial
abundances were comparable across all treatments (approximately
8.2-8.4 log CFU-g’! dry soil), thereby indicating similar biological
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starting conditions following soil homogenisation.

Natural attenuation treatments (S1 and S2) showed limited micro-
bial growth stimulation throughout the experiment, as reflected by
heterotrophic bacteria counts. In the static control (S1), microbial
counts remained relatively stable or declined slightly over time, whereas
the dynamically managed control (S2) exhibited greater temporal
variability and a marked decrease toward the end of the trial. This
behaviour likely reflects progressive nutrient depletion and sustained
stress associated with persistent contamination. In contrast, all bio-
stimulation treatments induced a clear, albeit transient, increase in
bacterial counts during the early and intermediate phases of the
experiment. Compost-amended biopiles (S5 and S6) showed the stron-
gest response, reaching peak values between 30 and 60 days (>9.0 log
CFU-g™), consistent with enhanced nutrient availability, organic carbon
input, and improved soil conditions, as well as the direct introduction of
microorganisms [28]. This initial stimulation was followed by a gradual
decline, potentially linked to substrate depletion and the progressive
removal of readily biodegradable hydrocarbons [29].

Of note, the PC treatment (S6) maintained higher microbial abun-
dances at 150 days compared to all other treatments, in agreement with
its superior TPH removal efficiency. This sustained microbial activity
suggests the development of a functionally robust and resilient com-
munity capable of withstanding co-contaminant stress under field
conditions.

3.3. Fate of PAHs and PCBs

Table 3 summarises the concentrations of PAHs and PCBs after 150
days of treatment. PAHs are grouped by molecular weight (2-3, 4, and
5-6 rings) and PCBs by the number of Cl atoms.

As shown above, initial total PAH concentrations were approxi-
mately 60 mg kg™, with a predominance of 4-ring compounds, followed
by 5-6 and 2-3 ring PAHs. After 150 days, natural attenuation treat-
ments (S1 and S2) showed only marginal reductions in total PAHs,
confirming the limited effectiveness of unassisted biodegradation under
co-contaminated conditions. Biostimulation treatments led to more
substantial PAH removal, particularly for low- and medium-molecular-
weight compounds. The most pronounced decreases were observed in
the compost-amended biopiles, especially S6 (plant-based compost),
where total PAHs were reduced by more than 50% relative to initial
levels. This reduction was driven mainly by the depletion of PAHs
containing 2-3 and 4 rings, which are generally more bioavailable and
susceptible to microbial degradation. Sludge compost (S5) and the slow-
release fertiliser treatment (S3) also led to notable decreases in total
PAHs, although to a lesser extent. In contrast, high-molecular-weight
PAHs (5-6 rings) showed greater persistence across treatments [19],
and in some cases an apparent relative enrichment, particularly under
natural attenuation [18].

As regards PCBs, initial total concentrations were close to
1 mg kg™ and were dominated by penta- and hexachlorinated conge-
ners, reflecting the historical industrial origin of contamination and the
intrinsic persistence of higher-chlorinated PCBs in soil matrices. After
150 days, all treatments showed some degree of PCB reduction; how-
ever, marked differences in efficiency and congener profiles were
observed between remediation strategies. Natural attenuation treat-
ments (S1 and S2) resulted in only moderate decreases in total PCB
concentrations, with limited removal of highly chlorinated congeners. In
contrast, biostimulation treatments enhanced PCB attenuation, partic-
ularly for lower- and mid-chlorinated congeners (3-5 Cl). Compost-
amended biopiles showed the highest removal efficiencies, with the
PC treatment (S6) achieving the lowest residual total PCB concentration
(0.22 mg kg™), followed by SC (S5) and the slow-release fertiliser
treatment (S3). Hexa- and heptachlorinated PCBs (6-7 Cl) were the most
persistent congeners across all treatments, consistent with their strong
hydrophobicity, low bioavailability, and high resistance to aerobic
biodegradation. These properties limit the desorption of these
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Table 3

PAH and PCB content (mg-kg ™' d.w.) in initial soil and after 150-day field-trial experiments under the different conditions tested. Treatments: S1, natural attenuation
(static); S2, natural attenuation with irrigation and tilling (dynamic); S3, slow-release fertiliser (SRF); S4, oleophilic fertiliser (S-200); S5, sludge-based compost; S6, plant-
derived compost. 2-ring PAHs (naphthalene); 3-ring PAHs (fluorene + acenaphthylene + acenaphthene + phenanthrene + anthracene); 4-ring PAHs (fluoranthene + pyr-
ene + benz[a]anthracene + chrysene); 5-6 ring PAHs (benzo[b]fluoranthene + benzo[k]fluoranthene + benzo[alpyrene + dibenz[a,h]anthracene + benzo[ghi]perylene +
indeno[1,2,3-cd]pyrene). PCB molecule ranges are labelled with ‘n Cl’, which represents the set of isomers with ‘n’ chlorine atoms. Relative Standard Deviations (RSD) for
individual PAHs ranged from 1% for benzo(a)anthracene to 9% for naphthalene, and below 10% for all PCB families.

