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a b s t r a c t

Cities and contaminated areas can be primary or secondary sources of polychlorinated biphenyls (PCBs),
dibenzo-p-dioxins (PCDDs), dibenzofurans (PCDFs), and other chemicals, into air and soil and can in-
fluence the regional level of some of these pollutants. In a contaminated site, the evaluation of such
emissions can be crucial in the choice of the remediation technology to be adopted. In the city of Brescia
(Northern Italy), more than 100 ha of agricultural areas were contaminated with PCBs, PCDD/Fs and
heavy metals, originating from the activities of a former PCB factory. In order to evaluate the current
emissions of PCBs and PCDD/Fs from the contaminated site, in a location where other current sources are
present, we compared measured and predicted air concentrations, resulting from chemical volatilization
from soils as well as fingerprints of Brescia soils and of soils contaminated by specific sources. The results
confirm that the contaminated area is still a current and important secondary source of PCBs to the air,
and to a lesser extent of PCDFs (especially the more volatile), but not for PCDDs. PCBs in soils have
fingerprints similar to highly chlorinated mixtures, indicating contamination by these mixtures and/or a
long weathering process. PCB 209 is also present at important levels. PCDD fingerprints in soil cannot be
related to current emission sources, while PCDFs are compatible to industrial and municipal waste
incineration, although weathering and/or natural attenuation may have played a role in modifying such
soil fingerprints. Finally, we combined chemical and microbiological analyses to provide an integrated
approach to evaluate soil fingerprints and their variation in a wider perspective, which accounts for the
mutual effects between contamination and soil microbiota, a pivotal hint for addressing in situ biore-
mediation activities.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Halogenated organic compounds were extensively used in in-
dustry and agriculture and they or their by-products are common
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contaminants in all environmental matrices. Some of them have
been recognized as POPs (Persistent Organic Pollutants, now ban-
ned by the Stockholm Convention), harmful to the ecosystems and
human health. POPs, such as polychlorinated biphenyls (PCBs), di-
oxins (PCDDs), furans (PCDFs), are extremely recalcitrant to the
biodegradation and they also biomagnify in the food web. PCBs are
a group of 209 congeners, known for genotoxic effects, immune
suppression, inflammatory response, and endocrine disrupting ef-
fects (WHO/IPCS, 1993). The International Agency for Research on
Cancer (IARC) Working Group, in 2013, classified PCBs as
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carcinogenic to humans (Group 1) (IARC, 2015).
More than 1,800,000 potentially contaminated sites have been

identified in Europe (EEA, 2007). Among those, many are large scale
sites. In Italy, there are 39 of such sites (SIN, so called “Siti di
Interesse Nazionale” or National Priority Sites). The SIN Brescia
Caffaro is located in the city of Brescia (a highly industrialized city
of about 200,000 inhabitants in the Lombardy Region, in the north
of Italy), originated by the activities of the former Caffaro S.p.A.
chemical factory, which produced PCBs and PCB mixtures, such as
Fenclor and Apirolio, between 1930 and 1984. The SIN perimeter
was defined in 2003 by the Italian Ministry of Environment and,
among other areas, more than 100 ha of agricultural areas (Fig. SI
1a), located south of the Caffaro factory, were found contami-
nated by a mixture of PCBs, PCDDs, PCDFs and heavy metals and
metalloids (Hg, As) in variable concentrations, often exceeding the
legal threshold for residential areas (e.g. for PCBs: 60 mg/kg dry
weight (d.w.)). Such contaminationwas mostly related to the use of
outflowing water from the factory, which ended up in the canals
used to irrigate the adjacent fields. In the last two decades, a
number of studies were conducted in this area to investigate PCB
contamination of drinkable water (Turrio-Baldassarri et al., 2005),
human blood (Apostoli et al., 2005; Donato et al., 2006; Turrio-
Baldassarri et al., 2008), soil and forage (Turrio-Baldassarri et al.,
2007), cow milk (Turrio-Baldassarri et al., 2009), fetal tissues
(Bergonzi et al., 2009), and air (Colombo et al., 2013). The clean-up
of this site is therefore a priority for local and national authorities.
However, the choice of the remediation methodology to be
implemented (e.g. thermal desorption, excavation and disposal etc.
vs. bioremediation processes) is crucial since any of these processes
can produce reemission of POPs to the environment. A number of
investigations have found out that cities and contaminated areas
can be secondary sources of PCBs, PCDDs/Fs and other chemicals
(Jamshidi et al., 2007;Weber et al., 2008; Bogdal et al., 2014; Zhang
et al., 2014; Diefenbacher et al., 2016) to air and soil and can be
capable to influence the regional level of some of these pollutants
even at larger distances from sources, although the role of primary
emissions can be still relevant (Jamshidi et al., 2007; Csiszar et al.,
2013; Glüge et al., 2016). Recently, for another PCB production in
Europe (Slovakia) the relevance of the source on impacting human
health was shown measuring 15 PCBs in blood serum up to 50 km
in the prevailing wind direction from the factory (Wimmerov�a
et al., 2015).

