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Abstract

The sources and depositional history of polycyaliomatic hydrocarbons (PAHs) and
organochlorine compounds (OCs) over the last cgnuare investigated in sediment
cores from the North Adriatic Sea (Po River praaledind the South-Western Adriatic
Margin (SWAM). Contaminant concentrations were leigin the Po River prodelta.
>'16PAHs ranged from 193 to 533 nd,dsPCBs ranged from 0.9 to 5.2 ng gnd
>DDTs (p,p-DDD + p,p-DDE) ranged from 0.1 to 2.5 ng'gln the SWAM,YPAHs
ranged from 11 to 74 ng’gwhile ¥PCB andyDDT concentrations were close to the
MQL. Accordingly, contaminant fluxes were much hegln the northern (mean values
of 152 + 31 ng cy™ and 0.70 + 0.35 ng chy ' for PAHs and OCsespectively) than
in the southern Adriatic (2.62 + 0.9 ng Ty and 0.03 + 0.02 ng chy* for PAHs and
OCs,respectively).The historical deposition of PAHsmed to be influenced by the
historical socioeconomic development and by chamyéise composition of fossil fuel
consumption (from petroleum derivatives to natges) in Italy from the end of the 19
century to the present. Similarly, vertical vaoat in DDT concentrations matched its
historical use and consumption in Italy, which t&draround in the mid- late 1940s to
fight typhus during the Il World War. Contaminanbncentrations detected in
sediments does not seem to pose ecotoxicologisklfar marine organisms in the

Adriatic Sea.

Key-words: Persistent organic pollutants (POPs); Sedimenes;oFluxes; Western

Adriatic Sea; Eco-toxicological implications.
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1. Introduction

Persistent organic pollutants (POPs) are amongnib& concerning groups of legacy
contaminants due to well-known characteristicsigh persistence in the environment,
hydrophobicity and toxicity (Lohmann et al., 200Among POPs, the organochlorine
compounds (OCs), including polychlorinated biphenf®CBs) and dichlorodiphenyl-

trichloroethanes (DDTS), are the most relevanté¢dand de Voogt, 1999).

PCBs are commonly considered as key representativdse “industrial” POPs and
were massively produced from the 1930s to the Imeggnof the 1980s in industrialized
countries (Breivik et al., 2004; Hosoda et al., £201n spite of the production and use
ban, PCBs are still in use (in closed systems, elgctrical transformers) and broadly
distributed in the environment (Hornbuckle and Rtdm, 2010). In turn, DDT is the
best known and one of the most widely used pestcid the world, with an estimated
production around 50 million kg per year in the fRb0s, especially because of its
wide spectrum, long-lasting properties, and lowt aoscomparison to arsenicals and
other inorganic insecticides (Matsumura, 2009).réntty, DDT is still in use in some
countries in the Southern Hemisphere, though cumenld usage is small~Lkt y*)
compared with historical use (>40kt)yfrom 1950 to 1980 (de Boer et al., 2008; Geisz

et al., 2008).

Due to their long-range atmospheric transport gakeand harmful effects on man and
wildlife, regulatory efforts and international agreents have been made in past decades
in order to reduce future environmental burdensi{k et al., 2004; Vallack et al.,
1998). At global scale, POPs are regulated by thekBolm Convention under which
the signatory countries are legally required tamelate the production, use, and
emissions of POPs, with the ultimate goal of redgdiuman and ecosystem exposure
(Holoubek and Klanové, 2008; Nizzetto et al., 20Fyrallel efforts have been made at
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European level; for instance the recent Directi®dd3Z39/EU established a list of 45
substances identified for priority action at Uni¢evel, including some POPs as
polychlorinated biphenyls (PCBs) and dichlorodipfiégnchloroethanes (DDTs), and
some polycyclic aromatic hydrocarbons (PAHs) (EespCommission, 2013; Vigano

et al., 2015).

These regulatory actions have led to the reduatiorlimination of major primary
sources associated with the production and uséOéfsPfollowed by a gradual decline
on environmental levels of these contaminants dwvee, especially after the 1980’s
(Frand et al., 2009; Smith et al., 2009; Combi et al.l@&0Neves et al., 2018).
However, there are still ongoing primary releagsemfdiffuse sources that are difficult
to target for reduction or elimination, such asawtization from old stockpiles or from
old equipment that is still in use (Breivik et aRP02; Nizzetto et al., 2010).
Additionally, these compounds are highly persistarthe environment and continue to
be found in different environmental media, andtlveirrent levels are not expected to
decrease significantly within the next decades ifidcest al., 2007). Evidence of this
unlike decline or even an increase in DDTs and/GB® levels has been recently
observed in the Arctic Fjords, glaciers and snowr{Btt et al., 2019; Pouch et al.,
2017; Garmash et al., 2013), in the Baltic Sea ¢8at al., 2015), the Gulf of Thailand
(Kwan et al., 2014), and the Korea Strait (Guetrale 2019), due to unintentional
sources released from by-products of manufactu(gg. paint pigments; Hu and
Hornbuckle, 2010), from thermal sources (e.g. steing processes; Baek et al, 2010)
and e-waste (Breivik et al., 2016), or from meltgigciers and the cryosphere affected
by climate change-related processes (Sun et dl§;2@avlova et al., 2015). Therefore,

it is essential to understand the temporal trenfiscamtaminant loads into the
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environment, in order to both assess the effectenmironmental legislation and to

identify potential old and new sources of contarioma(Kannan et al., 2005).