After 150 days

Initial s1 S2 S3 S4 S5 S6
PAH 2-3 rings mg kg ! 13.13 10.31 10.45 7.06 9.95 8.17 4.88
4 rings 29.27 25.42 23.47 18.96 21.35 18.17 13.34
5-6 rings 17.48 23.21 20.6 17.52 17.95 16.28 10.29
>, PAH 59.88 58.93 54.52 43.53 49.26 42.63 28.51
PCB 3-4cl 0.12 0.02 0 0.02 0.03 0.02 0
5Cl 0.29 0.08 0.06 0.05 0.1 0.05 0.03
6Cl 0.43 0.2 0.19 0.16 0.26 0.15 0.11
7Cl 0.13 0.11 0.13 0.1 0.15 0.09 0.07
Y PCB 0.97 0.42 0.37 0.33 0.53 0.31 0.22

contaminants from soil particles and reduce microbial accessibility,
resulting in slow degradation rates compared with less-chlorinated
congeners [30,31]. Nevertheless, a progressive decrease in these high-
ly chlorinated fractions was observed in compost-amended systems,
suggesting that enhanced microbial activity and improved physico-
chemical conditions may indirectly promote their attenuation. Organic
amendments can increase contaminant bioavailability through changes
in sorption-desorption equilibria, stimulation of co-metabolic path-
ways, and enhancement of microbial community diversity and enzy-
matic potential, thereby facilitating the transformation of otherwise
recalcitrant PCB congeners [32,33].

Overall, the results for PAHs and PCBs are consistent with the TPH
data, reinforcing that compost-assisted bioremediation—especially with
PC—promotes advanced degradation stages. However, the remaining
levels found are probably a limiting factor as the process achieved a
relevant reduction of total PAH and PCB burdens, and altered ring/
congener distributions, but did not attain complete or quasi-complete
degradation.

3.4. Metal availability and interaction with bioremediation

Total metal(loid) concentrations confirmed the highly contaminated
nature of the soil, particularly with respect to Zn, Cu, and Pb, which
were present at levels typical of long-term industrial activities. As ex-
pected, total contents remained unchanged throughout the pilot trial
and therefore only initial values are reported as a reference context
(Table 4). In contrast, pronounced differences were observed in the
TCLP-extractable fractions after 150 days, highlighting the influence of
the different treatments on metal bioavailability rather than on total
metal loads.

Natural attenuation treatments (S1 and S2) showed limited or
inconsistent effects on metal mobility. In several cases, TCLP-extractable

Table 4

concentrations were comparable to or higher than initial values,
particularly for Cu and Zn. These findings thus suggest that aeration and
moisture control alone were insufficient to promote metal immobilisa-
tion and may even enhance this process through organic matter degra-
dation or changes in soil redox conditions. Similarly, biostimulation
using slow-release fertiliser (S3) and the oleophilic amendment (S4) did
not systematically reduce metal bioavailability, i.e., nutrient addition
without organic matter inputs does not effectively mitigate metal
mobility.

In contrast, compost-amended treatments (S5 and S6) led to a
marked reduction in the bioavailable fractions of most metals. The most
pronounced decreases were observed for Zn and Pb, whose TCLP-
extractable concentrations were reduced by approximately 60-65%
with SC (S5) and PC (S6) treatments compared to initial values. Cd was
fully immobilised to below detection limits in both compost-amended
soils, while Ni also showed a clear reduction, particularly in the PC
treatment (S6). Cu bioavailability decreased more moderately but still
followed the same overall trend. In turn, As remained below detection
limits in TCLP extracts across all treatments, indicating limited mobility
under the prevailing soil conditions and confirming that this metalloid
did not act as a bioavailability-driven constraint during the bioremedi-
ation process.

The observed compost-induced reductions in metal bioavailability
reflect well-documented stabilisation mechanisms, including enhanced
organic matter complexation and sorption processes, which reduce
contaminant accessibility. These changes are consistent with a decrease
in inhibitory constraints on microbial activity and may contribute to the
enhanced degradation trends observed [34-36], thereby indicating that
compost amendments not only promote the biodegradation of organic
pollutants but also reduce the bioavailability of several potentially toxic
metal(loid)s. This dual functionality is particularly relevant in
co-contaminated soils, where metal toxicity can limit microbial activity

Total metal concentrations and TCLP-extractable fractions in the soil before treatment and after 150 days under the different bioremediation strategies. Total con-
centrations (mg-kg™' d.w.) correspond to initial soil characterisation. TCLP-extractable concentrations (mg-kg™) are shown for the initial soil and for each treatment at
the end of the pilot trial on day 150. Treatments: S1, natural attenuation (static); S2, natural attenuation with irrigation and tilling (dynamic); S3, slow-release fertiliser (SRF);
S4, oleophilic fertiliser (S-200); S5, SC; S6, PC. Values marked with an asterisk indicate statistically significant differences compared to the initial TCLP-extractable concentration
(* p < 0.05). Given the pilot-scale nature of the experiment, results are discussed mainly in terms of relative trends among treatments.

