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ARTICLE INFO ABSTRACT

Editor: Dr. C. LingXin Industrial sites affected by anthropogenic contamination, both past and present-day, commonly have intricate
pollutant patterns, and source discrimination can be thus highly challenging. To this goal, this paper presents a
novel approach combining multivariate statistics and environmental forensic techniques. The efficiency of this
methodology was exemplified in a severely polluted estuarine area (Avilés, Spain), where factor analysis and
clustering were performed to identify sub-areas with distinct geochemical behaviour. Once six clusters were
defined and a pollution index applied, forensic tools revealed that the As speciation, Pb isotopes, and PAHs
molecular ratios were useful to categorise the cluster groups on the basis of distinct pollution sources: Zn-
smelting, coaly particles and waste disposal. Overall, this methodology offers valuable insight into pollution
sources identification, which can be extended to comparable scenarios of complexly polluted environmental
compartments. The information gathered using this approach is also important for the planning of risk assess-
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ment procedures and potential remediation strategies.

1. Introduction

The presence of multiple sources of contamination in extensive in-
dustrial areas makes it very difficult to trace the origin of contaminants.
Multifaceted pollution is especially relevant in coastal areas given the
importance of the ecosystems affected and the complex fate of con-
taminants in environmental compartments. Shorelines are sites of great
ecological value and economic importance (Anbuselvan and Sridharan,
2018; Jha et al., 2019; Mossinger et al., 2013) impacted by global
warming consequences (Nazarnia et al., 2020), and frequently altered
by anthropogenic factors such as industrial activity, waste disposal,
navigation, agricultural, and municipal uses (Kennish, 2002, 2017). The
interaction of heavy industry with coastal environments leads to the
release and accumulation of contaminants, among these, Potentially
Toxic Elements (PTEs) and Polycyclic Aromatic Hydrocarbons (PAHs)
are frequent.

PTEs (e.g., As, Cd, Cu, Cr, Hg, Pb, Zn) can be toxic even at low
concentrations, mainly depending on their speciation, and are
commonly monitored in mining and industry activities (Liu et al., 2020;
Wu et al.,, 2018), including metallurgical facilities, oil combustion,
power plants, and chemical manufacturing (Awasthi et al., 2017,
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Kowalska et al., 2018). PTEs accumulation in the environmental com-
partments can damage wildlife habitats by biomagnification, and can
affect human health by direct exposure, e.g., dust inhalation, ingestion
of contaminated water or soil/sediment, and accumulation in the food
chain (Li et al., 2020; Qing et al., 2015; Zhang et al., 2014). Several
technologies have been developed for removing or immobilising PTEs,
in order to reduce environmental risks (Baragano et al., 2021; Hiller
et al., 2021; Kayan, 2019; Kayan and Kayan, 2021).

PAHs are hydrophobic organic pollutants, identified as carcinogens,
mutagens, and teratogens (Prahl and Carpenter, 1983). They can have a
natural origin, but they are also released by activities like energy pro-
duction (fossil fuels), industrial operations, waste incineration, car ex-
hausts, and biomass burning, i.e., in processes involving the incomplete
combustion of organic matter (Zhang et al., 2016). When released into
the atmosphere, PAHs may condensate and absorb onto particles trav-
elling long distances (Gao et al., 2015; Zhu et al., 2014). They also tend
to adsorb strongly to sediments (Pratt et al., 2012; Ramzi et al., 2017).

A clear relationship between PTEs and PAHs pollution linked to
heavy industry emissions has been reported (Boente et al., 2020). This
concurrent inorganic and organic contamination poses a challenge with
respect to monitoring and may require customised strategies (Kruge
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et al., 2020). To overcome this issue, environmental forensics proposes
analytical approaches combined with a detailed knowledge of the study
area and its industrial history (Bonetti and Quarino, 2014; Hagmann
et al., 2019; Sangwan et al., 2020; Thavamani et al., 2011). Therefore,
forensics studies encompass the search for compounds, elements, iso-
topic signatures, and/or molecular-markers to identify distinctive fea-
tures of contamination (Fernandez et al., 2020; Gallego et al., 2016;
Kelepertzis et al., 2020; Komarek et al., 2008; Lee et al., 2020), given
that the differentiation of pollution sources is relevant from the
perspective of environmental and public health. These approaches can
also be supported by the application of multivariate statistical methods
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to differentiate between polluted and unpolluted areas, and also to
identify correlations between contaminants, revealing common
anthropogenic sources (Gallego et al., 2019; Reidy et al., 2013; Sierra
et al., 2014).

