Regional Studies in Marine Science 35 (2020) 101097

Contents lists available at ScienceDirect

Regional Studies in Marine Science

journal homepage: www.elsevier.com/locate/rsma

Source identification and eco-risk assessment of polycyclic aromatic N

Check for

hydrocarbons in the sediments of seawaters facing the former steel
plant ILVA, Naples, Italy

Luciano Ferrara®*, Marco Trifuoggi ¢, Maria Toscanesi ¢, Carlo Donadio ®, Diana Barra®,
Giuseppe Aiello”, Michele Arienzo”

2 Dipartimento di Scienze Chimiche, Universita degli Studi di Napoli Federico II, Complesso Universitario di Monte Sant’Angelo, via Cintia
26, 80126 Naples, Italy

b Dipartimento di Scienze della Terra, dell’Ambiente e delle Risorse, Universita degli Studi di Napoli Federico II, Largo San Marcellino

10, 80138 Naples, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 14 October 2019

Received in revised form 27 January 2020
Accepted 27 January 2020

Available online 30 January 2020

The study was designed to complement the results of a previous investigation which revealed a
worrying contamination scenario by polycyclic aromatic hydrocarbons, PAHs, in the Gulf of Pozzuoli,
GoP, in the south of Italy. This former study also evidenced the pyrolytic source of PAHs from
the dismissed metallurgical brownfield site of Bagnoli in the east side of GoP. The environmental
toxicological risk assessment was also carried out. Sampling transects were drawn in the west edge
of the gulf, T1 and T2, in the east side, T5, T6, in the proximity of the industrial plant and outside
GoP, MdP, where pollution was expected to be low. YPAHs largely exceeded, from 36 up to >220
times, the regulatory standard in the east area. Lower exceeding values were determined in all the
west side. FLT and PYR were the dominant hydrocarbons and PAHs distribution profiles were quite
similar from west to east sides, meaning a common pollution source. Moreover, sediments appeared
enriched by 4, 5 and 6 aromatic rings, 47.2%, 25.7%, and 14.0%. PAHs diagnostic ratios for source
screening confirmed the pyrolytic origin of the PAH mixtures at all sites. Y PAHcarc/¥PAH showed
that ~50% of PAHs were of carcinogenic nature at all sites. The total benzo(a)pyrene, BaP, equivalent
toxicity (TEQ) values highlighted a dramatic scenario especially in the east part of GoP, with values
from twenty-four fold and six hundreds fold those reported by the literature for moderate and low
ecological risk environment. The output of the risk assay assessment revealed a situation of high risk
in the east side of GoP, whereas a moderate to high risk level was determined throughout all GoP.
© 2020 Published by Elsevier B.V.
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1. Introduction tanker spills, offshore platforms and shipping accidents, inten-

tional oil discharges as well as linked to natural petroleum seeps.

Polycyclic aromatic hydrocarbons (PAHs) are among the most
widespread and dangerous pollutants for mankind and the en-
vironment. These compounds are formed by two or more con-
densed aromatic rings, with low affinity for water and low volatil-
ity, which further reduces as molecular weight increases. Many
PAHs have toxic, mutagenic and/or carcinogenic properties. Three
main sources of PAHs in the environment exist: petrogenic, py-
rogenic and biological. The petrogenic source of crude oil shows
a PAHs level from a few mg to ~5 g per kg, with naphthalene
as the main component, mean 60.5% and a maximum of ~78%
of total PAHs (Pampanin and Sydnes, 2013). Oil dispersions can
be a consequence of human activities, i.e. pipeline spills, oil

* Corresponding author.
E-mail address: luciano.ferrara@unina.it (L. Ferrara).

https://doi.org/10.1016/j.rsma.2020.101097
2352-4855/© 2020 Published by Elsevier B.V.

The biological source of PAHs is mainly linked to the activity
of plants, fungi, and bacteria, with generation of naphthalene,
phenanthrene, and perylene (Krauss et al., 2005). The pyrogenic
source includes electric power generation, refuse incineration,
internal combustion engines, home heating, production of coke,
carbon black, coal tar, and asphalt, and forest/grass fires. PAHs
dispersed in the environment tend to be transported to the sea
where, due to their poor solubility in water, aggregate with
other suspended material and precipitate in sediments. Although
PAHs are known as hydrophobic compounds, they have a certain
water solubility which affects their marine dispersion (Guigue
et al, 2017; Abdel-Shafy and Mansour, 2016). In the case of
sediments present in relatively shallow waters, and within the
depth of closure, PAHs can be moved by storm surges and return
to suspension (Arienzo et al., 2019) and even reach the beaches.
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Here, PAHs being semi-volatile substances, can constitute a not
negligible human risk.