Element Total TCLP initial (mg-kg™) TCLP after 150 days (mg-kg™)
o1
(mg-kg™) s1 52 s3 s4 s5 $6

Ni 158 2.5 1.8 1.7 21 1.6 1.1* 0.4*
Cu 1566 3.2 6.3 6.7 8.2 6.3 5.3% 3.1*
Zn 4100 150.0 154.1 132.6 182.6 123.2 53.7* 59.9%
As 58.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Cd 7.7 0.6 0.7 0.8 0.6 0.7 0.0 0.0
Pb 1767 2.4 2.9 2.4 2.5 2.7 0.6* 1.4*
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and compromise bioremediation efficiency. The stronger immobilisa-
tion observed with plant-derived compost is consistent with its higher
organic carbon content and its superior performance in hydrocarbon
removal, reinforcing its suitability as a multifunctional amendment for
sustainable remediation strategies.

3.5. Microbial community structure (ARISA)

Bacterial dynamics along the experiment were evaluated through
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ARISA fingerprinting. Although ARISA does not provide taxonomic
resolution, microbial fingerprinting approaches have proven useful for
the rapid, inexpensive, and reliable assessment of microbial community
dynamics [37,38]. Fig. 2 summarises the ARISA results, including
beta-diversity through NMDS ordination based on the Morisita-Horn
dissimilarity matrix (Fig. 2a) and alpha-diversity estimated using Hill
numbers: richness (q0) and evenness (E2.0) scatter plot (Fig. 2b), as well
as Hill numbers of order q = 1 (Fig. 2¢) and q = 2 (Fig. 2d).

NMDS ordination of ARISA profiles (Fig. 2a) revealed clear
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Fig. 2. Diversity and community structure metrics derived from ARISA (Automated Ribosomal Intergenic Spacer Analysis) bacterial fingerprinting profiles. (a) Non-
metric multidimensional scaling (NMDS) ordination showing similarities among bacterial community structures across treatments and sampling times (Shepard plot
non-metric fit = 0.984). NMDS axes represent relative ecological distances among samples, and ellipses enclose 70% of the observations for each treatment group. (b)
Richness-evenness scatter plot illustrating relationships between bacterial community richness and distribution uniformity. (c, d) Hill diversity numbers of order
q =1 and q = 2, representing diversity metrics increasingly weighted toward dominant taxa. Treatments: S1, natural attenuation (static); S2, natural attenuation with
irrigation and tilling (dynamic); S3, slow-release fertiliser (SRF); S4, oleophilic fertiliser (S-200); S5, sludge-based compost; S6, plant-derived compost.
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clustering patterns grouped by remediation strategies, which was sup-
ported by the ANOSIM test. Treatment strategy had a significant effect
on community composition (R = 0.6981, p = 0.0001), whereas experi-
ment time had a limited effect on bacterial community shift (R =0.1037,
p = 0.0855).

Natural attenuation treatments (S1 and S2) clustered closely and
showed minimal temporal displacement in the NMDS plot, consistent
with their modest TPH removal capacity, limited PAH and PCB atten-
uation, and negligible effects on metal bioavailability. Alpha-diversity
metrics in S1 and S2 were generally low, including richness, evenness,
and Hill numbers q =1 and q = 2, and remained similar to the initial
soil. Taken together, these results indicate that natural attenuation,
under both static and dynamic conditions, had no relevant impact on
bacterial community structure, in line with the limited hydrocarbon
removal observed.

Fertilisation treatments showed divergent patterns. S4 (oleophilic
fertiliser) remained closer to the controls S1 and S2 in the NMDS plot,
whereas SRF addition (S3) caused a shift in beta-diversity, diverging
from both the control and the initial soil community. However, this
structural shift was not accompanied by increased alpha-diversity met-
rics, suggesting a compositional rearrangement rather than diversifica-
tion. A plausible interpretation is that water-soluble nutrient addition (N
and P) removed key ecological constraints, thereby altering selective
pressures. Microbial groups specialised in nitrogen fixation or phos-
phorus solubilisation, formerly advantageous under nutrient-limited
conditions, may have been outcompeted by faster-growing taxa, lead-
ing to community reorganisation without increased diversity [39-41].
Furthermore, despite reducing nutrient limitations, the lack of
bioavailable carbon and the recalcitrant nature of the contaminants
likely prevented significant enhancement of hydrocarbon degradation in
S3 [42,43]. In addition, in some cases, excess nitrogen added to polluted
soils can reduce hydrocarbon remediation rates by disrupting microbial
symbioses and weakening bacteria-fungal interactions [44], thereby
redefining microbial community functional capacities [45]. However,
this shift was not observed in S200 fertilised soil (S4), likely due to ca-
pacity of the formulation of S200 to improve hydrocarbon bioavail-
ability by delivering nutrients in the oil phase [46,47], thereby
enhancing hydrocarbon-degrading microorganisms [46,48] already
present in the initial soil. This decoupling between community change
and functional outcome highlights the importance of pollutant
bioavailability and substrate quality in biostimulation strategies.

In contrast, compost-amended treatments (S5 and S6) showed pro-
nounced and persistent divergence from all other treatments, with
limited temporal drift, indicating early and strong restructuring of the
bacterial community. consistent with the introduction and establish-
ment of compost microbial community [49,50]. However,
compost-amended soil communities also separated from each other in
the NMDS ordination, suggesting that composts of different origins
imprint distinct microbial signatures [51]. Compost amendments also
produced the highest and most sustained alpha-diversity values,
particularly under the plant-derived compost. These observations are
consistent with the assembly of more complex and functionally diverse
communities capable of addressing mixed pollution: in
petroleum-contaminated soils, compost increases bacterial/fungal
a-diversity and enhances TPH and PAH removal [9,28], while in
metal-impacted soils, compost elevates microbial diversity and activity
[52].