In this work, in order to evaluate current emissions of PCBs and
PCDD/Fs of the contaminated site (e.g. secondary emission) in a
location where other sources (primary emissions) are present (e.g.
industrial as well as a large municipal waste incinerator), we
measured representative soil concentrations in three agricultural
areas of the SIN. These concentrations were then used as starting
soil loadings in a dynamic air/soil model developed by our group
(SoilPlus) (Ghirardello et al., 2010) to predict air concentrations,
resulting from chemical volatilization from soils, which were
compared to measured air concentrations (Colombo et al., 2013).
SoilPlus implements a dynamic air compartment which varies
hourly according to the planetary boundary layer (PBL) and
therefore can be used to reproduce realistic air concentrations of
chemicals volatilizing from a contaminated soil, taking into account
the seasonal and diel lower air compartment variation, e.g. simu-
lating the conditions of the air sampling. This was shown to be a
necessary step to accurately predict the variation of air concen-
tration of PCBs in the air of the city of Zurich measured at a few
hour time intervals (Morselli et al., 2011). These data, together with
soil concentrations were analyzed using Principal Component
Analysis (PCA), an exploratory multivariate data analysis technique
used in several investigations in the last decades (Fattore et al.,
1997, 2003) to identify the source of PCB and PCDD/F
contamination on the basis of the relative ratio of the congeners or
homologues classes, which represent a sort of fingerprint of the
origin of the contamination (Johnson et al., 2006).

The objective of this study is therefore to provide and illustrate
an integrated methodology to differentiate emissions in historical
and current POP contamination situations. This was done, using the
Brescia case, to evaluate the potential influence of the agricultural
areas on the current air contamination for PCBs, PCDD/F and the
relevance of primary vs. secondary emissions. Additionally, we
compared the fingerprints of the chemical investigated to the fin-
gerprints of the bacterial species composition detected in the same
soil to further classify the areas and furnish a potential guidance for
bioremediation. Although most of the efforts of this study were
related to the comparison of PCB and PCDD/F behavior, the addi-
tional results on trace elements as well as on volatile organic
compounds (VOCs) will be reported.

2. Experimental

2.1. Sampling and statistical design

Soil was sampled in three different agricultural fields located in
the SIN Brescia Caffaro contaminated site, south west of the Caffaro
factory, at about 2.2 km from the center of the city (Graphic abstract
and Fig. SI 1a). The total area of the contaminated agricultural areas
in the SIN is around 100 ha, while the sampled fields were about
10 ha each. In order to collect representative samples of the area 15
subsamples of the top (0e20 cm) layer and 15 subsamples of
deeper soil (50e70) were collected for each area using a random
stratified grid scheme (Fig. SI 1b) with a 40 mm soil auger (Bi-
partite gouge auger set SA, Eijkelkamp, Giesbeek, The Netherlands).
The objective was to collect few samples representative of the
average concentrations in soils in order to catch the contaminants
in the arable layer (0e30 cm) and those which may have migrated
downwards during the long contamination period. The thirty
subsamples were thoroughly mixed to obtain a representative
pooled sample for each area (A, T and R in Fig. SI 1a) for the
chemical and microbiological analyses.

Air concentrations were measured previously (Colombo et al.,
2013) with a high-volume sampler at five sites: outside the in-
dustrial plant site (point B) and at increasing distances (from 0.4 to
1.2 km), including the contaminated agricultural areas (points A
and D). Point E was located at the 1.2 km distance, away from the
SIN areas. Sampling periods were between August 2007 and April
2008.