Within this context, the goal of this research is to propose a novel
integration of environmental forensic techniques and multivariate sta-
tistics, in order to disentangle the complexity of pollution sources that
could be overlooked by means of other commonly used methodological
approaches. This can be also useful to obtain additional data relevant to
subsequent steps in the site remediation process (risk assessment, se-
lection of remedial technologies, etc.). We thus focus on providing new
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Fig. 1. Study area and samples along the three defined zones. Main industrial areas are indicated. Note also that feeding material (Fe-ores and Zn-ores) and coal are
frequently stockpiled in the harbour. Other nearby industries (not included in the map) are located in an area less than 3 km to the south-east of the study area.
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multidimensional insights for anthropogenic source tracing in industrial
areas, rather than focusing on only a limited number of parameters or a
mere quantification of usual contaminants. The industrial area and the
surroundings of Avilés (Principality of Asturias, northern Spain) is a
great example to demonstrate the usefulness of the proposed method-
ology in a polluted shoreline area.

2. Materials and methods
2.1. Site description

The study area is located in NW Spain in the surroundings of Avilés
(78,000 inhabitants), a town with a large harbour and a factory belt that
includes industries devoted to steel production, Zn hydrometallurgy,
fertiliser production, and glass manufacturing, all located less than 5 km
from an important estuary (Gallego et al., 2002; Menédez and Fernan-
dez, 2005; Sierra et al., 2014). In addition, major potential sources of
diffuse pollution, including a coal power station and a second steel
factory, are located less than 25 km to the east of the estuary. Evidence
of PTE pollution was previously found in the area, although elements
such as Hg were not monitored and organic contaminants were not
considered (Gallego et al., 2002; Sierra et al., 2014). The considerable
industrial activity in the area and surroundings has not decreased in
recent years, which would suggest a potential increase in contamination
levels (Ordonez et al., 2015; Sanz-Prada et al., 2020). In this context, in
December 2012, an accident at the Zn factory led to the release of a
considerable amount of Hg (Queipo-Abad et al., 2019).

The sampling campaign focused on the left bank of the Avilés Estu-
ary, where 3 zones were considered (Fig. 1). Covering 9.2 Ha, zone I is
an area of dunes located in the mouth of the Avilés Estuary. This zone is
formed mainly by natural sandy sediments mixed with anthropogenic
materials such as fillers, and industrial and construction wastes of silty-
sand texture. Zone II comprises the San Juan de Nieva beach and dunes
that were restored in 2001 by means of a sandy refill from a nearby
submarine deposit. Zone III is along the Salinas-San Juan de Nieva
walking route, comprising part of the El Espartal dune system, one of the
main aeolian dune systems in Spain (Flor-Blanco et al., 2013) and
declared a natural monument (CMAOTTI, 2006). The geological substrate
in zones II and III is medium sand formed by the fragmentation of
sedimentary rocks such as Triassic siltstone, Jurassic limestone, and
Middle Jurassic siliceous conglomerates (Flor-Blanco et al., 2013).

2.2. Sampling and samples preparation

A total of 66 samples were collected followed a random scheme
(Fig. 1); only for sampling density purposes three zones were defined on
the basis of previous data (Sierra et al., 2014) and current land uses: In
zone I (anthropogenic zone), 38 samples were collected, following a
high sampling density of 4 samples/ha due to the observed in situ grain
size heterogeneity of the materials and the evidences of debris disposal
in the area (Theocharopoulos et al., 2001). For zones II (restored area)
and III (dunes area), the sampling density used (28 samples in total) was
lower as a result of the higher homogeneity of the sediments. Zone II was
affected by different and current pollution sources due to the restoration
actions, thus it was separated from zone III, which represents the dunes
area without presence of coarse fragments related to industrial or min-
ing wastes.