Overall, these results align with remediation performance: S6
showed the highest capacity to remove pollutants, followed by S5,
whereas S1 and S2 showed the poorest performance. Taken together, the
ARISA results support the notion that compost-assisted bioremediation
not only enhances hydrocarbon removal but also promotes microbial
community configurations associated with broader contaminant atten-
uation, including organic pollutants and metal bioavailability. Func-
tionally, compost can enrich hydrocarbon-degrading gene pools [53]
and, through organic-matter inputs, contribute to reduced metal
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bioavailability [54,55], both of which are relevant under
co-contamination scenarios. It should be noted that ARISA provides a
fingerprint of community structure but does not offer taxonomic reso-
lution or functional gene information. Future studies integrating
high-throughput sequencing approaches (e.g., 16S rRNA amplicon
sequencing or metagenomics) would allow a more detailed under-
standing of the relationships between microbial community composi-
tion, functional potential, and contaminant degradation processes.

3.6. Chemical fingerprinting and environmental forensics

Our analytical approach combines quantitative target analysis (e.g.,
TPH, PAHs, PCBs), aligned with regulatory frameworks, with composi-
tional and non-target screening techniques aimed at resolving contam-
inant transformation pathways and identifying overlooked compounds.
Therefore, based on the overall performance of the different treatments,
a detailed chemical fingerprinting analysis was conducted on selected
representative systems—namely the initial soil, the natural attenuation
control (S1), and the plant-based compost-amended biopile (S6)—to
gain mechanistic insight into contaminant transformation pathways and
to identify compounds not captured by routine regulatory monitoring.
This targeted approach allowed deeper exploration of the processes
underlying the contrasting remediation efficiencies observed among
treatments.

Prior to GC-MS analyses, separation of organic matter into fractions
on the basis of polarity using SARA fractionation (saturates, aromatics,
resins, and asphaltenes) was used to assess the fate of both labile and
recalcitrant hydrocarbon pools, with particular emphasis on the evolu-
tion of heavy fractions (Table 5).

The overall trends were initially consistent with previous studies on
biodegradation of hydrocarbon-contaminated soils [9,23,56]: Both
saturate and aromatic fractions showed substantial depletion over time,
reflecting preferential biodegradation of more bioavailable hydrocar-
bons. In contrast, a relative enrichment of polar compounds (resins) and,
more markedly, asphaltenes was observed, particularly in the
compost-amended treatment. This pattern reflects the progressive con-
centration of recalcitrant fractions as biodegradation advances and
highlights the need for detailed molecular-level analysis beyond bulk
hydrocarbon metrics.

Accordingly, a detailed characterisation of each SARA fraction was
subsequently performed to elucidate transformation pathways and
assess the extent of degradation within traditionally considered recal-
citrant hydrocarbon pools.

3.6.1. Saturate fraction

The chemical fingerprint of the saturate fraction is shown in Fig. 3,
comparing the initial soil with samples collected after 150 days of
treatment with the natural attenuation control (S1) and the biopile
amended with plant-derived compost (S6). The total ion chromatograms
(TIC; Fig. 3, left panels) revealed a broad distribution of compounds
dominated by alkanes, spanning from low- to very high-molecular-
weight hydrocarbons, including compounds with more than 40 carbon

Table 5

Relative composition (%) of the four SARA fractions (saturates, aromatics,
resins, and asphaltenes) in the initial soil, S1 and S6 biopiles after bioremedia-
tion. Changes in SARA composition were used to assess selective hydrocarbon
degradation and the persistence of recalcitrant petroleum fractions during
treatment. Results represent the average of three analytical determinations, with
relative standard deviations (RSD) below 5%.

Sample SARA fractions (%)
SATURATES AROMATICS POLAR ASPHALTENE
Initial 38 30 19 13
S1 after 150 days 25 24 25 26
S6 after 150 days 21 23 21 35
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Fig. 3. Gas chromatographic fingerprints of the saturate fraction obtained in TIC mode (left panels), SIM mode at m/z 57 (middle panels), and SIM mode at m/z 191
(right panels) for: (a) the initial soil, (b) the natural attenuation control after 150 days (S1), and (c) the biopile amended with plant-derived compost after 150 days
(S6). Chromatograms illustrate the distribution of n-alkanes (Cis to >Cao), isoprenoids, hopanes, and the unresolved complex mixture (UCM), highlighting
compositional changes associated with biodegradation processes. Abbreviations: n-Cn, linear alkanes; Ph, phytane; H29, C29 17a(H),21p(H)-30-norhopane; H30,
C30 17a(H),21p(H)-hopane; H31-H35, homohopane series; Ts, 18x(H),21p(H)-22,29,30-trisnorneohopane; Tm, 17a(H),21p(H)-22,29,30-trisnorhopane.

atoms. This wide-ranging alkane profile is typical of heavy fuel oil,
commonly associated with maritime activities, such as those used in
cargo ships and large vessels [57].