2.2. Analytical methods

Complete analytical methods are available in supporting infor-
mation (S$I): briefly, PCBs and PCDD/Fs were extracted using the
ASE 300 (Dionex,USA) with hexane/acetone (80/20), and separated
from interfering components in a multistage process which
included a purification step by an diatomaceous earth (70e230
mesh) loaded with concentrated sulphuric acid (98%), and further
purification on neutral alumina columns activated at 400 �C before
use. The pollutants were detected by a TRACE GC 2000, Thermo
Finnigan (Thermo Fisher Scientific), coupled with aMat 95 XPMass
Spectrometer, operating in the electron impact ionization (EIþ)
mode, at 10,000 resolution power, using a BPX-DXN
(60 m � 0.20 mm x 0.25 mm) (SGE, Analytical Science, Mel-
bourne, Australia) capillary column. Metals were digested in acid
using a Multiwave 3000 (Anton Paar, Graz, Austria) micro wave
digestion oven and measured wit atomic absorption spectrometer
(Tl, Mn, Cd, Pb, Cr, Co, Ni Cu, V, As and Sn) or cold vapour atomic
adsorption spectroscopy apparatus (Hg). VOC were sampled using



A. Di Guardo et al. / Environmental Pollution 223 (2017) 367e375 369
headspace solid phase micro extraction (SPME) and determined
using gas chromatography/mass spectrometry.
2.3. Environmental fate modelling

The model employed for predicting air concentrations of PCBs
and PCDD/Fs was SoilPlus (Ghirardello et al., 2010). SoilPlus is a
dynamic multimedia model which comprises a multilayered soil
and a dual layer atmospheric compartment. The lower air
compartment varies hourly in height to reflect planetary boundary
layer (PBL) changes. SoilPlus was run simulating in-place pollutants
for each PCDD/Fs homologue class and 18 PCB congeners to match
those measured (Colombo et al., 2013) in air. (listed in Table SI 3).
The selected scenario for the simulation is described in details in S.I.
Briefly, single PCB congener and single homologue class simula-
tions were run using physical chemical properties and halflives
from (Mackay et al., 1992a, 1992b) with PBL heights from Morselli
et al., 2012 and soil properties as in Table SI 1. The model was run
hourly for one year for each selected PCB or PCDD/F homologue
class, setting as initial concentration the weighted average of the
concentrations of the three areas. Air concentrations were then
calculated for the corresponding period (usually 8e10 days) of air
concentrations measurement. The fingerprints of PCB (obtained
calculating 216 values), PCDD/F (100 values) concentrations in air
calculated by the model were then compared to the measured
fingerprints in the PCA analysis.
2.4. Microbiological analysis: 16S rRNA hypervariable tag analysis

The soil samples were microbiologically analyzed to describe
the diversity of bacterial communities within the studied areas, in
order to find a possible relation with the different contaminant
fingerprint. Sequencing data were produced by means of 454
pyrotag assays using universal-bacterial primers targeting variable
regions of the 16S rRNA gene. The high-quality 16S rRNA gene se-
quences were then clustered into operational taxonomic units
(OTUs). The full description of the materials and methods used for
the 16S rRNA hypervariable tag analysis, including the workflow
scripts and commands is available in the Supplementary
Information.
2.5. Statistical analysis

Principal component analysis was used to compare the finger-
prints of PCBs, PCDDs and PCDFs in the same phase (air or soil) in
order to identify a possible common origin of the chemicals. PCA
was performed using a software developed by one of the authors
according to the standard method (Lebart et al., 1982; Saporta,
1990). Cluster analysis was used to group samples according to
the different classes of chemicals analyzed (PCBs, PCDDs, PCDFs,
Metals, VOCs) in the different areas (A, R, T). Normalized variable
values were used. Regarding microbiological analyses, the biotic
dataset represented by the OTU table obtained fromQIIMEwas first
filtered removing the under-represented OTUs (threshold of 0.01%).
The resulting table (254 OTUs) was normalized by Z score in order
to avoid clustering driven by the raw abundance and the new
matrix was subjected to hierarchical clustering analysis (Murtagh,
1985) using the Euclidean distance index using R (cran.r-project.
org, last accessed April 8, 2014). The heatmap graphic representa-
tion was also generated using R.
3. Results and discussion

3.1. Concentrations of contaminants in soils

Caffaro factory produced in the past 80 years many industrial
chemicals and pesticides; most of them were chlorinated
(Ruzzenenti, 2001) or contained arsenic (such as some pesticides).
The soils of the SIN were analyzed for 74 PCB congeners (Table SI 4
reports concentrations at congener level). Average total PCBs (sum
of homologues for each class of chlorination measured in the
samples) were about 1e2 mg/kg d.w. in the three pooled samples
(Table SI 5). PCB 209 represented the most abundant congener
(10e27% of total PCBs), with concentration between 0.14 and
0.43 mg/kg d.w. It has to be noted that PCB 209 was not measured
originally when the agricultural area contamination was found by
the regional authorities in 2001, therefore the presence of this
congener considerably raises the levels of total PCBs obtained
previously. PCB 209 resulted from the production of Fenclor DK
(containing prevalently the decachlorinated congener) which
characterized and can be considered amarker of the Brescia Caffaro
site (De Voogt and Brinkman, 1989).