In previous works we examined the state of contamination
of the coastal marine sediments of the GoP, embedded in the
Gulf of Naples (GoN), Italy, by PAHs, metals and lanthanides
(Arienzo et al., 2017; Trifuoggi et al., 2017, 2018). The impairment
for the local fauna (Arienzo et al., 2019), and the drawing of a
prototype system of sediment reclamation (Nastro et al., 2019)
were also studied. The GoP is an area known for the beauty of
its coasts, of volcanic nature with over fifty craters, both inland
and offshore. However, the choice made at the beginning of the
20th century to implement in this site an industrial metallurgic
plant and other dangerous productions, seriously compromised
land, groundwater and coastal environments. GoP is a large bay,
Fig. 1, placed on the Campanian Margin of the Tyrrhenian Sea and
originated during a Pliocene extensional tectonic phase (Patacca
et al,, 1990; Sgrosso, 1998). GoP, mean depth ~60 m, maximum
depth 110 m, Somma et al. (2016), has a surface area of 33 km?
and a volume of ~2 km?>. Water exchange occurs between GoP
and GoN through a Section 2 km wide and 100 m deep (De Maio
et al,, 1982). The purpose of this work was to complement the
previous research with information on the toxicological risk of
PAHs.

2. Material and methods
2.1. Sampling activities

Sediment sampling was carried out in June 2017 with a Van
Veen grab on an equipped boat, the Antilia, of the Lega Navale
of Pozzuoli. A total of 15 sampling points aligned along four
transects located in the coast offshore direction were chosen.
The transects T4 and T6 were offshore the ILVA plant, in the
eastern part; T1 and T2-3, in the western area, and finally a fourth
transect, Mdp, taken as external reference out of the GoP, in cor-
respondence of Monte di Procida (MdP) (see Fig. 1 and Table 1).
Sea depth, measured with an echo sounder, varied between 10 m
up to ~100 m while the geographical coordinates of the single
points were measured by DGPS (Differential Global Positioning
System).

2.2. Sample analysis

The sediments were collected in plastic bags, wrapped in
aluminium foil and frozen at —20 °C . Sediment samples were
analysed for granulometric parameters, TOC, and PAHs (Tables 1,
2). The granulometric analysis and TOC determination were car-
ried out as in the previous work (Arienzo et al,, 2017). Sixteen
PAHs indicated from Environmental Protection Agency (EPA) as
important toxicological contaminants were determined: naph-
thalene (NAP), acenaphthylene (ACY), acenaphtene (ACE), fluo-
rine (FLR), phenanthrene (PHE), anthracene (ANT), fluoranthene
(FLT), pyrene (PYR), benzo(a)anthracene (BaA), chrysene (CHR),
benzo(b)fluoranthene  (BbF), benzo(k)fluoranthene  (BKF),
benzo(a)pyrene (BaP), dibenz(ah)anthracene (DhA), indeno|1,2,3-
cd] pyrene (IPY), benzo(ghi)perylene (BgP) (US EPA, 1977). Among
them, benzo (a)anthracene (BaA), benzo(a)pyrene (BaP), benzo(b)
fluoranthene (BbF), benzo(k) fluoranthene (BKF), chrysene (Chry),
dibenzo(a)anthracene (DBA), and indeno (1,2,3-c,d)pyrene (IP)
were classified as possible or probable human carcinogens, and
BaP is often chosen as a standard of the whole group of PAHs
due to its high carcinogenic potency (IARC, 1987). For the analysis
of PAHs the IRSA CNR 25 method was followed and modified as
described in the previous work (Arienzo et al.,, 2017). Samples
were analysed in triplicate, for all the investigated points. The
percentage of recovery was estimated by analysing 10 replicates

of a fortified matrix, constituted by 13 PAHs at a known concen-
tration. The range of the recovery percentage was 57%-130%, in
accordance with current methods normed. The detection limit
(LOD) and limit of quantification (LOQ) were calculated using
the range method of prediction to 95% of linear regressions, for
each investigated PHAs. The calculated average values of LOD and
LOQ were 0.1 and 0.3 pg g~', respectively. The quality of the
analytical results is assured by participation in ring tests for the
determination of PAHs from sediments and similar matrices.