The initial chromatograms (Fig. 3a) already showed a pronounced
unresolved complex mixture (UCM), indicative of prior biodegradation
and weathering processes. After 150 days of treatment, the UCM signal
became more prominent, particularly in the PC-amended soil (Fig. 3c),
reflecting further selective removal of more labile hydrocarbons and
enrichment of recalcitrant components. In turn, selected ion monitoring
(SIM) chromatograms targeting m/z 57 (Fig. 3, middle panel), a frag-
ment diagnostic of alkanes, revealed abundant n-alkanes ranging from n-
Cis to n-Cas, together with isoprenoids such as i-Cis, pristane, and
phytane. In addition, hopanes (C20-Cas), detected at m/z 191 (Fig. 3,
right panel), were consistently present across all samples.

Comparison of pre- and post-treatment profiles showed a progressive
depletion of light and mid-range n-alkanes (C1s-C27) and enhancement of
the UCM hump, indicating advanced biodegradation of labile saturates,
in agreement with the quantitative TPH and chain-fractionation results
presented above. In contrast, the hopane series exhibited no discernible
changes in either relative abundance or distribution after treatment,
confirming their high resistance to biodegradation and supporting their

Table 6

use as conserved molecular markers of petroleum origin, as the most
recalcitrant constituents within the saturate fraction [14,15]. The
persistence of high-molecular-weight compounds (Czs—Cao) reflects their
increased recalcitrance and reduced bioavailability in aged petroleum
residues [58].

To further evaluate the relative contribution of biodegradation and
volatilisation processes affecting the saturate fraction, several diagnostic
alkane ratios were calculated (Table 6). These indices are commonly
used to track the preferential removal of n-alkanes relative to more
recalcitrant isoprenoids and to identify potential evaporation effects
[56,591.

The n-Cis/phytane ratio showed a marked decrease after 150 days,
particularly in S6, and to a lesser extent in the natural attenuation
control (S1). This trend reflects the well-established preferential
biodegradation of linear alkanes relative to branched isoprenoids and is
consistent with the chromatographic evidence discussed above. A
similar behaviour was observed for medium- to high-molecular-weight
n-alkanes, as indicated by the decline in the n-Cso/phytane ratio,
further supporting the occurrence of biologically driven transformation
processes. In contrast, the n-Cso/phytane ratio did not show a consistent
decreasing trend and even exhibited a slight increase in S6. This lack of a

Evolution of selected diagnostic ratios used to assess biodegradation and volatilisation effects within the saturate fraction after 150 days of treatment, calculated from
SIM (Single Ion Mode) chromatograms (m/z = 57). Percentage change is expressed relative to initial values.

Samples i-C;5/Ph n-C;5/Ph n-C3o/Ph n-C40/Ph
Ratio % Change Ratio % Change Ratio % Change Ratio % Change
Initial 0.05 0.00 1.56 0.00 0.27 0.00 0.29 0.00
S1 150 days 0.02 53.50 0.88 43.81 0.17 36.67 0.24 15.07
$6 150 days 0.01 85.91 0.71 54.27 0.14 48.15 0.31 —7.64
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clear response suggests limited biodegradation of very heavy waxy al-
kanes, likely due to their reduced bioavailability and strong association
with the solid phase, as previously reported for aged petroleum residues
[15,46].

The isoprenoid ratio i-Cis/phytane also decreased substantially in
both S1 and, more prominently, in S6, indicating that branched alkanes
were also affected by transformation processes. Given the relatively
small differences in volatility between i-Cis and phytane [56], this
decrease is attributed primarily to biodegradation, although a minor
contribution from volatilisation could not be completely ruled out.
Evaporation played a negligible role in saturate fraction evolution, as GC
fingerprints showed no truncation or enrichment patterns, and the
lightest detectable compounds remained in the C;3-Cy4 range. Since GC
retention time correlates with vapour pressure, this confirms that
biodegradation, rather than volatilisation, was the dominant process
[60].

3.6.2. Aromatic fraction

The aromatic fraction of the initial soil (Fig. 4a) presented a highly
complex composition covering a wide molecular weight range. As
shown in the total ion chromatograms (left panel of Fig. 4), the domi-
nant compounds corresponded to PAHs and, to a lesser extent, PCBs,
which had been previously quantified in Section 3.3. The distribution
was characterised by the predominance of 4- and 5-ring PAHs, together
with the presence of very high-molecular-weight compounds containing
up to seven aromatic rings, such as coronene, further confirming the
heavy and highly weathered nature of the contaminant mixture, in
agreement with the evidence derived from the saturate fraction. In
addition to parent PAHs, the initial fingerprint showed a strong contri-
bution of alkylated homologues, particularly alkyl-PAHs (right panel of
Fig. 4) and alkylbenzenes (middle panel), which are typical markers of
petroleum-derived inputs [15,59]. Sulphur-containing heterocyclic

TIC SIM m/z 105 + 119 + 133
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compounds, mainly alkyl-dibenzothiophenes (m/z = 212; not shown),
were also detected, consistent with contamination by heavy fuel oils,
commonly characterised by notable S contents [15].