PCDD/Fs (Tables SI 6 and 7) concentrationswere between 19 and
60 pg WHO05-TEQ/g (26e77 pg I-TEQ/g), which is considerably
higher than the average for surface soil measured in the same re-
gion (Vives et al., 2008) (Pavia province, which can be considered a
control area) (3.18 pg I-TEQ/g) and they are comparable to PCDD/F
concentrations found in soils affected by industrial accidents
(Umlauf et al., 1999) or sewage sludge (Fiedler, 1996). Additionally,
the highest contribution to TEQ is mostly due by PCDFs (87e97%)
which are well known impurities in PCB production (UNEP, 2003;
IARC, 2015). Dioxin Like-PCBs (DL-PCBs) have lesser importance,
being between 2 and 6 pg WHO05-TEQ/g. However, such concen-
trations are in the range or higher of the PCDD/Fs I-TEQmeasured in
the same region (Vives et al., 2008).

Among VOCs (Table SI 8), significant amounts of tetrachloro-
methane (191e1077 mg/kg), chloroform (15e22 mg/kg) as well as
traces of di- and tri-chlorobenzenes. were found. Tetrachloro-
methane in soil may derive from groundwater outgassing, since a
tetrachloromethane plume in groundwater, originated from the
Caffaro plant was found by the local regional environmental au-
thorities (ARPA, 2015). However, further investigations are needed
to confirm such possibility. A similar situation of a groundwater
contamination located at a large contaminated site is that of Bit-
terfeld/Wolfen in Germany, where hexachlorocyclohexanes (HCHs)
were found, deriving from local chemical production plant (Wycisk
et al., 2013). A qualitative analysis also showed the presence of DDE,
PCNs (polychloronaphtalenes), PCTs (polychlorotriphenyls) and
lindane.

Trace elements (Table SI 9) were present at relatively high
concentrations, especially lead (200e400 mg/kg), arsenic
(27e79mg/kg), manganese (around 800mg/kg), mercury (total Hg,
up to 4 mg/kg). Their presence can be related to the production of
pesticides by the Caffaro plant and the chloro-alkaly technology
(Hg). Although the presence of so many contaminants may deserve
attention, further considerations will be mostly centered on PCB
and PCDD/F.