Although PAHs as not listed as POPs, they are ragzed as priority substances for
environmental monitoring especially due to enviremtal risks associated with these
compounds, which are related to the high toxicitgl aarcinogenic character of several
individual PAHs. A wide variety oPAHs are ubiquitously found in the environment
mostly as a result of the incomplete combustiomrglanic material (pyrolytic PAHS)

and storm runoff, industrial discharges and petnolespills (petrogenic PAHSs) (Alebic-

Juretic, 2011). Thus, understanding the pollutiemels of PAHs and their source

identification is of significant environmental canmo.

The aim of this work is to reconstruct the histalicmputs and estimate the annual
fluxes of PCBs, DDTs and PAHSs in sediment coremfr(a) a coastal region subject to
intense urban, agricultural and industrial pressumethe North Adriatic Sea (Po River
prodelta); and (b) a deep-sea area on the SoutheYdeAdriatic Margin (SWAM)
which represents the ultimate sink of sediment ognirom the Po river system. This
work is part of the PERSEUS EU FP7 Project (Potiognted Marine Environmental
Research in the Southern European Seas), whicbressas one of the main goals the
understanding of the contaminants transfer of coimtants from coastal areas to deep

sea sediments along Mediterranean margins.

2. Material and methods

2.1. Study area and sediment cores sampling
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The Adriatic Sea is a semi-enclosed basin conndotélde Mediterranean Sea through
the Strait of Otranto (Gomiero et al., 2011; Maetal., 2002). While the northern and
middle Adriatic are relatively shallow regions (tgp~270 m water depth), the southern
Adriatic can reach up to 1200 m depth in the S&dhatic Pit (Artegiani et al., 1997;
Turchetto et al., 2007). The main water masséisarAdriatic Sea are: Adriatic Surface
Water (ASW) flowing on the western Italian sideg thevantine Intermediate Water
(LIW), coming from the eastern Mediterranean; thertN Adriatic Deep Water
(NAdDW), formed over the northern shelf, and theut®o Adriatic Deep Water
(SADW), formed in the southern Adriatic (Artegiaet al., 1997; Manca et al., 2002;
Turchetto et al., 2007).

The water circulation in the Adriatic Sea has thmeajor components: river runoff
derived mainly from the Po river; wind and heatfog at the surface, producing deep-
water masses in the northern and southern Adriatid; the Otranto Channel forcing
(Artegiani et al., 1997). The water circulationvesl| as the transport of materials in the
Adriatic basin is very dependent on thermohalinetdis. As a result, riverborne
material is distributed southwards, accumulatingaiontinuous belt of deltaic and
shallow-marine deposits which forms the late-Holmeemud wedge along the western
Adriatic shelf (Frignani et al., 2005; Tesi et &013). Another relevant area for material
accumulation is the Bari canyon system, in the Issat Adriatic. The Bari canyon
system receives material from the northern Adrjaticluding the Por river, especially
through the cascading of the North Adriatic Densaté/ (NAdDW) in the area
(Langone et al., 2016; Turchetto et al., 2007).

In the context of the task ‘ADREX: Adriatic and lan Seas Experiment’ within the
PERSEUS project, sediments were collected in thsteme Adriatic Sea in October

2014 on board the O/V OGS Explora at the followk®y stations: the Po River
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prodelta (station 9; ~27 m water depth); off theiEzanyon (station 1; ~709 m water
depth); and in a giant sediment drift (Foglini &t 2016) in the centre of the South
Adriatic (station 2; ~1040 m water depth; FigureUndisturbed sediment cores (length
< 50 cm; diameter: 10 cm) were retrieved using andyiical box-corer or the gravity

sediment corer SW104, and sectioned onboard attih2ntervals. Sediments were
placed into pre-cleaned glass containers and state@0 °C until processing and

analysis.

2.2. Sediment characteristics

Sediment samples were weighed, oven-dried at 5ari€then re-weighed to determine
water content. Porosity) was calculated from the loss of water between amet dry
sediments according to equations suggested by B€i9&1), assuming a sediment
density of 2.6 g cAt and a water density of 1.034 g ¢inGrain size was determined
after a pre-treatment with B, and wet sieving at 6@m to separate sands from fine
fractions. Total carbon (TC) and total nitrogen JTbbntent were determined by
elemental analysis (EA) of combusted aliquots vatlirison CHNS-O Analyzer EA
1108, and organic carbon 4§ was measured on decarbonated samples (1 M HCI).
Stable isotopic analyses of organic&°C) were carried out on the same samples using
a FINNIGAN Delta Plus mass spectrometer directlypted to the FISONS NA2000

EA by means of a CONFLO interface for continuous/fltoeasurements.