Specific samples of smelting slag (n = 2) and fly ash (n = 3) were
collected from stock-piles situated closed to the Zn-smelter and out of
zones I, II, III. These stock-piles, which are associated with Zn ore pro-
cessing (Sierra et al., 2014), were disposed of in an uncontrolled manner
for years during the second part of the 20th century. Finally, to gather
information about the geochemical background, rock samples were also
taken from the outcrops in the cliffs located on the south part of the
beach.

Composite sediment samples (1 kg) were collected from the upper
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20 cm with a stainless-steel auger and stored in inert plastic bags. All
samples were air-dried at below 30 °C to avoid loss of Hg due to its high
volatility and potential influence on PAHs determination. Samples were
then sieved at 2 mm to remove vegetation, rocks, and anthropogenic
particles over this size. An aliquot of each sample was milled (below
100 pm) using a RS 100 Resch mill at 500 RPM for 60 s.

2.3. Chemical composition and multivariate statistics

To determine total concentrations of Ag, Al, As, Ba, Bi, Ca, Cd, Co, Cr,
Cu, Fe, Ga, Hg, K, Li, Mg, Mo, Ni, Pb, Rb, Light Rare Earths (LREE; as the
sum of Ce, Eu, La, Nd, Pr, and Sm), Heavy Rare Earths (HREE; as the sum
of Dy, Er, Gd, Ho, Lu, Tb, Tm and Yb), Sb, Sc, Sn, Sr, Th, Ti, TL, U, V, Y
and Zn, representative milled sub-samples of 1 g were shipped to the ISO
9002-accredited Bureau Veritas Laboratories (Vancouver, Canada).
Samples were subjected to “aqua regia” digestion and the inorganic
chemical composition were determined by Inductively Coupled Plasma-
Mass Spectrometry (ICP-MS) using the Ultratrace AQ250 analytical
package. For QA/QC purposes, five blanks (analytical and method), five
duplicates, and ten analyses of standard reference materials (internal
standards and OREAS45EA) were inserted into the sequences of samples
to provide a measurement of background noise, accuracy, and precision.

Descriptive statistics (mean, median, standard deviation (SD), and
relative standard deviation (RSD)) were obtained for all the elements
analysed in the samples. Moreover, this database was subjected to a
Factor Analysis employing Principal Component Analysis. Factor
extraction was performed by the Kaiser/Gutmann criterion and Varimax
rotation was applied to minimise the number of variables with high
loadings (Reimann and De Caritat, 2005). To obtain groups of samples
with similar geochemical profiles, a cluster analysis was carried out on
the factor coefficient matrix as described in Gallego et al. (2019). The
hierarchical procedure applied Ward’s algorithm, maximising the vari-
ances between groups and minimising them between members of the
same group (Murtagh and Legendre, 2014).

The Sediment Quality Index (SQI) was determined for each sample
using the SQI 1.0 model, which is a modified application of the CCME
Water Quality Index model (CCME, 2017, 2001). To calculate the SQI,
As, Cd, Cu, Hg, Pb, and Zn concentrations and the reference values from
the Predicted Effect Level (PEL) guidelines (CCME, 2001) were intro-
duced into the model.

2.4. Environmental forensic study

For each cluster identified in the previous step, three most polluted
samples (higher SQI) were selected for additional analyses to ascertain
pollution sources once considered that the similarity intra-group was
high enough to obtain significant results only with three samples. As an
exception, one of the groups (see results) was only represented by two
samples.

Particle size fractioning was performed using wet-sieving (< 125,
125-500, 500-2000 pm fractions). An enrichment factor for each of the
three fractions was determined as the relationship between the PTE
concentration in each fraction and that of the whole sample below
2 mm.

Mercury and As speciation was determined in a 1260 Infinity HPLC
coupled to a 7700 ICPMS (Agilent Technologies) (Baragano et al., 2020).

Lead isotopic composition (2°°Pb, 2°7Pb and 2°®Pb) was determined
using ICP-MS (ICapQ, Thermo Scientific, Germany). Mass bias during
the determination of the Pb isotopic ratios was corrected using analyses
of SRM 981 (Common lead NIST, USA) after every two samples. The
standard errors for measurement of the 2°°Pb/27Pb and 2°®pb,/2°6pb
ratios were < 0.3% RSD and < 0.4% RSD, respectively.