3.2. Comparison between PCB fingerprints of measured samples
and predicted data

Since air concentrations and some emission fingerprints (from
incinerators and industrial sources mainly) were available in pre-
viously published papers (Colombo et al., 2013; Fattore et al., 1997,
2003), we decided to evaluate the hypothesis that PCB concentra-
tion in air was related to soil secondary emission (possibly
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including the plant site). PCBs are ubiquitous pollutants and their
presence in air could be explained by emission from other sources,
such as incineration of waste, cement plants, or other sources
(UNEP, 2003). Recently, a number of PCB congeners and PCDD/F
classes were measured (Colombo et al., 2013) in air in Brescia at 5
points at different distances (A to E, up to 2 km) from the Caffaro
plant. Colombo et al. compared the fingerprints of these air con-
centrations to different sources as an urban waste incinerator and
traffic tunnel air measured in the literature and concluded that PCB
and PCDD/Fs had different sources. PCBs seemed to be related to
the Caffaro plant while PCDD/Fs were closer to steel plant emis-
sions. Additionally, the air concentrations measured in Bresciawere
substantially higher than background concentrations for PCBs
(hundreds to thousands pg/m3 for total PCBs) and average for
PCDD/Fs (0.04e0.05 pg WHO05-TEQ/m3 (Colombo et al., 2013). In
order to verify whether air concentrations measured could be due
to the emission from the contaminated area, we ran congener
specific simulations (for PCBs) using selected physical chemical
properties (Mackay et al., 1992a, 1992b), and scenario properties as
in Table SI 2. The model used was a multimedia air/soil fugacity
model (SoilPlus), developed by our group (Ghirardello et al., 2010),
which simulates a multilayered soil (layer thickness of 0.5 cm) and
a dynamic double layer air compartment derived from the AirFug
model (Morselli et al., 2011). In such a dynamic air compartment,
the lower part fluctuates hourly in response to the variations of the
planetary boundary layer. The incorporation of such fluctuations in
the model allows us to calculate more accurate air concentrations
(with an hourly resolution) than a model with fixed air compart-
ment height. The PBL height depends on insolation and wind speed
and so varies, with a diel pattern and also seasonally. For example,
Morselli et al. (2011) were able to accurately predict the pattern of
air concentration variation of PCBs in air measured in the city of
Zurich (Switzerland) (Gasic et al., 2009). Therefore, the use of such
dynamic models allows us to predict the air concentration varia-
tions resulting from the volatilization of PCBs and PCDD/Fs in soil,
accounting for the change of physical chemical properties (vapor
pressure and solubility) with temperature, simulating the prevalent
PBL conditions during sampling times. We then predicted air con-
centrations for the same sampling periods of those measured with
a high-volume sampler (Colombo et al., 2013). The predicted and
measured concentrations were then compared (as supplementary
samples, also in the other PCAs) using principal component anal-
ysis, together with fingerprints from typical PCB sources. The two
principal components explain 43.4% and 19.2% of the total variance.
The PCA score plot of the PCB air concentrations (Fig.1) shows three
main clusters: air samples from incinerators and tunnels form the
first two clusters while the third one is the cluster of predicted/
measured (point A to E of the Colombo et al. paper) concentrations.
This last cluster, characterized by comparable fingerprints, may
show a common origin, different from those of incinerators and
tunnel related samples. Additionally, a gradient is apparent from
the PCA score plot: bothmeasured and predicted air concentrations
group together in the top section of the cluster for the warm
sampling/prediction months (JulyeAugust) while they group in the
bottom part of the cluster for the colder sampling/prediction
months. This behavior reveals that a temperature dependence of air
concentrations is apparent, which indicates that the probable
source is volatilization from soil and from the contaminated site
itself (Wania et al., 1998). This is valid for all the adjacent sampling
points (A to D, where the point D approximately corresponds to the
agricultural soil areas measured in this work). Point B, roughly
corresponding to the Caffaro factory site has indeed shown the
highest concentrations in air (Colombo et al., 2013). Fingerprints for
Point E (at about 2 kmwest of the soils and the industrial plant) are
more scattered, possibly showing a dilution effect of the source
strength with distance (with this wemean that PCB occurring in air
from distant sources can alter the fingerprints and “dilute” the ra-
tios). These results confirm that the contaminated area is still a
current and important secondary source of PCBs to the surrounding
regions. A comparison between measured and predicted concen-
tration in air was not possible for the most abundant congener in
soil (PCB 209) because it was not present in the measured con-
centrations dataset (Colombo et al., 2013). However, PCB 209 was
found (Tremolada et al., 2015) in soil samples of the Andossi
Plateau, a mountain location about 150 km away from the Brescia
site. Given the lack of PCB 209 in Fenclor and Aroclor mixtures
(apart from Fenclor DK) this can be a confirmation of the possibility
that the Brescia site could be the origin of PCB 209 found. However,
PCB 209 may also derive from other sources such as phtalocyanine
pigments and tetrachlorophthalic acids and related pigment and
other products which have decachlorobiphenyl as marker congener
(Anezaki and Nakano, 2014). Additionally, residues from chlori-
nated solvent production may contain high levels of decachlor-
obiphenyl in the residues (Zhang et al., 2015). The plot of the
variables used to build the PCA reveals (Fig. SI-2) that the main
congeners responsible for the measured and predicted concentra-
tions are some of the indicator PCBs, from PCB 28 to PCB 52 and PCB
101.

3.3. Comparison between PCDD/F fingerprints of measured samples
and predicted data

Similar to what was shown above, predicted PCDDs/Fs air con-
centrations (using the soil concentrations measured for each
chlorination class as input) were compared to the measured air
concentrations (as well as for fingerprints of selected sources) re-
ported from Colombo et al. (2013). In this case, total amounts of
PCDDs/Fs for each class of chlorination (from tetra-to octa-chlori-
nated) were used. Given the rather different concentrations in soils
of PCDDs and PCDFs, we decided to analyze them in separate PCAs.
Fig. 2(a) shows the resulting score plot for the fingerprint of PCDDs.
The two principal components explain 48.1% and 24.9% of the total
variance. The predicted air concentrations values, in this case,
cluster in a single group while the measured values are more
spread. No apparent temperature dependence is therefore shown
by the predicted air concentrations (compared to the measured
ones), possibly identifying a different emission source other than
secondary soil emissions. This is also confirmed by the fact the
measured concentrations do not cluster according to sampling
points, indicating again a random fluctuation of congener class
influence. The predicted (as well as themeasured) air values show a
fingerprint much closer to that related to the steel plant fingerprint,
although some of themeasured points do variate according to some
incinerator and tunnel fingerprints. This can be explained by the
presence in the area surrounding Brescia of several active steel-
works, given the still substantial industrial nature of this area.
When looking at the variables (Fig. SI 3), they show a trend on the
second axis, which discriminates according the variation of number
of chlorine (from the penta-tetra all theway to the octa-chlorinated
class, from negative to positive values).