2.4. Extraction and clean-up
Sediments were extracted using an accelerated reotsdraction ASE 200 system

(Dionex, USA) according to the extraction and ifi-céean-up method optimized by
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Pintado-Herrera et al. (2016a). Briefly, the exiat cells were prepared with 1 g of
activated alumina (150°C for 16 hours; USEPA metB6d0b) and 0.5 g of activated
copper powder. Approximately 4 g of air-dried anidled sediments were homogenized
with 1g of alumina and placed into the extracticgllsc A mixture of deuterated
compounds was added to the sediments before egtratd account for matrix
interferences. The extraction procedure consistatiree static extraction cycles using
dichloromethane, where the samples were pre-héatesl minutes and extracted for 5
minutes in each cycle at a temperature of 100°Caapicessure of 1500 psi. The eluates
were evaporated to dryness and re-dissolved innfL50f ethyl acetate. The final
extracts were centrifuged (10000 rpm for 10 minutesnd filtered in
polytetrafluoroethylene filters (PTFE; 0.22 pm posize) to remove possible

interferences.

2.5. Instrumental analysis

Separation, identification and quantification afget compounds were performed using
gas chromatography (SCION 456-GC, Bruker) coupted ttriple quadrupole mass
spectrometer equipped with a BR-5ms column (len@h:m, ID: 0.25 mm, film
thickness: 0.25um). The oven temperature was programmed to 70 ?G3.f9 min,
increasing at 25 °C minto 180 °C, increasing at 10 °C mito 300 °C, holding this
temperature for 4 min. Internal standards (mixtafedeuterated compounds) were
added to the samples prior to the injection. Catibn curves were prepared for each
target compound at different concentrations (froo 500 ng d). Target compounds
were identified and quantified by comparison oengion times and two transitions of
each analyte (one for quantification and one fonficmation) of the samples with

external standard solutions.
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The compounds analyzed in this study were (i) the@rlority PAHs: naphthalene (Na),
acenaphthylene (Acy), acenaphthene (Ace), fluoréhl®), phenanthrene (Phe),
anthracene (An), fluoranthene (Fl), pyrene (Pynzoga]-anthracene (BaA), chrysene
(Chr), benzo[b]fluoranthene (BbF), benzo[k]fluotaene (BkF), benzo[a]pyrene (BaP),
indenol[1,2,3-cd]pyrene (IlcdP), dibenzo[a,h]anthn@ce (DahA), and
benzolg,h,i]perylene (BghiP); (i) PCBs (PCB52, P38, PCB153, PCB180 and 101,
and (iii) dichlorodiphenyltrichloroethane and detives p,p-DDT, p,p-DDD, p,p-
DDE). Results are given as sum of congeners fordG&m of the 2 DDT metabolites
(p,p’-DDE + p,p’-DDD) and DDT for DDTs, and sum of 16 unsubstitutesinpounds

for PAHs (ng &).

2.6. Quality assurance and quality control (QA/QC)

Procedural blanks were performed for each extmacteries of 10 samples using
alumina and analyzed in the same way as samplahoblguantification limits (MQL)
were determined for each analyte as 3 times theaktg noise ratio in spiked sediment
samples and were between 0.01 HfRCB 138) and 1.8 ng'g(indeno[123-cd]pyrene)
depending on the target compound. Further informnabin the methodology, standards

and other reagents can be found in Pintado-Heetegth (20163a).

2.7. Data analysis

Principal component analysis (PCA) was used toallépe vertical differences among
the groups of contaminants (DDTs, PCBs, and PAHd)sediment characteristics (fine
sediments and &) in the sediment cores. All variables were cemtened scaled before
performing the PCA. The analysis and graph werelyged using the R programming

environment (R Core Team, 2019).
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2.8. Sediment dating and fluxes

Since information on sediment accumulation rateARS have been extensively
assessed in the northern Adriatic Sea, differetasgés were combined based on
triangle-based linear interpolation (Frignani et aD05; Palinkas and Nittrouer, 2007,
Tesi et al., 2013) to estimate the SARs for thensedt core from the Po River prodelta
(station 9). Conversely, information on strata clmlogies in the deep Adriatic is rather
scarce. Thus, sediment cores from the southernafddr{Stations 1 and 2) were
measured fof'%Pb activities. Alpha counting of daughter isotdp¥o, considered in
secular equilibrium with its grandparent®awas used fof'%Pb analyses. Estimated
SARs (0.107 cm Y at Station 1, 0.100 cni'yat Station 2, and 0.52 cnityat Station 9)

were used to estimate the date for each sectitmedediment cores as follows:

Estimated dateaghno Domini(A.D.)] = a—(Ej
o

wherea is the year in which the core was collecteds the depth of the section in the

core anct is the SAR of each core.
Contaminant fluxes (ng ciy™) were estimated as
Cixrx p

where C; is the concentration of contaminantSPCBs, Y DDTs, and ) PAHS) in
sediment layer (ng g), r is the SAR in the sediment core (cif) yandp;is the bulk dry

density of the sediment laye(g cmi®).