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
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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 Boente et al.
(2020). The mass spectrometer was operated in selected ion monitoring
mode (SIM), and the quantification m/z relations are shown in Table S1.
PAHs were classified according to the molecular weight: the sum of
heavy molecular weight compounds (ZHMW) were determined
comprising Naphthalene (N), Acenaphthylene (Acy), Acenaphthene
(Ace), Fluorene (F), Phenanthrene (Phe), and Anthracene (Ant) con-
centrations; and the sum of light molecular weight compounds (ZLMW)
were calculated summing Fluoranthene (Fla), Pyrene (Pyr), Benz[a]
anthracene (BaA), Chrysene (Chr), Benzo[b]fluoranthene (BbF), Benzo
[k]fluoranthene (BKF), Benzo[a]pyrene (BaP), Dibenz[a,h]anthracene
(DBahA), Benzo[ghilperylene (BghiP), and Indene[1,2,3-cd]pyrene
(Ipyr) concentrations. Furthermore, total ion chromatograms (TIC) of
the most relevant samples were obtained in full-scan mode (mass range
acquisition from 45 to 500 m/z) for qualitative description.

3. Results and discussion
3.1. Potentially toxic elements

Descriptive statistics of the multi-element analysis are shown in
Table 1 (n = 66). Mean concentrations of As, Cd, Cu, Hg, Pb, and Zn
exceeded the PEL values (Table 1). PTE data for these six elements were
non-normal as the RSDs were above 50, indicating high variability and
suggesting an anthropogenic input. In contrast, typically lithogenic el-
ements, such as V or REEs, followed a normal distribution with a low
RSD.

Table 1

Descriptive statistics for the elements studied: mean, standard deviation (SD),
relative standard deviation (RSD), minimum (Min.) and maximum (Max.), and
reference values according to PEL (CCME, 2001) guidelines for the PTEs of in-
terest. All data are expressed in mg/kg, except g/kg for Al, Ca, Fe, K, Mg.

Element Mean SD Min. Max. RSD (%) PEL
Ag 1.02 1.21 0.02 7.77 119
Al 1.01 0.43 0.45 2.15 42.2
As 43.4 26.0 9.50 141 59.8 41.6
Ba 273 203 29.0 917 74.7
Bi 0.94 1.01 0.16 7.05 107
Ca 2.09 0.87 0.15 5.01 41.4
Ccd 18.3 21.7 0.34 111 119 1.20
Co 7.62 2.90 2.70 18.2 38.1
Cr 20.2 7.84 9.00 61.0 38.8
Cu 78.6 78.7 8.80 515 100 108
Fe 2.78 1.37 1.01 8.42 49.3
Ga 3.20 1.01 1.56 5.70 31.7
Hg 4.70 13.5 0.07 70.0 287 0.70
K 0.17 0.10 0.08 0.60 59.9
Li 13.6 3.47 5.50 24.4 25.6
Mg 0.48 0.12 0.14 0.86 25.4
Mo 1.05 1.11 0.23 7.62 107
Ni 18.8 7.60 7.90 51.4 40.4
Pb 407 320 74.9 1900 78.6 112
Rb 8.98 4.74 3.80 25.8 52.8
LREE 55.8 10.9 32.1 88.5 19.5
HREE 4.95 1.03 2.50 7.70 20.9
Sb 5.36 3.88 1.09 19.3 72.4
Sc 1.86 0.59 0.80 3.50 31.8
Sn 4.79 5.38 0.44 33.3 112
Sr 85.5 31.4 15.1 188 36.7
Th 3.63 1.57 0.50 7.90 43.2
Ti 0.01 0.01 0.00 0.03 37.5
Tl 0.22 0.28 0.03 2.20 132
U 1.00 0.57 0.30 2.60 56.9
\Y 27.8 8.20 12.0 59.0 29.5
Y 5.66 1.50 2.53 10.9 26.6
Zn 5310 5626 721 38400 106 271
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3.2. Multivariate study

The factor analysis was initially tested using the Kaiser-Meyer-Olkin
(KMO) parameter to evaluate the proportion of variance that may be
caused by several factors (Cerny and Kaiser, 1977). In this case, a KMO
value of 0.705 was obtained, thereby indicating good adequacy.
Extraction was done using principal components followed by varimax
rotation, and six factors were obtained, explaining approximately 88%
of the initial variance (Table 2).