3. Results and discussion
3.1. Distribution and composition profiles of PAHs

Table 2 shows the concentrations, in jug g~ !, of PAHs in the dif-
ferent sampling points. The table also reports the environmental
quality standards of sediments in marine-coastal and transitional
water bodies provided by DM (0000).

The results clearly show that, in all the three transects, the
concentrations of all individual PAHs are significantly higher than
the corresponding values of environmental quality standards and
that there is a significant correlation (p < 0.01, r = 0.71) between
YPAHs and TOC. In the case of T4, the levels of FLT, BbF, BKF,
BaP exceed the environmental quality standard and up to >1000
times in T4-3. A similar trend was also observed by XPAHs. In
the transect T4, X PAHs exceeds the value of the environmental
quality standard from 36 up to >220 times in T4-3. In T6, X PAHs
is from 23 to 156 times higher than the standard. In T1, located
in the western part of the GoP, XPAHs also largely exceeds the
reference by ~15 times. In the case of MdP, data are only slightly
higher than the reference values. However, it is interesting to
note how X'PAHs increases with a coast-offshore direction, with
a value twice the standard in the MdP3, shifting to levels of
bathymetrically higher deposition. This can be explained by the
circulation models of the GoN elaborated by De Maio et al. (1985)
and de Ruggiero et al. (2016) reporting two main flow patterns:
(i) when the open sea currents flow towards southeast, the inner
waters of bay are cut off in a slow cyclonic gyre, then the coastal
waters slow motion could favour a high pollutant concentration;
(ii) when the open sea currents flow towards northwest, some
branches enter into the bay, then a fair renewal of sea waters
occurs.

The results of the previous work (Arienzo et al., 2017) evi-
denced a strong PAH contamination of the sediments of the entire
Gulf of Pozzuoli, with very high levels of individual PAHs in all
GoP, with mean values higher than legal limits from one hundred
twenty seven fold (NAP) to seven hundred twenty five fold (BaP).
Transit axes of fine and very fine sands and diagnostic indexes
revealed a common pyrolytic PAHs pollution spreading from the
former Bagnoli plant to all the Gulf.

Fig. 2 shows the percentage compositions of the individual
PAHs in all samples. Fig. 2a clearly reveals that FLT and PYR are
the dominant hydrocarbons, as well as that the PAHs distribution
profile is basically the same in GoP. The same distribution pattern
was also observed in the case of MdP, Fig. 2b. This means a
common origin of GoP contamination as highlighted by Arienzo
et al. (2017), and that even the remote area of MdP is affected
by the same pollution source. It is not a coincidence that the
concentrations of PAHs increase from coast to offshore in MdP.
In fact, it is possible that the diffusion of the contamination from
the industrial site overcomes Capo Miseno (Fig. 1) by transport
and subsequent deposition of suspended materials.