2.9. Ecological Risk Assessment

10
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In order to assess the potential ecotoxicologiskisrposed by contaminants present in
sediments from the Adriatic Sea, we compared ot @ath four sets of Sediment
Quality Guidelines (SQGSs): Effects Range-Low va(iRL), Effects Range-Median
value (ERM), Probable Effects Level (PEL), and Bhm@d Effects Level (TEL) (Long
et al.,, 1995; Macdonald et al.,, 2000). Additionalipean SQG quotients were
calculated to evaluate the combined effects thatpitesence of a mixture of organic
contaminants in sediments may pose to aquatic mmgan(Macdonald et al., 2000;
Jafarabadi et al., 2017b). Mean ERM and mean PEL (n-ERM and m-PEL) were

calculated as follows:

Where @ concentration of each contaminant in the sampleGiS® the SQG for the
contaminant; anch is the number of considered contaminants. Mean S@E&®
calculated forf{i) individual PAHs (Na, Acy, Ace, Flo, Phe, An, Fiy,BaA, Chr, BaP,

and DahA) andii) Y PCBs,> DDTs, and) PAHSs.

3. Results
3.1 Sediment characteristics

Sediment cores were collected in areas where gr@fat accumulation of fine-grained
sediments was previously reported (Frignani et aD05; Tesi et al., 2007).
Accordingly, fine sediments (i.e. silt + clay) wetetected in percentages above 90% in
the analyzed samples. Vertical distribution of fsegliments was relatively constant in
the sediment cores, with mean values of 96.9 + 1aB%iation 1 (off the Bari canyon),

97.4 + 0.7% at station 2 (sediment drift), and 98B at station 9 (Po River prodelta,

11
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Table 1). In general, organic carbon.{Cwas also constant (mean values of 0.5 *
0.06%, 0.45 + 0.08%, and 0.9 + 0.09% at stationsthtion 2, and station 9,
respectively), with a slight increase from the bwottto the top sections of the sediment

cores.

3.2 Organochlorine compounds

The highest concentrations of organochlorine comde{OCs) were detected in the Po
River prodelta. Total PCB$(PCBs) ranged from 0.9 to 5.2 ng (2.4 + 0.8 ng §),
with predominance of congeners PCB 138 and PCBWABIzh accounted for 45% and
20% of total PCBs, respectively,DDTs (p,p-DDD + p,p-DDE) ranged from 0.1 to
2.5ng @ (1.0 = 0.4 ng §). The isomep,p-DDE, which is the degradation product of
p,p-DDT under aerobic conditions, was the prevalent mmund corresponding to

~70% of total DDTs.

In the deep southern Adriatic, OCs levels wereectosthe MQL (0.01 to 0.06 ng‘dor
PCBs and 0.04 to 0.3 ng'dor DDTs) and were detected in roughly half of the
samples. Only PCB congeners 138 and 180 were ddtattmeasurable amounts and
their sum ranged between 0.1 and 2.1 h¢0ch + 0.3 ng @), and between <DL and 1.4
ng g* (0.3 + 0.3 ng g) off the Bari canyon and at the sediment drifatisns 1 and 2),
respectively. Th&DDTs ranged from <DL to 2.1 ng'q0.6 + 0.6 ng §) at station 1

and from <DL to 0.7 ng'§(0.3 + 0.3 ng §) at station 2.

3.3 PAHs

PAHs were the prevalent contaminants in the sedimames from the Adriatic Sea and

were detected in all sediment strata. The concaemisaof) 16PAHS ranged from 24 to

12
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74 ng g (48.3 + 16 ng @) in sediment core 1 (off the Bari canyon; Figujefom 11
to 49 ng ¢ (25 + 9 ng ) in sediment core 2 (sediment drift; Figure 3)d drom 193
to 533 ng § (mean + SD of 363 + 59 ngyin sediment core 9 (Po River prodelta;

Figure 4).

The relative abundance of individual PAHs was daked as their concentrations in
relation to the averaggisPAHs concentration over the entire depth of sedtnceres

to evaluate sedimentary PAH compositions and piatespatial differences (Liu et al.,
2012). PAHs in sediments of the western Adriati@a $xhibited a quite uniform
distribution, with a predominance of high-molecwagight PAHs (HMW: 4-6 rings).

From these, 5- and 6-ring PAHs (BbF, BkF, BaP, JddBhA, and BghiP) accounted
for 50 to 65% of total PAHSs, while 4-ring PAHs (Hy, BaA, and Chr) accounted for
20 to 33%. The presence of low-molecular weight BAHMW: Na, Acy, Ace, Flo,

Phe, and An) PAHs was somewhat higher in the sedita&en in the sediment drift
(station 2; ~30%) in comparison to sediment coagen off the Bari canyon (station 1;
15%) and in the Po River prodelta (station 9; 13PhE ratio between LMW and HMW

PAHSs ranged from 0.1 to 1.4 in the sediment cores.

Diagnostic ratios have been widely used for inetipg PAHs composition and
sources. Since ratios calculated from LMW PAHSs lbaraltered during transport from
sources to receptor sites (Cai et al., 2016), trdyFl/(FI + Py) and IcdP/(lcdP + BghiP)
ratios are discussed in our study. Values of FH{Hy) and lcdP/(lcdP + BghiP) were
usually close to or above 0.5 in the southern Adrigtations 1 and 2). In the Po River
prodelta (station 9), the Fl/(FI + Py) ratio wasgeally above 0.5 while the IcdP/(lcdP

+ BghiP) ratio was between 0.4 and 0.5 (Figurer8th fSupplementary Material).