PTEs such as Cd, Cu, Hg, Pb, Tl, and Zn were well represented by
Factor 1 (F1), accounting for 20.6% of the variance. The association of
these pollutants is well-known in environmental geochemistry (Burton
et al.,, 2005) and may be linked here to the Zn- smelter emissions, as
previously reported (Gallego et al., 2002; Sierra et al., 2014), and also
given the typical Zn ore mineralogy and the subsequent PTEs emissions
in this type of metallurgical industry (Vanek et al., 2013).

Factor 2 (F2) accounted for 19.8% of the variance and included el-
ements related to natural and clayey or fine sand materials, such as Al, K,
or Rb. This factor may be labelled as a natural input (Gallego et al.,
2002). Likewise, lithogenic elements such as Sc, and REEs were repre-
sented by Factor 3 (F3), which accounted for 19.0% of the variance. This
factor relates to the natural geochemical background (geogenic dust and
sand) (Lopez Peldez and Rodriguez, 2008), probably representing a
second natural input.

Factor 4 (F4) accounted for 12.3% of the variance. The main ele-
ments included in this factor were Co, Cr, Mo, Ni, and Sn, which may be
associated with Fe oxides and linked both to natural oxides but also to Fe
metallurgy emissions, and perhaps to Fe ore dust resulting from the
handling of the mineral in the harbour.

Calcareous materials are represented by Factor 5 (F5), which was less
relevant, accounting for 8.9% of the variance. Elements such as Ca and
Mg were the most representative in this factor.

The last factor (F6) included As and Sb and accounted for 7.9% of the
variance. These two metalloids (and PTEs) commonly show a
geochemical association (Fu et al., 2016; Hale, 1981) and their presence
in the same isolated factor may suggest mixed origins.

The factor coefficient matrix was used to carry out a hierarchical
analysis, which resulted in six geochemical clusters of samples (Fig. S1).
These groups were represented geographically (Fig. 2) and the average
factor loadings for the samples belonging to each one were calculated
(Table S2). Concretely, group A was related to a natural factor (F3),
which is consistent with the beach and restored dune area. Group B was
related to F1 (Zn-Cd-Pb), which is consistent with the high PTE contents,
as most of the samples included were taken near the Zn smelter. Group C
was associated with the calcareous materials present in the sand of the
beach and dunes (F5). Group D was linked to the notable abundance of
As (F6) in a specific subarea of the anthropogenic fillers. Group (E) was
linked to clayey materials (F2), probably due to the protosoil generated
in the leeward zone of the dunes. Finally, group F was formed only by
two outliers, which seem to be related to the Fe metallurgy (F4), prob-
ably due to the presence of slag fragments irregularly distributed in the
area sampled.

3.3. Forensic study

3.3.1. As, Hg speciation and particle size distribution

A first approach to unravel the distribution of the main PTEs within
the cluster groups was done using PTEs ratio (Fig. 3a), which revealed
similar patterns for samples from groups A and D, whereas those of the
remaining groups differed (groups B, C, E and F).

Focusing on As, samples from group D showed the highest concen-
trations in the area (86-293 mg/kg As) whereas those from group A
were between 14 and 50 mg/kg. In this context, As speciation was
determined in an attempt to discriminate between the two groups (A and
D). As observed in Fig. 3(b), the higher proportion of As(V) in samples
from group D, up to 96%, than in samples of group A (91%), suggested
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Table 2
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Factor loadings (loadings below 0.3 are omitted, between 0.3 and 0.6 should be managed prudently, higher than 0.6 marked in bold), communalities (all the elements
above 0.7), and explained variance obtained after factor analysis (principal components + varimax rotation).