For the PCDFs analysis, the two principal components explain
38.9% and 24.4% of the total variance. When comparing PCDF fin-
gerprints (Fig. 2 b), the predicted air concentrations here cluster
again (although with a little more spread) while the measured air
concentrations are more scattered. The fingerprint of the measured
air concentrations is between the predicted, the tunnel and the
incinerator ones. Points A to E are randomly distributed in the
group of measured concentrations and no precise trend is visible.
Looking at the factors responsible for this distribution on the axes
(Fig. SI 4) it appears that tetra and penta chlorinated furans are the



Fig. 1. PCA score plot of the first two principal components of samples of selected PCB congeners in air. Point labels correspond to month of sampling or prediction. Legend: Points A
to E, Tunnel, and incinerator fingerprints (Colombo et al., 2013). Predicted values are from this work.

Fig. 2. PCA score plot of the first two principal components for predicted and measured PCDDs (a) and PCDFs (b) in air. Legend: Points A to E, Tunnel, incinerator and steel plant
fingerprints (Colombo et al., 2013). Predicted values are from this work.
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main drivers of the measured and predicted fingerprints, while
more chlorinated classes are more characteristic of the tunnel and
incinerator points. This is consistent with PCDFs being derived by
impurities in PCB production, where tetra, penta and to a lesser
extent hexa-chlorinated furans are the main impurities (IARC,
2015). Additionally, 1,2,3,4,7,8-hexachlorodibenzofuran in soil is
higher than the 1,2,3,6,7,8- hexachlorodibenzofuran in all samples
and this is a further marker of PCDFs as derived from PCB impu-
rities, as shown byWakimoto et al. (1988), who measured PCDFs in
commercial PCB mixtures. The closeness of the measured concen-
trations to the predicted ones in the PCA score plot indicates a
higher influence of the volatilization of furans from soil (compared
to dioxins) in driving air concentrations. This is consistent with the
much higher PCDF concentrations than PCDDs in soils and the
origin of PCDFs as PCB impurities, travelling and redistributing to
the agricultural soils with irrigation.

The comparison between the fingerprints in air of predicted and
measured concentrations showed that the contaminated area does
not significantly affect air concentrations for PCDDs, while this
seems more evident for PCDFs, especially for less chlorinated (and
more volatile) congeners, although some current sources are
apparently more influent for more chlorinated congeners. These
results show the importance of the fingerprinting analysis which
can be considered as a guidance tool to discriminate potential
sources and direct further studies.
3.4. Comparison between PCB fingerprints of soil samples and
technical mixtures

In order to evaluate the fingerprint of PCBs in soil, a PCA analysis
was carried out comparing the congener composition of the soil
samples to aroclor fingerprints (Frame et al., 1996a, 1996b). The
objective was to focus the current fingerprint of PCBs in soil after
more than 50 years of indirect loading via irrigation water, and the
more recent deposition/degassing and weathering related phe-
nomena occurred in soil. Aroclor were commercial mixtures of
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PCBs produced by Monsanto and their composition can be used to
evaluate the current composition of PCBs in soil. This was done
since Fenclor and Apirolio composition was not available although
De Voogt and Brinkman (1989) report that some comparison can be
made considering the approximate chlorine percentage in weight.
Data for several mixtures were available for each group of 12xx
aroclors (from 1216 to 1262) in the increasing degree of chlorina-
tion. Aroclor congener data were selected among those measured
for the soil samples in order to properly compare the results. PCB
209 was excluded from the comparison since it was not present in
the available aroclor composition. The resulting PCA plot is avail-
able in Fig. SI 5. The first component explains 51.4% of the total
variance while the second component 29.5%. The composition of
PCB in the average soil samples is characterized by a relatively high
degree of chlorination and is situated in between the fingerprints of
Aroclor 1254 to 1260e1262. This shows that the mixture in the soil
samples is composed by generally high molecular weight com-
pounds, as found previously (Turrio-Baldassarri et al., 2009). It
must also be remembered that PCBs in Brescia soil have undergone
a process of weathering due to the long production time (about 50
years), use, dispersal and time elapsed since the production
stopped (inmid ’80s). However, given the type of samples collected,
the fingerprint presented here can be considered an average of
PCBs which did not substantially move (top soil) and those which
may have migrated downwards (lower depth sampled).