3.4 Fluxes and vertical distribution of OCs and PAH
13
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Similarly to concentration data, annual fluxes o€were lower in the southern
Adriatic (from 0 to 0.15 ng cfny™* and from 0 to 0.1 ng chy™in stations 1 and 2,
respectively) in comparison to the northern Addg0.02 to 2.2 ng cfy™; Table 1).
Annual fluxes and concentrations of OCsRCBs and) DDTs) followed a similar
vertical pattern in the three sediment cores (FeguWt, 3, and 4). In general, OCs were
un-detectable or negligible before the 1940s, whew first occurred in sediments from
the western Adriatic, followed by an increasingqitteip to the middle/late 1970s - early
1980s. This sediment stratum displayed the higt@mstentrations o sPCBs (2.1 ng g
1'0.7 ng d, and 5.2 ng §in stations 1, 2, and 9) arXDDTs (2.1 ng §, 0.7 ng ¢,
and 2.5 ng g in stations 1, 2, and 9, respectively). After #880s, annual fluxes and
concentrations of OCs decreased upwards until tessgtiments, where PCBs presented
concentrations of 0.5 ng'g<LQ, and 2.7 ng §and DDT presented concentrations of
0.7 ng ¢, 0.6 ng g, and 0.9 ng §in stations 1 (off Bari canyon), 2 (sediment drift

and 9 (Po river prodelta), respectively.

PAHs presented the highest fluxes (152 + 31 ng ¢ in the Po River prodelta
(station 9), followed by off the Bari canyon (statil; 3.2 + 0.9 ng cfny?) and the
sediment drift (station 2; 1.8 + 0.5 ng try’). PAHs fluxes and concentrations
presented similar patterns along the sediment cotes oldest sections of the sediment
cores (before 1940) displayed the lowest mean caratens ofy 1PAHS (324 ng g
116 + 4 ng g, and 227 + 26 ngYin, off the Bari canyon, the sediment drift ané th
Po River prodelta (stations 1, 2, and 9, respéeglivafterwards, mean concentrations
of Y16PAHs increased to 62 + 8 ng',g48 + 1 ng ¢, and 392 + 32 nghin sediment
cores off the Bari canyon (station 1), in the Seditirift (station 2), and in the Po River

prodelta (station 9), respectively. Mean conceranst of > 16PAHS show a somewhat
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decrease in this period, reaching 66 + 12 Hgrgstation 1, 38 + 8 ngbin station 2,

and 348 + 12 ng§in station 9.

3.5Ecological Risk Assessment

Data regarding ecological risk assessment in theafid Sea is presented in Tables S1
and S2 from Supplementary Material. In generahtaminant levels in our study did
not exceed the proposed SQGs (ERL, ERM, TEL, and)PExcept for
dibenzo[a,h]anthracene (DahA), which was above TE88% of the samples from the
Po river prodelta (station 9). Mean-ERM and meah-R& individual PAHs ranged
between 0.01 and 0.02 and between 0.02 and 0.8pectvely. For the) PCBs,
>'DDTs, andy PAHs, m-ERM ranged from <0.01 to 0.01 and m-PElgeshfrom 0.01

to 0.02.

4. Discussion

4.1. Levels of OCs and PAHSs in sediments

Few studies have reported the temporal distribubbaorganic contaminants along the
Adriatic Sea. PAHSs levels detected in the Po Rpredelta in our study were slightly
higher when compared to those previously detectédd same area (102 to 346 ng g
Guzzella and Paolis, 1994), whereas PCBs and Dbiisentrations were lower and/or
comparable to previous levels (Caricchia et al9319Combi et al., 2016). Regarding
the deep southern Adriatic, such data are evewescand PCB levels in our study were
slightly higher than previously reported (<DL-0.8 g* for YsPCBs; Combi et al.,

2016).
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PAH concentrations in our study were lower in congmm to those reported in
sediment cores from coastal areas subject to induattivities such as the northwest
coast of Spain (Pérez-Fernandez et al., 2016) amit Bay, Turkey (Giuliani et al.,
2017). While PAH levels in the Po river prodeltargvdigher in comparison to less-
impacted and open sea areas (Table 2), concensaitiothe southern Adriatic were
comparable to those detected in the continentdf shéhe East China Sea (Cai et al.,
2016), the Gulf of Thailand (Boonyatumanond et2007), and in remote areas such as
the Arctic (Zaborska et al., 2011) and Antarctibéaltins et al., 2010b). Overall, the
levels of OCs in our study were comparable to tltetected in the East China Sea, the
Gulf of Thailand, and the Western Barents Sea (Batumanond et al., 2007; Cai et
al., 2016; Zaborska et al., 2011) whilst PCBs wiardy below the maximum values

reported in Izmit Bay (Giuliani et al., 2017) andtArctica (Combi et al., 2017).