Bioremediation led to a marked simplification of the aromatic fin-
gerprints, reflected in both a reduction in compound diversity and a
decrease in signal intensity. These changes were evident in the natural
attenuation control (Fig. 4b) and became much more pronounced in the
compost-amended biopile (Fig. 4c). The most marked effect was
observed for alkylated aromatic compounds, particularly alkylbenzenes
and alkyl-PAHs, which were preferentially depleted relative to their
parent PAHs. This shift is clearly illustrated in the merged SIM chro-
matograms of alkylphenanthrenes (Fig. 4, right panel), where methyl-,
dimethyl-, and trimethyl-substituted phenanthrenes became progres-
sively less abundant than compared to the parent compound. These
detailed SIM profiles further reveal that biodegradation was not uniform
within compound families, as certain isomers were selectively removed
faster than others, highlighting the strong structural control on
biodegradation kinetics. Aromatic biomarkers, such as triaromatic ste-
roids (detected at m/z = 231), were also identified (not shown). They
revealed negligible variation across treatments, behaving analogously to
hopanes in the saturate fraction, and confirming their suitability as
conservative internal markers of weathering and biodegradation ([9,
61], and references therein).

Overall, the evolution of the aromatic fraction corroborates that
compost-assisted bioremediation promotes advanced biodegradation
stages, preferentially targeting alkylated and more bioavailable aro-
matic compounds while leaving behind a residue dominated by highly
condensed and recalcitrant structures.

3.6.3. Polar fraction
The polar fraction, which accounted for approximately 20% or more
of the extractable organic matter in all samples, provided particularly

SIM m/z 192 + 206 +220
C2-Phe

(3-Phe

Retention time

Fig. 4. Aromatic hydrocarbon fingerprints obtained by GC-MS for: (a) the initial soil, (b) the natural attenuation control after 150 days (S1), and (c) the biopile
amended with plant-derived compost after 150 days (S6). Left panels: representative total ion chromatograms (TIC). Middle panels: merged SIM chromatograms of
alkylbenzenes (m/z 105 + 119 + 133). Right panels: merged SIM chromatograms of alkylphenanthrenes (m/z 192 + 206 + 220). Chromatograms reveal the
preferential depletion of alkylated aromatic compounds and selective isomer degradation after treatment, particularly in the compost-amended system. Abbrevia-
tions: Phe, phenanthrene; C1-Phe, methylphenanthrenes; C2-Phe, dimethylphenanthrenes; C3-Phe, trimethylphenanthrenes.
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relevant insights into the complexity of the contamination and the
limitations of conventional remediation assessments. It was analysed
using a non-target screening approach; therefore, results are qualitative
and intended to identify compound classes and persistence patterns
rather than to provide absolute quantification. The GC-MS data (Fig. 5)
revealed several classes of compounds undetected by routine regulatory
analyses and not currently included in soil quality legislation.

As shown in the total ion chromatograms (left panel of Fig. 5), three
main families dominated the polar fraction: organophosphorus flame
retardants, phthalates, and plant-derived sterols (including Freidelin),
while there is no clear evidence of the presence of brominated flame
retardants.

The organophosphorus compounds shown in the central panel are
widely used as flame retardants and are increasingly recognised for their
toxicity, environmental persistence, and potential to affect soil and biota
in a similar manner to other emerging contaminants, including bromi-
nated flame retardants [62,63]. The main component of this group is tris
(2-chloroisopropyl) phosphate (TCIPP), which accounts for approxi-
mately 50-85% of commercial chlorinated phosphate flame-retardant
mixtures and has been extensively used in a variety of formulations
for rigid and flexible polyurethane foams and other polymeric materials
as a replacement for banned or restricted brominated products [64].
Given the relevance of TCIPP and its apparent absence from soils under
the specific trade names considered here [63], its molecular structure is
shown in Fig. S4, together with the diagnostic mass spectrum used for its
unequivocal identification. The remaining compounds in this group are
structural isomers of TCIPP with much lower abundances in the mixture.
Their chromatographic profiles remained essentially unchanged across
treatments, indicating a marked recalcitrance to biodegradation under
the conditions tested and suggesting that these organophosphate esters

TIC
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can persist even in biologically active systems [62]. Although detailed
ecotoxicological evaluation lies beyond the scope of the present study,
the persistence and toxicity of these isomers of TCIPP point to a potential
contribution to residual soil toxicity and to selective pressures on mi-
crobial communities, with possible implications for soil health, nutrient
cycling, and the long-term success of bioremediation.

Phthalates, clearly identified in the right panel of Fig. 5, were also
abundant in all samples, indicating the presence of plasticisers and
plastic-derived materials and suggesting the likely occurrence of micro-
and nanoplastics within the soil matrix [65]. Only after 150 days were
minor changes in their relative abundance observed, even in the
compost-amended biopile. These observations are consistent with pre-
vious reports describing phthalate esters and co-occurring plastic debris
as poorly biodegradable and prone to persistence in terrestrial systems
[66]. In contrast, the third group of polar compounds consisted mainly
of plant sterols and structurally related biogenic markers, which are
common constituents of natural soils and are frequently used as in-
dicators of higher-plant inputs and organic matter turnover [67,68]. As
expected, these compounds were markedly enriched in the PC-amended
biopile (Fig. 5¢), reflecting the additional plant-derived organic matter
supplied with the amendment rather than the persistence of anthropo-
genic contaminants.