Fig. 3 shows the composition pattern of PAHs by ring size in
GoP sediments (jLg g~!). PAHs with 4 aromatic rings (FLT, PYR,
BaA, CHR) make up about half of the mixture, 47.2%, followed by
those with 5 rings, (BbF, BKF, BaP, DhA), 25.7%, and 6 terms, (IPY
and BgP), 14.0%. The 3 (IND, ACY, ACP, FLR, PHE, ANT) and 2-ring
(NAP) components represent only 11.5 and 1.6%, respectively.
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Fig. 1. Map of the sediment sampling in the Gulf of Pozzuoli. Depth is in metres bsl, coordinate system is WGS84 UTM Zone 33T (after Somma et al.,, 2016).
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Fig. 2. Relative concentration in percentage of individual PAHs: (a) all sampling stations; (b) the MdP compared with T4-3.
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Table 1
Sampling locations associated to water depts, total organic carbon (TOC) and grain size of sediments from GoP.
Sampling station Latitude (N) Longitude (E) Depth (m) TOC (%)* Class®
T1-3 40°49.114'N 14°5.251E 451 1.8 Medium sand
T1-4 40°48.822'N 14°5.523'E 58.6 2.2 Coarse sand
T1-5 40°48.177'N 14°5.972'E 80.0 19 Very fine sand
T2-3 40°48.715'N 14°6.484'E 34.0 1.2 Fine sand
T4-1 40°48.774'N 14°9.515'E 7.7 42 Fine sand
T4-2 40°48.546'N 14°9.294'E 21.5 1.6 Fine sand
T4-3 40°48.347'N 14°9.091E 47.8 6.4 Very fine sand
T4-4 40°48.115'N 14°8.819'E 715 32 Very fine sand
T4-5 40°47.554'N 14°8.198'E 98.0 1.8 Fine sand
T6-1 40°48.323'N 14°9.768'E 134 53 Fine sand
T6-2 40°48.038'N 14°9.352'E 371 32 Fine sand
T6-3 40°47.468'N 14°9.023'E 87.5 1.5 Fine sand
MdP-1 40°47.230'N 14°3.311E 4.10 Medium sand
MdP-2 40°47.182'N 14°3.312'E 5.22 Medium sand
MdP-3 40°47.086'N 14°3.215'E 7.47 Medium sand
2TOC: total organic carbon.
bClassification of grain size sediment (Folk and Ward, 1957).
Table 2
Concentrations of individual PAHs in the sediments (g g™ !).
PAH NAP ACY ACE FLR PHE ANT FLT PYR BaA CHR BbF BKF BaP DhA IPY BgP Total  Total
PAH PD*
PAH
n° 2 3 3 3 3 3 4 4 4 4 5 5 5 5 6 6
rings
T1-3 0345 0455 0.082 0.087 129 0499 6.24 4.58 2.39 2.66 343 2.68 3.50 0511 294 2.76 34.4 13.2
T1-4 0241 0359 0.089 0.141 0968 0461 4.19 3.23 2.34 2.16 2.98 1.95 2.81 0.657 2.74 2.03 27.3 10.5
T1-5 0069 0305 0.089 0.079 115 0.379 6.00 4.47 2.20 2.48 3.12 2.39 3.14 0.449 2.42 2.26 31.0 114
T2-3 0.123 0.096 0.056 0.074 0371 0.167 0.689 0522 0259 0.261 0.335 0253 0333 0.154 0322 0305 4.32 152
T4-1 6.74 8.56 5.19 4.67 334 20.5 104 834 39.6 40.6 37.7 26.7 134 6.24 19.9 17.6 469 123
T4-2 1.16 3.22 0684 1.33 5.62 3.74 19.8 13.9 9.15 8.70 7.78 6.76 452 3.70 5.44 4.86 100 28.8
T4-3 8.83 9.31 2.32 1.94 271 10.8 117 829 339 38.4 46.9 31.8 45.6 8.83 38.4 334 538 177
T4-4 5.43 5.47 0.957 0.070 9.00 5.17 52.8 36.9 17.5 19.8 27.2 17.4 26.3 7.01 20.6 20.0 272 101
T4-5 331 3.64 2.02 1.71 7.27 3.98 23.7 18.8 10.8 1153 112 8.89 5.49 2.37 6.79 6.28 128 39.1
T6-1 141 1.22 0.528 0513 3.28 1.46 114 9.54 4.88 492 6.06 452 1.97 0.920 3.95 3.44 60.0 189
T6-2 5.24 591 2.93 2.86 17.9 17.5 58.8 51.6 314 31.8 36.1 26.2 13.3 5.71 31.0 24.5 363 123
T6-3 0764 1.30 0591 0.646 4.62 2.03 144 109 7.69 7.19 891 6.27 9.14 1.19 8.49 6.60 90.7 337
MdP-1 <0.01 <0.01 <0.01 <0.01 <0.01 <001 <001 <0.01 <0.01 <001 <001 <001 <001 <0.01 <001 <001 <001 <0.01
MdP-2 0.061 0.074 0.050 0.040 0.102 0.090 0344 0.284 0.158 0.150 0.198 0.167 0220 0.133 0215 0.187 247 0.923
MdP-3 0.103 0.106 0.063 0.055 0.178 0.148 0.840 0.681 0.320 0.322 0406 0316 0428 0.167 0381 0.348 4.86 1.75
Legal 0.035 0.045 0.110 0.040 0.020 0.030 0.070 0.055 0.800
limits®

2PD: priority dangerous: NAP, ANT, BbF, BKkF, BaP, BgP according to the rules of the DLgs 10 December 2010, n. 219.

5DM (0000).

3.2. Diagnostic ratios for pyrogenic vs. petrogenic source determina-
tion

The distribution of hydrocarbons in a mixture provides valu-
able information on its origin. In fact, PAHs of petrogenic source
(petroleum derived) are more shifted towards components with
lower molecular weights, while pyrogenic mixtures (combustion
derived) are dominated by 4-ring or higher molecular weight
PAHs.