4.2 Source assessment

PCB congeners detected in our study are the mantrilbotors to the commercial
mixtures Aroclor 1260 and Aroclor 1254 (Schulz ef 4989), which were the most
frequently imported mixtures in Italy until the 188 being used mainly in electrical
transformers and hydraulic fluids (Parolini et &Q10; Pozo et al., 2009). As for
DDTs, in developed countries, where DDT has bemméd for a long time, higher
amounts of DDE in comparison with DDD and DDT héeen reported in the aquatic
environment (Bossi et al., 1992; Mandalakis et2014; Vigano et al., 2015) and may
indicate that the process of on-land weatheringldeto favor the formation and

preservation of DDE, as compared to DDD (Zhand.e2602).

The incomplete combustion or pyrolysis of organitenial (e.g. biomass, waste, fossil
fuels) under high temperatures is one of the maurces of PAHSs, as well as natural
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and anthropogenic petroleum spillages (Magi et 2002; Readman et al., 2002).
Generally, pyrolytic sources are depleted in lowlenolar weight PAHs (LMW: 2-3
rings) and enriched in high-molecular weight PAHBIMW: 4-6 rings) leading to
LMW/HMW ratio < 1 (Merhaby et al., 2015; Jafarabadial., 2017). Thus, the ratios
between LMW and HMW PAHS reported in our study aaté the predominance of
pyrolytic sources in the western Adriatic Sea. $any, the diagnostic ratios FI/(FI +
Py) and IcdP/(IcdP + BghiP) indicated pyrolytic smes of PAHs related to biomass
combustion in the southern Adriatic (stations 1 &)d A separated cluster can be
identified for the Po River prodelta (station 9gtiies S1 and S2 from Supplementary
Material) probably because, in addition to biomessibustion, petroleum combustion

also represented a source of PAHs in this sedicwet

4. 3 Historical records of PAHs, PCBs and DDTsha iVestern Adriatic Sea

PCA can provide insights on relationships amongthinee groups of contaminants and
sediment characteristics, allowing the recognitdsimilarities and differences among
them. PCA (Figure 5) revealed two factors in oudgt with PC1 explaining 57.5% of

the total variation and mostly related to incregstoncentrations of DDTs, PCBsu§

and PAHSs.

PCL1 strongly controls the variability between tlegisnent cores from the southern
(stations 1 and 2) and northern Adriatic (stationtBe latter being mostly related to
higher concentrations of all the above-mentionathisées. PC2 explained 19.5% of the
total variation and was mostly related to vertigatiations in the cores. The vector
scores show a positive correlation between PCBs G@ggin the northern Adriatic,

suggesting that the deposition of these compoumdsbe partly explained by their

affinity for the organic matter.
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Another factor influencing PCBs vertical pattergg(res 2, 3, and 4) is related to the
production and use of these compounds worldwidd3 P€ak concentrations coincide
with the beginning of the production of PCB by thaffaro industry in northern Italy
(1935-1983; Panizza and Ricci, 2002), as well a whe predicted trends on PCB
consumption and emission in the country (Breivikaét 2002, 2007; Combi et al.

2016).

Similarly, the historical deposition of DDTs in sents from the western Adriatic Sea
matches its historical use and consumption in ItBIPTs first appeared in detectable
concentrations in sediments in the mid- late 19%0swing its first massive use to

fight a sever typhus epidemics affecting the @i and military personnel in 1943-
1944 (Wheeler, 1946; Soper at al., 1947). After ehdhe Il World War, DDT was

extensively used in indoor and outdoor treatmeniniypan the Central and Southern
regions, major islands and North-eastern coastdsarand continued into the mid-
1950s and even later in some hyperendemic area®riM2012) as evidenced by the
1960s subsurface peak in the Po River prodeltaostatn the 1970s and 1980s,
agricultural use of DDT was banned in most devedopeuntries including Italy, and

this is reflected in the decreasing historical d#jpan observed in the sediments from

the western Adriatic Sea (Figures 2, 3, and 4).

Vertical variations in PAH concentrations 16PAHsS) and compositions (relative
abundances of LMW and HMW PAHS) in our study seemfdlow the shift in
contamination sources influenced by the historscadioeconomic development and by
changes in the composition of fossil fuel consuppin Italy from the 19 century to
the present (Figure 6). Historical data on eleityrigroduction and consumption in Italy

was obtained from reports of the Italian energy pany (Terna Group, 2015).
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Historical deposition of PAHs showed a common trendediment cores from the Po
River prodelta (station 9), off the Bari canyon aidhe sediment drift (stations 1 and
2). The lowest concentrations were reported inlktbttom strata (end of the 1880s —
beginning of the 1900s). This finding is consisterth the relatively low consumption
and production of energy in Italy from the end loé 800 until the Second World War
(Malanima, 2011). In comparison to periods afte94d, LMW PAHs were relatively
more abundant in the oldest sections of the sedinvemes (Figure S3 from
Supplementary Material). These PAHs are usuallyegeed by moderate temperature
combustion processes such as biomass and coahumhomes and small factories
(Cai et al., 2016; Yunker et al., 2002), The prea@nce of LMW PAHSs is particularly
evident in the sediment core from the sediment @sifition 2), that dates back to the
1870’s when Italy was almost completely dependenbiomass burning as a source of
energy and firewood accounted for half of the t@maérgy consumption (Malanima,

2006).