The detection of organophosphorus flame retardants (e.g., TCIPP)
and phthalates is consistent with the industrial context of the study site,
where ship dismantling activities involve a wide range of materials such
as plastics, insulation foams, coatings, and electrical components. These
compounds are commonly used as additives in such materials, and their
presence reflects the multi-source and heterogeneous nature of
contamination in brownfield environments. Their co-occurrence with
petroleum hydrocarbons is therefore more likely related to overlapping

SIM m/z 149 + 167

DOIP
DEHP

L Ll

L1

Fig. 5. Polar compound fingerprints obtained by GC-MS for: (a) the initial soil, (b) the natural attenuation control after 150 days (S1), and (c) the biopile amended
with plant-derived compost after 150 days (S6). Left panels: representative total ion chromatograms (TIC). Middle panels: merged SIM chromatograms of chlorinated
organophosphorus flame retardants (m/z 63 + 99). Right panels: merged SIM chromatograms of phthalates (m/z 149 + 167). Chromatograms reveal the persistence
of several polar contaminants following treatment, including flame retardants and phthalates. Abbreviations: DEHP, bis(2-ethylhexyl) phthalate; DOIP, dioctyl
isophthalate; Br-FR, putative brominated flame retardants; *, tris(2-chloroisopropyl) phosphate (TCIPP).
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contamination sources than to shared transformation pathways.

These findings underscore the intrinsic limitations of bioremediation
when dealing with highly recalcitrant polar compounds and emphasise
that even highly effective and versatile amendments such as compost
may not fully address all contaminant classes in complex co-
contaminated soils, reinforcing the need for integrative risk assess-
ment frameworks that go beyond conventional target analytes.

3.6.4. Asphaltene fraction

As shown above in Table 5, the relative contribution of the asphal-
tene fraction increased with the degree of biodegradation of the
contaminant mixture, reflecting the preferential removal of more labile
saturate and aromatic compounds and the concomitant enrichment of
the most recalcitrant, high-molecular-weight components [69]. This
trend should therefore not be interpreted as evidence of extensive
asphaltene degradation, but rather as indicative that the bioremediation
processes in this system are largely controlled by the selective depletion
of more accessible hydrocarbon fractions. Given their structural
complexity, high degree of aromatic condensation, and very high mo-
lecular weight, asphaltenes are generally considered poorly biodegrad-
able under typical soil bioremediation conditions, and they often serve
as a long-term, refractory reservoir of organic matter in heavily

BTEX
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weathered residues [70]. Accordingly, the pyrochromatograms shown
in Fig. 6 are dominated by thermal decomposition products derived from
highly condensed aromatic and aliphatic structures, which are charac-
teristic of asphaltene matrices and consistent with previous applications
of analytical Py—~GC-MS to weathered petroleum residues [71,72].

Despite this overall recalcitrance, the presence of very long-chain n-
alkanes in the asphaltene pyrolysates is noteworthy. These compounds
correspond to the high-molecular-weight aliphatics previously observed
in the saturate fraction and are particularly pronounced in the PC-
amended biopile (Fig. 6¢). These findings suggest that compost addi-
tion introduced plant-derived polymers whose transformation and par-
tial fermentation promoted the formation or preservation of long-chain
aliphatic residues within the asphaltene pool. Therefore, the behaviour
of the asphaltene fraction in this study confirms its role as a terminal
reservoir for the most refractory organic compounds in heavily
contaminated soils. Furthermore, it illustrates how bioremediation can
indirectly reshape contaminant composition through selective degra-
dation of more labile fractions rather than through direct transformation
of these ultra-heavy components.

Diphenyls
Light Nephthalenes aIkalr\w/I:;(;g;kmenes Heavy
alkanes/alkenes alkanes
A JJA ) Il L A S — w S—

c) S6-150d

‘lLLLA.‘J___A“ PPV N B S B B ,

Retention time

Fig. 6. Full-scan pyrochromatographic fingerprints of the asphaltene fraction for: (a) the initial soil, (b) the natural attenuation control after 150 days (S1), and (c)
the biopile amended with plant-derived compost after 150 days (S6). Pyrograms are dominated by thermal decomposition products derived from highly condensed
aromatic and aliphatic structures characteristic of asphaltenes. The persistence of these complex fractions after treatment highlights the recalcitrant nature of residual
hydrocarbon pools, while the increased contribution of long-chain n-alkanes in the compost-amended system suggests selective enrichment of resistant aliphatic

compounds during biodegradation.
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3.7. Integrated overview of contaminant dynamics and microbial response

The combined evaluation of contaminant concentrations, molecular
fingerprints, bacterial community structure, and metal mobility in-
dicates that treatment performance was governed by interconnected
processes involving contaminant bioavailability, microbial adaptation,
and selective transformation pathways. Rather than evolving indepen-
dently, these components followed coupled trajectories in which
changes in one domain influenced the others. Although replication at
the biopile scale was not feasible under pilot-scale conditions, the con-
sistency observed across complementary analytical approaches supports
the robustness of the identified process trends. Under field conditions,
differentiation between biotic and abiotic processes was addressed
through diagnostic ratios and molecular fingerprinting approaches
rather than sterilized controls, which are neither feasible nor environ-
mentally representative at this scale.