However, a clear pyrogenic origin to the mixture of PAHs
found in the sediments was not observed. In fact, the long per-
manence of PAHs mixture, after its formation, first in the atmo-
sphere, then in the marine waters and finally in the sediments,
definitely alters its original composition as a consequence of
physical, chemical and biological factors. Fig. 4 compares the
mean individual PAHs composition of crude oil with that of GoP
sediments. The PAHs pattern in sediments is markedly different
respect with crude oil with a net dominance of higher molec-
ular weight (HMW) compounds. In the atmosphere there is a
first important separation between the low and high molecular
weight, LMW and HMW. LMW are more volatile and tend to have
a longer residence time in atmosphere than HMW, which are less
polar and tend to aggregate with solid particles and precipitate

with dry or wet deposition. Once PAHs are adsorbed by sedi-
ments, they become less susceptible to degradation (Guzzella and
Depaolis, 1994).

To distinguish the source of PAH mixtures, researchers have
begun to make use of diagnostic indexes, which are generally
ratios between two different PAHs isomers. The use of these ratios
is based on the different thermodynamic stability of the isomers,
which in turn is related to the greater or lesser presence of these
components in the mixture (Yunker et al., 2002).

Table 3 shows a list of source indicators and their respec-
tive diagnostic ratios. These values were compared with those
determined at each individual sampling station, Table 4. The
set of results obtained confirms the pyrolytic origin of the PAH
mixtures at all the examined sites. One of the most relevant
and widely used diagnostic reports to distinguish an oil from a
combustion source is ANT/(ANT+PHE), Yunker et al. (2002). This
index is largely >0.1 in all GoP, meaning the predominance of
the pyrogenic source.

The cross plots of FLT/(FLT+PYR) vs. ANT/(ANT+PHE), FLT/
(FLT+PYR) vs. BaA/(BaA+CHR), FLT/(FLT+PYR) vs. IPY/(IPY+BgP),
IPY/(IPY+BgP) vs. BaA/(BaA+CHR) and their cut-off values are
shown in Fig. 5. Once again all the specimens analysed resulted
unequivocally of pyrolitic origin.



L. Ferrara, M. Trifuoggi, M. Toscanesi et al. / Regional Studies in Marine Science 35 (2020) 101097 5

300 -

250

200

150

100

PAHSs concentrations in ug/g

bQ:\, 85\/ 82”9 pe)

RN

% % N
AR AP AU

m2
m3

4

m6

A%

fo,\%,'» A

» o & :
DM N\

Sampling sites
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Table 3
Source indicators and their respective diagnostic ratios.
Ratios Petrogenic® Petroleum Diesel Coal Softwood Pyrogenic Aluminium References
burning combustion combustion smelter
/vehicular emissions
emission
PHE/ANT >15 <10 Soclo (1986)
FLT/PYR >1 <1 Sicre et al. (1987)
CHR/BaA >1 <1 Parlanti (1990)
LMW/HMW? >1 <1 Soclo et al. (2000)
YCOMB/XPAHs <1 ~1 Ravindra et al. (2008a)
BbF/BKF 2,5-2,9 Hwang and Foster (2006)
BaP/BgP >0.6 Tobiszewski and
Namiesnik (2012)
IPY/(IPY+BgP) 0.18 0.37 0.56 0.62 Ravindra et al. (2008a)
ANT/(ANT4PHE)  <0.10 >0.10 >0.10 >0.10 >0.10 Pies et al. (2008)
FLR/(FLR+PYR) <0.5 >0.5 Ravindra et al. (2008b)
FLT/(FLT+PYR) <0.40 0.40-0.50 >0.50 >0.50 >0.40 De La Torre-Roche et al.
(2009)
BaA/(BaA+CHR)  <0.20 >0.35 0.20-0.35 >0.35 >0.35 Akyiiz and Cabuk (2010)
and Yunker et al. (2002)
Ring456/TPAS" <0.40 >0.50 >0.50 >0.50 >0.50 Arienzo et al. (2017).