3.5. Comparison between PCDD/F fingerprints of soil samples and
known sources

Soil fingerprints for dioxins and furans in Brescia SIN samples
were compared to the corresponding data of source related fin-
gerprints from literature. Since the city of Brescia is characterized
by numerous types of sources (a large volume urban waste incin-
erator, steel plants, contaminated soils, traffic, etc.), it may be useful
to compare the current situation (historic soil contamination) to
the deposition of dioxins/furans from selected type of sources. The
objective again is to apportion the sources, at least in qualitative
(fingerprint) terms. Sources were selected basing on the availability
of representative fingerprints for dioxin and furan classes (sum of
all the homologues in each chlorination family) measured in sur-
face soils and available in the scientific literature They included
soils measured at increasing distances (100e3000 m) from a
municipal waste incinerator in Spain (Schuhmacher et al., 1997),
soils in the vicinity (2400 m) of a hospital waste incinerator in
China (Li et al., 2012), soils up to a few km away of an electronic
waste recycling site in China (Hu et al., 2013), soils within a few
hundred meters from some industrial sources (steel plants, cement
plants, glass production, fossil fuel power stations) and soil around
(50 m) openwaste combustion sources in Campania Region in Italy,
where some elevated soil concentrations were recently measured
(Raspa and Di Guardo, 2012). Background surface soils fromUK and
Norway (Hassanin et al., 2005) were also included for comparison.
Fig. 3a shows the PCA plot of the different sources for PCDD. The
first component explains 58.2% of the total variance while the
second component 25.5%. In this figure it can be seen that the
municipal incinerator fingerprint changes according to the
increasing distance from the source: the top ones in the graph are
the soils closest to the emission source while the bottom ones are
those located at farther distances. This behaviour seems to be
related to the gradient of HeCDD (close to the source) to TCDD
(away from the source) on the PC2 axis (Fig. SI 6), while OCDD can
be considered as characterizing other sources (industrial combus-
tion, waste open fires and hospital waste incinerators). When
looking at Brescia soil fingerprints for PCDDs, they form a different
cluster in a region characterized by a mixture of tetra and penta
dioxins (Fig. SI 6). This seem to exclude a large contribution of a
specific source for PCDDs in Brescia soil but rather a mixture of
those.

PCA for was performed for PCDFs in soils (Fig. 3 b): in this case
the first component explains 51.3% of the total variance, while the
second component 31.4%. Brescia soils have a fingerprint somehow
overlapping some of industrial combustion and municipal waste
incinerator ones, in a region characterized by the gradient TCDF to
OCDF bottom to top (Fig. SI 7). Their fingerprint is more spread in
the PCA space, possibly denoting unique characteristics of the
Brescia site, as the ratio PCDF/PCDD has already shown. Such di-
versity may be explained by the PCDF impurities in the PCB pro-
duction plant, (Wakimoto et al., 1988) and the contribution of tetra,
penta and hexa-chlorinated furans, as mentioned before. What it
can be concluded evaluating the fingerprints is that PCDDs in soil
do not resemble current emission sources, apart from relatively
distant incinerator, while PCDFs are compatible to PCB impurities
as well as industrial and municipal waste incineration. It should be
remembered that soil concentrations are also derived by historical
contamination of the same sources (and possibly also the Caffaro
plant) which may have changed fingerprint over time also due to
the changing emission control regulations. Additionally, weath-
ering and natural attenuation of contaminants may have played a
role in changing fingerprints. In order to further evaluate such
unique composition of organic compounds (as well as of trace el-
ements) and their interaction with bacteria present in soil, addi-
tional analyses of s were performed and are illustrated in the
following section.

3.6. Cluster analysis of Brescia SIN soil according to microbiological
and chemical data profiling

In all the areas investigated the 16S rRNA pyrotag libraries
reached saturation (data not shown), revealing a high coverage of
bacterial diversity (Tables SIe10). The similar number of OTU97
identified (243 ± 4) indicated that the three areas did not signifi-
cantly differ in the overall bacterial species richness (Table SI 10).
However, a cluster analysis which considered both the presence
and the abundance of polymorphic 16S rRNA sequences at species
level (OTU97) showed that the bacterial communities inhabiting the
R and T soils weremore similar compared to those inhabiting area A
(Fig. 4). Interestingly, the pattern of diversity reflects that described
by the cluster analysis performed on the chemical data, especially
concerning the main classes of pollutants measured in this study
(see Table SI 5e9), suggesting a link between bacterial community
structure and soil pollution profile. According to the cluster analysis
performed on chemical composition, Area A clusters separately for
PCDDs, VOCs and metals, while areas R and T cluster separately
respectively for PCBs and TCDFs presence. Therefore, PCDDs, VOCs
and metals in the soil collected from area A can putatively consti-
tute the drivers which contribute to select a peculiar bacterial
community, diversifying this soil from those collected from areas R
and T. A correlation between microbial and pollutant fingerprints
indicate that the presence of the contaminants induced a shift in
the residing soil microbial community putatively favoring the
degradative populations. Structure and composition of soil bacte-
rial communities have been already exploited for the mapping of
polluted sites (Mukherjee et al., 2014). Our results further confirm
that the taxonomic composition of bacterial communities can be
considered a proxy for soil contamination, suggesting the
description of their diversity as a further hint to reveal correlations
of the microbiota with pollutant fingerprints in site mapping and
during its remediation processes.