Afterwards, concentrations increased from the logteata to the middle sections of
sediment cores (1960s — 19905RAH, XPCB and=DDT displayed a synchronous
deposition with maximum peak values recorded inrthd-1970s in the Po prodelta
station, and at the beginning of the 1980s3¥DIDT andXPAH in the South-Western
Adriatic Margin (SWAM) stations. This period corpesds to the modern stage of
economic and industrial development in ltaly, thecalled “Economic Miracle”
(~1945-1970), marked by mass motorization, switcmf coal to oil, and industrial
development (Romano et al., 2013). In this secttbare is a change in the relative
abundances of low- and high-molecular weight PAkRkereas the former decreases,
the latter increases until the middle of thd’ 2entury (Figure S3 from Supplementary

Material). Since HMW PAHs are usually generated irdur high-temperature
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combustion of coal and petroleum (Cai et al., 20déker et al., 2002), this variation
reflects a shift of contamination sources from dsiieebiomass burning to vehicle and
industrial emissions as fossil fuels representeabat 50% of the energy used in Italy
by the 1950s (Malanima, 2006). Historical shiftffrdiomass to petroleum combustion
is also revealed by variations on PAH ratios (FIFIf + Pyr; Figure S2 from

Supplementary Material).

After the mid-1970s, the energy production wag gtibwing but at a much lower rate
(ten- and two-fold increase from 1945 to 1975 amuinf 1975 to 2014, respectively).
Although natural gas was used since the end ol #iecentury, it surpassed the use of
coal in the 1970s (Malanima, 2006). In turn, rekatproportions of HMW PAHSsS
showed a slight decrease specially after the 1980'this period, the consumption of
natural gas was still growing while the consumptmihoil showed and important
decrease (from 81 to 54% of fossil fuel consumptiontaly from 1970 to 2000;
Malanima, 2006). This period is also marked by easing consumption of cleaner
energies (e.g. aeolian energy) (Malanima, 2006) taedbeginning of environmental

awareness and environmental legislation (Romaab,e2013).

Contaminants deposition in the Po River prodeltatie 9) is influenced by episodic
flood sedimentation (Palinkas and Nittrouer, 200Hyure 4). During the XX century,
several flooding events with daily peak dischargeove 8,000 rs' occurred,
specifically in 1926, 1928, 1951, 1976, 1994 an@®0with the absolute maximum
daily discharge observed on 20 May 1926 (9,788 mZanchettin et al., 2008LPAH,
>PAH, ZDDT presented the first onset in the beginninghef 1950s; according to data
obtained from the Italian Regional Agency for Eovimental Protection and Control
(ARPA, 2014), a peak daily discharge of 894%&was registered during a major flood

event in November 1951. Although concentrationdedtiaio decrease after the mid- late
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1970’s, a subsurface peak EPAH , and to a lesser extent an increase in OCs
concentrations, can be identified after a Po Re/800d occurring in November 2000.
This event represents the largest flood occurnnthé previous century and recorded a
mean daily maximum water discharge above 9,088'as well as the longest duration
of high river discharge (> 4,000°%81) (Tesi et al., 2008). The signature of this flood
event is clearly marked by the concurrent heavi&S€ signal, indicating the
predominance of riverine sources within the sameoge(Miserocchi et al.; 2007).
Large floods can mobilize upstream contaminantsrcg®) resulting in inputs of
contaminated sediments, and thus affect pollui@istsbution (Mourier et al., 2014).

The OCs concentration reduction over time obsefvech the 1980s to the mid-late
1990s levelled off in the last two decades in tbeR¥ver prodelta, and concentrations
of EDDT andXPCBs appear to be at or near a steady-state acamditthe XXI century.
The presence of DDD and DDE isomers, but not DDW more highly chlorinated
PCBs (PCB 138 and PCB 180) seems to suggest thatthe most receiDDT and
>PCBs residues had undergone extensive ageing terdestrial conditions before their
transport and deposition onto recent sedimentBerdahan long-range transport and/or
secondary sources inputs. This pattern is consistith the marked HC terrigenous
(allochthonous) fluvial signal in the sedimentarg QTesi et al., 2013), and seems to
suggest that the most active transport pathwaydT andZPCBs is the Po River
draining previously contaminated soils from its idege basin and slowly releasing

contaminants in the North Western Adriatic Sea @oga Rocha et al., 2017).

4.4 Ecological Risk Assessment
Our data suggests that the presence of PAHs, DDRALEBs in sediments from the

Adriatic Sea pose limited risk of toxicity to magirorganisms. An exception is the
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presence of dibenzo[a,h]anthracene (DahA) in lethelsexceed TEL, which represents
the concentration below which adverse effects tamaaorganisms are not expected to
occur frequently. Regarding the mean-SQGs, our gatealed that both m-ERM and
m-PEL were below 0.1, indicating that low or no exbe biological effect is expected

(Long, 1998).