2LMW: PHE, ANT, FLT, PYR. HMW: BaA, CHR, BbF, BkF, BaP, BgP, DhA.

bRing456: Total 4-6 ring PAHs (mainly originated from combustion); XCOMB (FLT,

“Yan et al. (2004).
3.3. Toxicity assessment of PAHs

Several approaches are used to estimate the toxicity of pollut-
ing substances through Standard Quality Guidelines, SQGs. These
include the determination of Effects Range-Low (ERL), Effects
Range-Median (ERM), Threshold Effects Levels (TEL) and Probable
Effects Levels (PEL) (Long and MacDonald, 1998). Toxicity was
estimated based on BaP equivalents for the whole group of PAHs
due to the classification of BaP as a group 1 carcinogen. Mumtaz
and George (1995) and Obini et al. (2013) reported that BaP
metabolites block DNA replication and is mutagenic. To assess the

PYR, BaA, CHR, BbF, BKF, BaP, BgP); XPAHs sum of total PAHs.

overall carcinogenic potency of a mixture of PAHs to mankind,
the toxicity equivalence factors, (TEF), (Table 5) of the single
PAHs were introduced relative to BaP, US EPA (1993) as adapted
for PAH compounds by Nisbet and LaGoy (1992). The total BaP
equivalent toxicity (TEQ) is consequently defined as the sum of
the products of the concentrations of each carcinogenic with the
relative toxicity equivalence factor as indicated below:

n
TEQ = Z CXTEF;
i=1

where C; represents the concentration of the ith PAH.
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Fig. 4. Relative percentage distributions of individual PAHs in: (a) crude oil (mean of 48 different crude oils, Kerr et al. (1999) and (b) sediments of Gulf of Pozzuoli
(mean of all the sampling sites).

Table 4
Diagnostic ratios determined at each individual sampling station.
1] - —
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= % E S £ S 2
2 N =) + A [ prd Py
= = — + = + + = =]
2 5 ¢ 5 £ 0Z & & £ Z = 5 0§ 3
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S T = 2 = 5 @ o = = = = = b
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& E &2 & 3 N A & & £ 07 2 & &

—
—
i
w
N
[<2]
—_
N
—_
—
o
o
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~

074 13 13 052 028 0.019 058 047 092
T1-4 21 1.3 092 0.09 0.72 15 14 057 032  0.042 056 052 092
T1-5 30 13 11 0.072  0.77 13 14 052 025 0.017 057 047 093
T2-3 22 13 1.0 0.26 0.61 13 1.1 051 031 0.12 057 050 0.79
T4-1 1.6 13 1.0 0.20 074 14 076 053 038 0.053 056 049 083
T4-2 15 14 1.0 0.19 0.70 12 093 053 040 0.087 059 051 0.84
T4-3 2.5 14 11 0.13 074 15 14 053 028 0.023 059 047 0.89
T4-4 17 14 11 0.11 0.73 16 13 051 036 0.0019 059 047 090
T4-5 1.8 13 1.1 0.21 0.71 1.3 087 052 035 0.084 056 048 0.83
T6-1 22 12 1.0 0.16 0.72 1.3 057 053 031 0051 054 050 0.86
T6-2 1.0 11 1.0 0.17 0.69 14 054 056 049 0.052 053 050 0.86
T6-3 23 1.3 093 0.12 0.71 14 14 056 030 0.056 057 052 0.89

MdP-2 1.1 12 1.0 0.20 0.62 12 12 053 047 0.12 055 051 083
MdP-3 12 12 1.0 0.15 0.68 13 12 052 045 0.075 055 050 0.87

In a similar way, the mutagenic (MMC) and the carcinogenic of 2, 3, 7, 8-tetrachlorodibenzodioxin (Willett et al., 1997), re-
(TCDD-TEF) equivalence factors (Table 5) relative to the muta-
genicity of BaP (Durant et al,, 1996) and to the carcinogenicity spectively, were defined. Table 6 shows the TEQ, the mutagenic
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Fig. 5. Plots (a, b, ¢ and d) of the diagnostic ratios calculated for the studied sediments.

Table 5
Values of toxicity (TEF), mutagenic (MMC), and carcinogenic (TCDD-TEF)
equivalence factors for PAH and the carcinogenic (+).

Table 6
Values of TEQ, MEQ, (g g~ '), CEQ (ng g~') and share of carcinogenic PAH in
Y PAH for sediments of GoP.