Variable F1 F2 F3 F4 F5 F6 Communality
Zn .923 .907
Pb .894 .873
Tl .889 .888
Hg .818 .697
cd .818 .718
Bi 787 .480 .907
Ag .783 420 .963
Cu .670 .573 .938
Rb .978 .961
K .942 .921
Al .933 .947
Li .738 .396 -0.372 .880
Ga .343 .685 -0.371 .852
U .521 .668 .338 .930
Ti .631 449 427 .868
A .925 916
LREE .305 .859 .902
Ba .807 765
HREE 433 .804 .325 .944
Sc .390 776 .394 918
Th -0.325 .756 769
Y 573 .583 410 .927
Mo .307 .889 .957
Ni .345 .807 .890
Cr 471 .784 .956
Co 450 458 .653 .900
Fe .644 .652 .925
Sn 437 .585 426 .820
Sr .870 .886
Ca .304 .867 .960
Mg .404 .502 .546 .790
As .382 .763 .847
Sb .319 401 .760 .882
Var. Explained (%) 20.6 19.8 19.0 12.3 8.9 7.9

that As derives from at least two distinct sources. Moreover, As specia-
tion analysis of samples of ash and slag revealed that they did not
contain significant As(II). This is a similar result (As(IIl) content
< 1 mg/kg) to that obtained for the As speciation pattern of the other 4
groups (B, C, E and F). Therefore, As speciation suggests three poten-
tially distinct As sources, one for group A, one for group D, and another
one for groups B, C, E and F (mostly coincident with the As speciation in
the smelter by-products). On the other hand, Hg speciation analyses
revealed that Hg in all samples was fully inorganic (no methyl- or ethyl-
Hg present), thus this parameter was not useful in this study.

In addition, weight proportions obtained after grain-size fractioning
showed that the finer and the coarser fractions (< 125pm and
500-2000 um) were the least abundant (fraction 500-2000 um was even
absent in some cases) and accounted for less than 10 w/w% in all
samples. However, the proportion of PTEs was higher in these fractions,
as revealed by enrichment ratios above 1 (Table S3). These larger
contaminant loads for the least abundant fractions can be related to
diffuse pollution (dust and ash) (< 125 um) and waste deposition
(500-2000 um) within the site. In fact, it is possible to identify slag and
ore fragments in the coarse materials (500-2000 pm fraction), whereas
medium-size particles (125-500 um fraction) are mostly associated with
geogenic particles as those found in beach and dunes.

In addition, the element ratios of the different grain-size fractions
revealed opposing trends (Fig. 3(c), (d)) between the pattern of the
125-500 um fraction and the finer fraction (< 125 um) in group A (Fig. 3
(c), (d)). In fact, the finest fraction was similar to the other samples
irrespective of the group and grain-size, thereby suggesting that pollu-
tion of fine particles of group A is related to atmospheric deposition
affecting the whole area, whereas the geochemical pattern of the
125-500 um fraction is concordant with the restoration work under-
taken in zone II (where samples of group A are included). Regarding the
coarser fractions from groups C, D and E, high PTE concentrations are

mainly a result of the presence of slags and also ore fragments.

3.3.2. Pb isotope fingerprinting

Several sources of Pb were foreseeable in the study area due to in-
dustrial activities (Zn-smelter but also others involving the combustion of
fossil fuels) and geogenic inputs. Initially, the bedrock samples, taken from
the sedimentary rock formation as a geochemical background, and the
“allochthonous” waste (ash and slag) were characterised by notably
distinct Pb isotopic signatures (Fig. 4). Pb isotopic ratios for the ash and
slag revealed relatively homogenous compositions, and the same finger-
print was found for some of the most polluted samples. These observations
thus strongly support that the main source of pollution in these samples is
related to the activity of the Zn-smelter, except for group A pointing to
other sources. In this regard, as reported by (Diaz-Somoano et al., 2007),
the coal samples revealed a Pb isotopic fingerprint consistent with samples
belonging to group A (Fig. 4), and even for some from other groups. This
finding strongly suggests that coal combustion (and even coal dust) could
be another source of Pb pollution. This hypothesis is supported by
previous evidence of the notable influence of coal combustion on Pb
content in soils in other areas of the Asturias region affected by heavy
industry emissions (Boente et al., 2020, 2017). In any case, these data
should be carefully managed as, in recent decades, coals from different
areas of the world have also been used/managed in regional industries
and harbours and this practice may modify Pb signatures (Das et al., 2018;
Zhu et al., 2020).