5. Conclusions

PAHs, PCBs and DDTs were investigated in sedimerneéscfrom the North Western
Adriatic Sea and selected deep-sea areas from dbéh-8Vestern Adriatic Margin
(SWAM). To the best of our knowledge, this is thestf study on their historical
deposition in the SWAM. The main findings of thissearch can be summarized as

follows:

a) Concentrations of PCBs and DDTs present a deciggaégind in sediment cores
from the Western Adriatic Sea after the 1980s @ueternational restrictions
and national regulations, and their deposition medctheir historical use in
Italy in agreement with consumption and accumutagiatterns detected in other
regions and countries of the world;

b) The vertical profiles of PAHs seem to reflect théts in contamination sources
along the sediment cores, which is ultimately eslato historical energy
production and consumption in Italy;

c) Sedimentary PAHs in the western Adriatic Sea amixdure of combustion
related emissions among which LMW, more susceptitide degradation
processes, represent a minor fraction of the dsdecdmpounds. PAHs related
to emissions from coal or biomass combustion shighenr abundances in the

bottom of the sediment cores (up to the ~1940s)lewthe abundance of PAHs
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associated with coal burning and vehicle emissimeseased from the mid-
(~1945) to the top-sections (after 1980) of thdreedt cores;

d) The Po River prodelta is the area of the Westemafid Sea showing the
highest concentrations of PAHs, PCBs and DDTs anghdike decline have
been recorded in the 2tentury likely because the contaminant residues ha
undergone ageing before their transport and deposnto the North Western

sea floor.
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Table 1. Mean, standard deviation (SD), minimum and maximuatues for fine
sediments (silt and clay, %), organic carbog,{C®6), and contaminant annual fluxes
(ng cm? yY) for the sediment cores from the Bari canyon i@tal), sediment Drift

(station 2), and Po River prodelta (station 9).

Min. Max. Mean SD

Silt + clay 933 991 969 13
—  Corg 04 06 05 006
S PAHs 18 49 33 09
& PCBs 00 015 003 002
DDTs 00 014 004 004
Silt + clay 962 987 974 07
~  Corg 03 06 045 0.08
S PAHs 09 33 18 055
& PCBs 00 01 002 003
DDTs 00 005 002 002
Silt + clay 90 996 985 1.0
o Corg 0.6 1.0 0.9 0.09
S PAHs 90 228 151 30
& PCBs 04 22 1 032

DDTs 0.02 11 0.42 0.18




Table 2. Comparison of total PAH, PCB and DDT concentratitin ng §* dry weight)

Time
Study area interval >PAHs YPCBs YDDTs References
. 1920- 0.1- .
Po river prodelta 2014 193-533 0.9-5.2 55 This study
. 1880- <DL- .
Off Bari Canyon 2014 24-74 0.1-2.% 1.4 This study
1880- <DL- <DL- .
Dauno seamount 5. 11-49 2 19 g7  This study
Po river prodelta 1888' 152-388 80.0' <1.0' Caricchia et al. (1993)
: 1974- Guzzella and Paolis
Po river prodelta 1990 102-346 - " (1994)
Po river prodelta %g‘;’g - 0.7-3.¢ - Combi et al. (2016)
Gondola slide 1894- <DL- ,
(southern Adriatic) 2007 ) 0.2 - Combietal. (2016)
Northwest coast of 1950- 49.6- i i Pérez-Fernandez et al.
Spain 2011 2489 (2016)
izmit Bay, Turkey %ggg' igg:f 54-20 - Giuliani et al. (2017)
. 1860- 18.8- . <DL- .
East China Sea 2009 96 5 0.1-2.8 15 Cai et al. (2016)
, 1940- <DL- Boonyatumanond et al.
Gulf of Thailand 5, 10-120 e " (2007)
1850- 35.3-
Western Barents Sea000 130 0.7-3.5 - Zaborska et al. (2011)
Admiralty Bay, 1861- <DL- .
Antarctica 2006  454.9 - Martins et al. (2010)
1931- <DL- .
2006 - 119 - Combi et al. (2017)

% 3 16PAHS;": Y 1,PAHS; % Y10PAHS; % Y asPAHS; ;EPAHs;f: > 1gPAHS

9 T5PCBs;™ not informed?: Y1,/PCBs?: Y,0PCBs;*: Y,PCBs;": ¥;PCBs

™ %p,p-DDT, p,p-DDD, p,p-DDE;": DDE; %Y p,p-DDT, p,p-DDD, p,p-DDE, o,p-
DDT, o,p-DDD, o,p-DDE

DL: detection limit

in sediment cores from other locations.



Figure 1. Map of the study area showing the sampling statiorthe Adriatic Sea.
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Highlights:

- Unprecedented data of historical deposition of contaminants in the SWAM were

assessed

- Thefirst use of DDT in Italy followed the typhus epidemics during the 11 World War

- Concentrations of PCB and DDT decreased after 1980 due to international restrictions

- Historical variation of PAHs seem to follow shiftsin energy production in Italy

- The deep Adriatic basin represents as an important repository for contaminants
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