PAHs TEF MMC TCDD-TEF Carc Stations TEQ ugg ! MEQugg ! CEQngg™'  XPAHcarc/XPAH
ACE 0.001 T1-3 520 6.48 278 053
ACY 0.001 0.00056 T1-4 451 5.43 228 057
ANT 0.01 T1-5 464 5.72 248 052
BaA 0.1 0.082 0.000025 n T2-3 061 0.673 29 0.44
BbF 0.1 0.25 0.00253 ¥ T4-1 327 410 274 039
BKF 0.1 0.11 0.00487 T T4-2 113 118 69.7 0.46
BgP 0.01 0.19 T4-3 703 85.1 358 0.45
BaP 1 1 0.000354 n T4-4 420 490 204 0.50
CHR 0.01 0017 0.00020 T T4-5 118 143 88.3 0.45
DhA 5 029 0.00203 i T6-1 491 6.61 45.4 0.45
FLT 0.001 T6-2 32.1 443 277 0.48
FLR 0.001 T6-3 18.4 17.0 69.7 0.54
IPY 0.1 031 0.00110 + Mean 199 240 122 0.48
NAP 0.001 D 208 256 122 0.05
PHE 0.001 Min 061 0.67 2.9 0.39
PYR 0.001 Max 703 85.1 358 057
MdP2 043 0.44 19 050
MdP3 074 0.83 35 0.48

equivalent (MEQ), and the carcinogenic equivalent (CEQ) com-
puted as linear combinations of the PAH concentrations and
respective equivalence factors. Additionally, the ratios of the sum
of the carcinogenic PAH (XPAHcarc) (US EPA, 2008) concentra-
tions to the sum of the concentrations of the 16 determined PAH
(XPAH) were computed.

The results are quite alarming since at all sites ~50% of PAHs
are of carcinogenic nature. The mean of TEQ and MEQ were
20 and 24 ug g, respectively. Peaks of 70.3 and 85.1 pg g~!
were revealed at T4-3 which is the most polluted station. These
values were higher, from ~ six hundreds and seven hundreds fold
relative to a low ecological risk environment (Li et al., 2014), to
~ twenty-four and thirty-four fold relative to moderate polluted
sites (Adeniji et al., 2019a,b). Table 6 also reports high values
of CEQ, 127 ng g~!, with a maximum of 358 ng g~! at T4-3.
MdP data appeared markedly lower, even if values were still of
concern.

3.4. Risk assessment of PAHs

The presence of PAHs in the aquatic environments constitutes
a very high risk for ecosystems. Consequently, the use of an
ecosystem risk assessment was introduced to quantify the risk
generated by the presence of a mixture of PAHs on the biosphere
(Wu et al, 2011). Cao et al. (2010) advanced the method by
employing the toxic equivalency factors for the USEPA-listed 16
PAHs. Normally a risk quotient, RQ, represents the ratio between
the concentration of a contaminant present in the environment,
in our case a PAH, and the expected optimal value, Cyy, for the
same contaminant.

RQ = Cpans/Cov

Based on scientifically derived risk limits, maximum permis-
sible concentrations (MPCs) and the negligible concentrations



Table 7
Recommended RQ (NCs) and RQ (MPCs) values of PAHs(ng/g) in sediment (Cao
et al,, 2010).

PAHs Recommended NCs Recommended MPCs
ACE 1.2 120
ACY 1.2 120
ANT 12 120
BaA 3.6 360
BbF 3.6 3600
BKF 24 2400
BgP 75 7500
BaP 27 2700
CHR 107 107 00
DhA 27 2700
FLT 26 2600
FLR 1.2 120
IPY 59 5900
NAP 14 140
PHE 5.1 510
PYR 1.2 120

(NCs) were defined for the different PAHs. MPCs are concen-
trations above which the risk of adverse effects is considered
unacceptable; NC is defined as MPC/100 which accounts for syn-
ergistic effects from the presence of other substances (Cao et al.,
2010). The values used in this work are those suggested by Cao
et al. (2010) (Table 7).

Consequently, the RQNCs and RQMPCs were defined as fol-
lows:

RQnes = Cpanis/Covncs)
RQuipcs = Cpans/Covimpcs)

where Cqynes) and Coyqvpes) indicate the quality values of the
NCs and MPCs of PAHs in the medium respectively. The RQspaus,
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RQ spansnes), and RQspansvecs) are defined as follows:

RQspans = ERQi(RQ; > 1)
RQspansives) = ZRQines)(RQines) = 1)
RQspanstmpes) = 2 RQimpes)(RQimpesy = 1)

Naturally, only values of RQ(NCs) and RQ(MPCs) of individual
PAHs >1 were considered when calculating RQPAHs(NCs) and RQ
PAHs(MPCs) of PAHs.

Tables 8 and 9 report the values of different RQ while Table 10
reports the risk classifications of individual PAHs and ) PAHs
elaborated by Cao et al. (2010).