3.3.3. PAHs

Most of the samples showed considerable PAH contents (above
1 mg/kg for most samples, see Table 3) with the exception of slag
samples that had no PAHs. This coincides with a THMW/ZLMW ratio up
to 6 revealing a pyrogenic origin for these pollutants in most of the study
area, since XLMW compounds are usually predominant in petrogenic
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materials whereas YSHMW are produced mainly by pyrolytic activities
(Thiombane et al., 2019; Zhang et al., 2008). Accordingly, and consis-
tent with the findings of Pies et al. (2008), the Ant/(Ant + Phe) ratio
exceeded 0.1 for all groups and thus PAHs may derive from pyrogenic
sources. Nevertheless, samples in group A had a significant lower
SHMW/ZLMW ratio (close to 1) than those in the other groups and also
the lowest concentrations of PAHs. Moreover, ash had an average
SHMW/ZLMW ratio of 0.07, which is not in accordance with a pyrolytic
origin. On the whole, a mixed source of pollutants can be proposed for
group A samples and also for ash, as both are non-autochthonous ma-
terials in the study area and could have received a petrogenic input, such
as coal dust.

Other molecular ratios reaffirmed the general hypothesis of a pre-
dominant pyrogenic source for PAHs in the study area. For example, as
shown in Table 3, the Fla/(Fla 4+ Pyr) and Ipyr/(Ipyr + BghiP) ratios
were consistently above 0.5, indicating “grass, wood and coal combus-
tion” according to De La Torre-Roche et al. (2009) and Yunker et al.
(2002). Also, the BaA/(BaA + Chr) ratio (Yunker et al., 2002) showed
that combustion of organic matter is the main source of PAHs (coal
combustion but perhaps, in our case, also organic matter in the mineral
ores treated in metallurgical processes). This is in coherence with the

previous data referred and with the type of industries in the study area.
To better illustrate these conclusions, cross-plots between ratios are
shown in Fig. S2. Nevertheless, it should be noted that PAHs ratios have
some limitations (Thiombane et al., 2019), as relative proportions of the
organic compounds are usually assumed to be conserved between
emission sources and the measurement points (Rocha and Palma, 2019),
and they do not take into account possible alterations of the PAHs
(biodegradation, burial and removal rates, etc.) as considered in Lv et al.
(2020).

Finally, irrespective of molecular ratios, the concentrations of PAHs
in the samples belonging to group D were significantly higher than those
of the other groups (Table 3). This is another relevant feature of group D,
together with the previously noted abundance of As(IIl), thus revealing
the presence of a specific source of organic pollutants and As in the
sediments included in this group (northern part of zone I, Fig. 2). TIC
chromatogram showed a typical fingerprint of a coal tar distillate
(Emsbo-Mattingly and Stout, 2011) with a marked abundance of heavy
PAHs and the predominance of parent compounds (Fig. 5), and the
absence of typical petrogenic compounds such as alkyl-PAHs (Boente
et al., 2020 and references therein). This chromatogram rules out fuel
spills as a source of pollution and indicates the probable release or
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signature is not shown in the figure.

Table 3

Sum of PAH concentrations and molecular diagnostic ratios for mean concen-
trations of PAHs for each cluster. RSD indicated in brackets. (Ant: Anthracene;
Phe: Phenanthrene; Fla: Fluoranthene; Pyr: Pyrene; Ipyr: Indene[1,2,3-cd]
pyrene; BghiP: Benzo[ghi]perylene; BaA: Benz[a]anthracene; Chr: Chrysene).

Parameter Cluster groups Ashes
A B C D E F

XPAHs 0.26 1.2 0.68 43.95 1.75 8.15 12.17
(mg/ (3%) (26%)  (20%)  (86%) (31%)  (88%)  (70%)
kg)

THMW/ 1.25 6.02 6.16 5.8 5.74 4.46 4.7
LMW (22%) (14%) (27%) (2%) (5%) (12%)  (10%)

Ant/(Ant 0.51 0.35 0.58 0.22 0.29 0.29 0.07
+ Phe) (3%) (14%)  (17%)  (3%) (21%)  (25%)  (12%)

Fla/(Fla 0.55 0.56 0.55 0.59 0.58 0.58 0.58
+ Pyr) 1%) (2%) (2%) (1%) 1%) (3%) (4%)

Ipyr/ 0.55 0.70 0.69 0.76 0.71 0.72 0.78
(Ipyr + (1%) (2%) (1%) (1%) (3%) (4%) (7%)
BghiP)

BaA/(BaA  0.36 0.58 0.52 0.65 0.6 0.63 0.64
+ Chr) (18%)  (2%) (4%) (2%) (3%) (7%) (16%)

disposal of waste rich in pyrogenic PAHs that was superposed onto the
diffuse pollution derived from coal combustion processes.