Bioremediation resulted in a clear reduction of petroleum-derived
hydrocarbons, particularly in the treatment amended with plant-
derived compost. However, qualitative analyses demonstrated that hy-
drocarbon removal was highly fraction- and compound-specific,
reflecting selective biodegradation processes controlled by substrate
accessibility and microbial capability. The superior performance of
plant-derived compost is consistent with the combined effects of several
complementary mechanisms. Its higher content of labile organic matter
likely stimulated microbial activity and supported the development of
hydrocarbon-degrading communities, while improvements in soil
structure and aeration may have enhanced oxygen availability and
favoured aerobic degradation pathways. At the same time, the observed
reduction in metal bioavailability suggests that compost amendment
contributed to the immobilisation of metal(loid)s, thereby reducing
metal-related constraints on microbial metabolism. Together, these
coupled effects provide a mechanistic framework consistent with the
enhanced hydrocarbon removal, microbial community shifts, and
reduced metal mobility observed in this treatment.

The preferential depletion of low- and medium-molecular-weight
alkanes and alkylated aromatics coincided with marked shifts in bac-
terial community structure, as evidenced by ARISA profiles and diversity
metrics. These patterns suggest a progressive selection of microbial
consortia capable of exploiting increasingly complex substrates, indi-
cating feedback between substrate availability and community compo-
sition. The transition from labile hydrocarbons toward more recalcitrant
pools, including biomarkers and asphaltenes, reflects the sequential
nature of biodegradation processes. Likewise, the persistence of
hopanes, triaromatic steroids, and heavy waxes further supports the
interpretation that biodegradation, rather than physical losses, domi-
nated contaminant evolution.

Metal dynamics followed a partially decoupled yet interacting
pathway. While total metal concentrations remained largely unchanged,
TCLP-extractable fractions decreased over time, particularly in compost-
amended treatments, indicating reduced mobility and potential toxicity.
TCLP results should be interpreted as an operational measure of po-
tential metal mobility under standardised acidic extraction conditions,
enabling comparison among treatments rather than direct prediction of
in situ soil behaviour. The observed decrease in extractable metal frac-
tions was consistent with the concurrent increase in organic matter
complexity and polar fractions, which can promote metal immobilisa-
tion through sorption and complexation processes. In turn, reduced
metal bioavailability may have alleviated inhibitory effects on microbial
activity, consistent with the enhanced hydrocarbon degradation trends
observed.

Non-target screening of polar and asphaltene fractions added a
critical dimension to the assessment by revealing contaminant groups
not captured by conventional monitoring metrics. The persistence of
flame retardants and phthalates, which were largely unaffected by
treatment, contrasted with the dynamic transformation of hydrocarbons
and highlighted a decoupling between bulk contaminant removal and
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residual chemical complexity. These observations suggest that im-
provements in traditional indicators such as TPH reduction may not
fully reflect changes in overall soil chemical composition or potential
environmental relevance. Although no quantitative risk assessment was
performed, the co-occurrence of advanced hydrocarbon biodegradation
with persistent emerging contaminants highlights potential implications
for residual risk and reinforces the need for integrative assessment
frameworks, including approaches based on Py—-GC-MS fingerprinting
[73,74].

4. Conclusions

This pilot-scale field study demonstrated that compost-assisted
bioremediation can effectively enhance hydrocarbon degradation and
reduce metal mobility in complex co-contaminated soils. Among the
evaluated treatments, plant-derived compost showed the best overall
performance, achieving the highest TPH removal efficiencies together
with pronounced shifts in microbial community structure and reduced
TCLP-extractable metal fractions.

Molecular fingerprinting revealed that hydrocarbon removal was
highly selective, with preferential depletion of labile and moderately
recalcitrant compounds, while more resistant fractions such as hopanes,
asphaltenes, and heavy waxes persisted after treatment. In parallel, non-
target GC-MS and Py-GC-MS analyses identified persistent polar con-
taminants, including organophosphorus flame retardants and phtha-
lates, which were largely unaffected by remediation.

The combined results demonstrate that remediation performance in
co-contaminated soils is governed not only by bulk contaminant
removal, but also by changes in contaminant bioavailability, molecular
composition, and microbial adaptation. In this context, the integration
of quantitative analyses, molecular fingerprinting, microbial indicators,
and metal mobility assessment provided complementary process-level
information that could not be captured by conventional concentration-
based metrics alone.

Overall, this study highlights the value of integrative environmental
forensic approaches for improving the assessment of remediation pro-
cesses and identifying residual contaminant complexity under realistic
field conditions.

Environmental Implication

This work demonstrates that remediation of co-contaminated soils
requires assessment approaches that go beyond bulk contaminant con-
centrations to better capture contaminant transformation and residual
chemical complexity. Compost-assisted bioremediation proved effective
for enhancing hydrocarbon degradation while reducing metal mobility.
In parallel, molecular fingerprinting approaches revealed persistent and
non-target contaminants not identified by conventional monitoring.
These findings highlight the value of integrating advanced chemical
diagnostics and bioavailability-oriented metrics into site-specific reme-
diation assessment and long-term environmental management.
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