To disentangle the catabolic capacities related to biodegradation
potential of the bacterial communities detected in the soil by 16S



Fig. 3. PCA score plot of the first two principal components of samples for PCDD (a) and PCDF (b) fingerprints of Brescia SIN soils vs. fingerprints of soils sampled in the vicinity of
different sources: hospital waste incinerator (Li et al., 2012), UK and Norway background soils (Hassanin et al., 2005), intensive electronic waste recycling site (Hu et al., 2013),
municipal solid waste incinerator at increasing distances (Schuhmacher et al., 1997), waste open fires and industrial combustion sources (Raspa and Di Guardo, 2012).

Fig. 4. Cluster analysis of Brescia SIN Soil according to taxa (OTU97) composition in the soil bacterial communities. In the related heatmap, color legend indicates relative
abundances of the taxa. (For interpretation of the reference to colour in this figure legend, the reader is referred to the web version of this article.)
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rRNA sequencing, we applied the recently developed software
PiCRUST, which infers functional information from the taxonomic
data (Langille et al., 2013). This analysis allowed the identification
of several metabolisms related to the class “Xenobiotics Biodegra-
dation” within the bacterial communities (Table SI 11). Bacterial
taxa potentially harboring these metabolisms were retrieved in all
the soils, without significant differences between the three areas.
This finding indicates that the selective pressure applied by the
high level of contamination potentially lead to the enrichment of a
well-adapted bacterial community in all the soils collected from the
Brescia SIN, independently from the pollution profile. The presence
of metabolic pathways related to xenobiotic modification/degra-
dation harbored by taxonomically distinct bacterial populations in
the three areas could be an indication of metabolic redundancy, a
trait of relevance in the light of bioremediation which could be
potentially supported by a microbiota resilient toward environ-
mental challenges (Kato et al., 2015).
4. Conclusions

There is a growing debate on the role of cities and contaminated
sites in driving air concentrations of PCBs, PCDD/Fs, in other terms
the role of primary vs. secondary sources. The SIN Brescia Caffaro
contaminated site and its surrounding areas offer a unique oppor-
tunity to evaluate the importance of these sources and reconstruct
a possible scenario of contaminationwhich can be used as guidance
methodology to evaluate similar situations. There is also a growing
interest in coupling measurement and modelling tools to improve
the estimate of such emissions. Here we present an innovative
comparison of measured and predicted PCBs, PCDD/Fs in air (at
single congener/class level) in order to reconstruct the changing
fingerprint with time and catch the pattern of chemical volatilizing
from soil. This is used to evaluate the current release (and therefore
current air contamination) of several sources in a complex situa-
tion, where a large contaminated site and a former large PCB fac-
tory is present, together with other sources. These results confirm
that the contaminated area is still a current and important sec-
ondary source of PCBs to the surrounding regions, and to a lesser
extent for PCDFs (especially the more volatile), while this is not
apparent for PCDDs in air which are mainly affected by other
sources. However, the role of the contaminated site at the factory
(primary source) is probably still important in driving concentra-
tions in air. When evaluating soils, to assess the extent of historical
contamination, we showed that fingerprints for PCBs are related to
highly chlorinated mixtures, indicating contamination by these
mixtures and/or a long weathering process which has enriched soil
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of less volatile and more recalcitrant congeners. PCB 209 is also
recognized as peculiar component in such contamination. When
looking at PCDD fingerprints in soil, it can be concluded that they
do not resemble those obtained by the contamination produced by
current emission sources, apart from relatively distant incinerator
sources, while PCDFs are compatible to impurities of PCBs mixtures
as well as industrial and municipal waste incineration. However,
given the historical contamination, source fingerprint may have
changed in time due to different regulations, affecting soil differ-
ently in different decades Additionally, weathering and natural
attenuation of contaminants may have played a role in modifying
such soil fingerprints. Finally, we observed the same soil clustering
by applying both chemical and microbiological analyses, the latter
aimed at evaluating bacterial phylogenetic and functional diversity,
suggesting the use of high throughput sequencing tools as a valu-
able method to monitor the effect of soil pollutant fingerprints on
the soil microbiota, of particular interest during their variation
following in situ bioremediation activities.
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