Based on the comparison of data from Tables 8 and 9 with
the risk threshold expressed in Table 10, we can state a moderate
risk for all sites except for MdP1, that is risk free, and a high risk
situation for T4-1, T4-3 and T6-2. However, the individual RQcy;
and RQypcs values indicate in addition to the three already cited
hotspots, T1-3, T1-4, T1-5, T4-2, T4-4, T4-5, T6-1 and T6-3 express
high risk in >9 of 16 analysed PAHs.

4. Conclusions

PAH contamination extends over the west edge of GoP, sug-
gesting that a similar scenario could be found beyond the east
side of GoP, due to sediment transport. The source screening of
indexes confirm the combustion origin of PAHs in GoP as well
MdP sediments. Risk assessment analysis indicates most of the
GoP sediments are considered a high toxicity risk.
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Table 8

Values of risk quotient, RQ, with respect to negligible concentrations, NCs, in different sampling sites with respect to individual PAHs and to ) PAHs.
PAH NAP ACY ACE FIR PHE  ANT FLT PYR BaA CHR  BbF BKF BaP DhA IPY  BgP  RQspansincs)
T1-3 247 379 69 72 253 416 240 3813 664 25 952 112 130 19 50 37 7476
T1-4 172 299 74 118 190 384 161 2695 651 20 827 81 104 24 46 27 5874
T1-5 50 254 74 66 226 316 231 3726 611 23 867 100 116 17 41 30 6748
T2-3 88 80 47 62 73 139 26 435 72 2.4 93 11 12 5.7 5.5 4.1 1155
T4-1 4815 7137 4324 3892 6543 17062 4018 69516 11004 379 10470 1113 496 231 337 234 141571
T4-2 828 2680 570 1110 1102 3116 763 11591 2543 81 2161 282 167 137 92 65 27288
T4-3 6309 7758 1932 1620 5309 8980 4506 69096 9430 359 13029 1325 1689 327 650 446 132765
T4-4 3879 4555 798 58 1765 4308 2030 30766 4869 185 7552 724 974 260 350 266 63338
T4-5 2361 3032 1684 1428 1426 3316 913 15644 3010 108 3103 370 203 88 115 84 36885
T6-1 1010 1017 440 427 644 1216 439 7946 1354 46 1682 188 73 34 67 46 16629
T6-2 3740 4926 2444 2380 3514 14548 2262 42979 8718 297 10041 1092 493 212 526 327 98498
T6-3 546 1081 492 538 906 1689 555 9053 2137 67 2475 261 338 44 144 88 20415
MdP-2 43 61 42 33 20 75 13 237 44 14 55 7.0 8.1 4.9 3.6 25 651
MdP-3 74 88 52 46 35 123 32 568 89 3.0 113 13 16 6.2 6.4 4.6 1269

Table 9

Values of risk quotient, RQ, with respect to maximum permissible concentrations, MPCs, in different sampling sites with respect to single PAHs and to their mix.

Only values > 1 were reported.

PAH NAP ACY ACE FLR PHE ANT FIT PYR BaA CHR  BbF BKF  BaP  DhA  IPY BgP  RQupausurcs)
T1-3 25 3.8 2.5 42 24 38 6.6 95 1.1 13 72
T1-4 17 3.0 12 19 3.8 16 27 6.5 8.3 1.0 56
T1-5 25 23 32 23 37 6.1 8.7 1.0 12 64
T2-3 14 43 5.7
T4-1 48 71 43 39 65 171 40 695 110 38 1047 111 5.0 2.3 34 23 1416
T4-2 8 27 57 11 11 31 76 116 25 216 2.8 17 14 270
T4-3 63 78 19 16 53 90 45 691 94 36 1303 132 169 33 65 45 1328
T4-4 39 46 8.0 18 43 20 308 49 19 755 7.2 9.7 2.6 35 27 633
T4-5 24 30 17 14 14 33 9.1 156 30 1.1 31.0 37 2.0 12 367
T6-1 10 10 44 43 64 12 44 79 14 16.8 19 164
T6-2 37 49 24 24 35 145 23 430 87 3.0 1004 109 49 2.1 53 33 985
T6-3 5.5 11 49 54 91 17 56 91 21 247 26 34 14 202
MdP-2 24 24
MdP-3 123 5.7 6.9
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Table 10
Risk classifications of individual PAHs and ) PAHs (Cao et al., 2010).
Individual PAHs RQcns RQupcs Y'PAHs RQxpans(Nes) RQxpansovipcs)
Risk-free 0 Risk-free =0
Low risk >1; <800 =0
Moderate risk >1 <1 Moderate risk; >800 =0
Moderate risk, <800 >1
High risk >1 High risk >800 >800
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