3.4. Multi-approach for pollution source tracing

Concordance between the forensic parameters described in the pre-
vious sections can be decisive for the purposes of this study; i.e., the
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Fig. 5. Chromatogram (TIC, full-scan mode) of a representative sample of group D.

combination of data from organic pollutants analyses, Pb isotope
fingerprinting and chemical speciation, can provide greater support for
deciphering pollutant sources than using single technique. In this re-
gard, a 3D representation to discriminate between groups in a single
view is presented in Fig. 6 using three variables: BaA/(BaA+Chr) as a
means to distinguish pyrogenic and petrogenic sources of organic
pollution, the 2°°Pb/2%7Pb ratio to establish differences within sources
(2°8Pb,/20pb ratio reported similar results), and As speciation repre-
sented by As(III).

Using this combined-approach, samples from group A (green in
Fig. 6) are clearly differentiated from the other samples as they show a
notable abundance of As(IIl), a mixture of petrogenic and pyrogenic
sources of organic pollution and a specific Pb isotopic composition.
None of these three characteristics is specific to this group of samples but
their combination reveals the specificity of the group. However, ac-
cording to PAHs ratios, it is claimed that the influence of coal combus-
tion particles is notable in this group. Similarly, group D was also clearly
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Fig. 6. Three-axis representation of the sediment and ashes samples with the
contribution of PAH molecular ratios, As(III) content and 206pt, /207D ratio.
Sediment groups A and D are clearly influenced by two specific contamination
sources and differed from the other sediment group samples, which are closely
together influenced by the Zn smelter, since these are closer to
ashes fingerprint.

distinguished from the others because of high As(III) pollution, different
Pb isotopic fingerprints and a high BaA/(BaA + Chr) ratio. The
extremely high PAHs concentrations, coupled to As(III) presence and the
chromatogram fingerprint (Fig. 5), suggest that pollution source corre-
sponds to the waste disposal of a material non-related to the Zn smelter
close to the site. Finally, ash samples were also clearly differentiated,
whereas no significant differences were found for samples from the
other group, which mostly showed the general pollution pattern of the
study area; i.e. inorganic pollutants derived largely from the activities of
the Zn-smelter and organic pollution caused by the emission of coal
combustion. The 3D representation described here is a novel tool and
can easily be adapted to other complex polluted sites.

4. Conclusions

Environmental forensic studies can distinguish between pollution
sources in areas with complex contamination profiles, thereby going
beyond the quantification of contaminants or single geochemical ratios.
In this context, we propose an approach consisting of a novel combi-
nation of multivariate statistics and forensic techniques applicable in
zones affected by diverse, inorganic (PTEs) and organic (PAHs), point-
source and diffuse pollution sources.

This methodology was tested in the coastal area of Avilés (Spain),
where heavy industrial activity has led to a mixture of anthropogenic
and natural sediments. Factor analysis and a subsequent hierarchical
clustering led to the establishment of six groups of samples, whereas
grain-size distribution determined that pollution affected mostly the
finest fractions. After a selection of specific samples using a pollution
index (SQI in our case), a more in-depth examination of the pollution
sources was achieved by As speciation, Pb isotopes and organic pollut-
ants (molecular markers of PAHs) determinations. Aggregate three-axis
representation of the referred parameters permitted differentiation of
diverse pollution sources, and it also provided an understanding of local
features, such as Zn-smelter emissions, waste disposal or deposition of
coaly particles.

In general, the main contribution of this study is a powerful combi-
nation of tools providing a multifaceted approach useful to understand
pollution complex scenarios (see flowchart in Fig. S3), thereby
providing a valuable insight into pollution sources identification. Like-
wise, this approach can be easily extended to similar sites, and may
support risk assessment and selection of remediation technologies.
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