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16 • PAH inputs in sediments of the Nador
17 Lagoon are generally petrogenic.
18 • PAH pyrogenic inputs characterise the
19 period 1930–1960 near Nador city.
20 • PCB Aroclor mixtures are well recogniz-
21 able in surface non-degraded sediments.
22 • PCB microbial anaerobic degradation is
23 recorded from 1950 to 1990 in the SW
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25 • Different land uses control PAH and
26 PCB levels and compositions in lagoon
27 sediments.
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54 The Nador Lagoon holds a major interest in present-day Moroccan socioeconomic development. This environ-
55ment is exposed to a number of potential polluting sources, such as mine tailings, urban and industrial dumping,
56and untreatedwastewater inputs from surrounding cities. The aim of this studywas to assess concentrations and
57trends of persistent contaminants such as PCBs and PAHs and to identify their origin. The non-Aroclor PCB-11
58was determined for the first time in the lagoon sediments. Chronology and source assessment helped identifying
59the timing and nature of inputs and post-depositional processes controlling the two classes of contaminants:
60PAHs present a typical mixed petrogenic signature, with the exception of sediments deposited in the period
611930–1960 near the city of Nador,when pyrogenic inputs prevailed; PCBs show signs ofmicrobial anaerobic deg-
62radation from 1950 to 1990, probably linked to changing hydrodynamic conditions in the South-Western part of
63the lagoon where agricultural inputs are dominant. The presence of PCB-11 is linked to specific productions and
64might be affected by degradation processes. Presently, different land uses (e.g., urban and agricultural areas)
65appear to be the key factors in controlling the level and composition of PAHs and PCBs in lagoon sediments.
66Total PAH and PCB levels are low (from 21.6 to 108 ng g−1 and from 2.50 to 20.7 ng g−1, respectively) but recent
67increasing values and the potential threat to humans and biota require continuous and constant monitoring.
68© 2015 Published by Elsevier B.V.

6970

Science of the Total Environment xxx (2015) xxx–xxx

⁎ Corresponding author.

STOTEN-17670; No of Pages 12

http://dx.doi.org/10.1016/j.scitotenv.2015.04.057
0048-9697/© 2015 Published by Elsevier B.V.

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv

Please cite this article as: Giuliani, S., et al., Recognizing different impacts of human and natural sources on the spatial distribution and temporal
trends of PAHs and PCBs (inclu..., Sci Total Environ (2015), http://dx.doi.org/10.1016/j.scitotenv.2015.04.057

http://dx.doi.org/10.1016/j.scitotenv.2015.04.057
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2015.04.057
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv
http://dx.doi.org/10.1016/j.scitotenv.2015.04.057
Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"’"

Original text:
Inserted Text
"’"

Original text:
Inserted Text
"-"

Original text:
Inserted Text
"-"

Query text:
Inserted Text
"Your article is registered as a regular item and is being processed for inclusion in a regular issue of the journal. If this is NOT correct and your article belongs to a Special Issue/Collection please contact a.louis@elsevier.com immediately prior to returning your corrections."

Query text:
Inserted Text
"Please confirm that given names and surnames have been identified correctly."

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"givenname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"surname"

Original text:
Inserted Text
"surname"



U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

71

72

73

Q3 1. Introduction

74 Fast increasing economic development brings about the risk of envi-
75 ronmental pollution by inorganic and organic chemicals. For this reason,
76 several regulationswere developed to achieve ormaintain a Good Envi-
77 ronmental Status of marine ecosystems and to provide a legislative
78 framework to sustainably manage human activities at all scales
79 (e.g., the Marine Strategy Framework Directive, 2008/56/EC, and the
80 Barcelona Convention for the Protection of the Mediterranean Sea,
81 UNEP/MAP, 2012). To do so, an increasing scientific knowledge of levels,
82 behaviour, fate of chemicals, and related processes in the marine envi-
83 ronment is required.
84 The Nador Lagoon (North-East Morocco) is a place of great social and
85 economical interest. Indeed, its location and environmental features
86 have favoured the settling of important urban sites and production activ-
87 ities around and within its borders, increasing also the touristic interest
88 (Hamoumi and Benssaou, 2001; Chalouan et al., 2001; González et al.,
89 2007). Potential sources of environmental pollution are expected to be
90 strongly related to the following activities that can be roughly geograph-
91 ically separated in: i) agriculture (specifically intensive cereal produc-
92 tion) in the south; ii) metallurgic industry in the west; iii) fishery, fish
93 farming, and food conservation in the north; and iv) tourism in the
94 southeast (Quaranta et al., 2004). Recently, other environmental pres-
95 sures were linked to the disposal of untreated or partially treated waste-
96 waters in the lagoon, mainly resulting from urban areas and villages
97 (Bloundi et al., 2009). In addition, this study identified the link between
98 mining industry and tracemetal enrichments in lagoon sediments, in ac-
99 cordance with previous similar researches (Bellucci et al., 2003; Águila
100 et al., 2004; González et al., 2007). This link was further confirmed by
101 the negative impact observed on bioindicators (Ruiz et al., 2005, 2006).

102Studies focusing on the lagoon contamination by organic pollutants
103are scarce. The few available were based on few locations along the
104Moroccan coastline and on different environmental matrices or contam-
105inants (Azdi et al., 2006; Bloundi et al., 2008; Er-Raioui et al., 2009; Piazza
106et al., 2009; Scarpato et al., 2010), but all agree in evidencing a situation
107of increasing contamination linked to anthropogenic activities.
108As final repositories ofmaterials coming from land, atmosphere, and
109overlaying water masses, sediments deposited under low-energy con-
110ditions are important in environmental studies as they give a trustwor-
111thy picture of both present and past situations (e.g., Frignani et al., 2004;
112Giuliani et al., 2011a; Bellucci et al., 2012). In addition, they provide in-
113formation on the chronology of contaminant inputs when conditions of
114low sediment perturbation are met.
115The principal aim of this paper was then to partially fill the gap rela-
116tive to organic contamination in the Nador Lagoon, and to recognize dif-
117ferent impacts affecting spatial and temporal distributions of chemicals
118in its sediments. The attention was focused on polychlorinated biphe-
119nyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs), as they are
120highly persistent in the environment and can represent a serious threat
121to human health and aquatic organisms.

1222. Study area

123The Nador Lagoon (Fig. 1) is the only lagoon ecosystem in the
124Moroccan coast facing the Mediterranean Sea. It covers an area of
125115 km2withwater depths from3 to 8m. It is separated into two basins
126by the Attalayoum peninsula, and is connected to the sea through the
127artificial Bokhana inlet (El-Alami et al., 1998).
128The lagoon is fed mainly by marine waters (Ruiz et al., 2006).
129Secondarily, it receives groundwaters from the Bou Areg Plain and by
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Fig. 1. Sampling sites in the Nador Lagoon. The most important human activities are indicated (Ruiz et al., 2006; González et al., 2007).
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130 intermittent flows from inland areas. The Selouane RiverQ4 is themost no-
131 table river and delivers large amounts of raw sewage (González et al.,
132 2007). Irrigation canals come from Nador, Ben Ansar and Kariat
133 Arkmane (Fig. 1). Once in the lagoon, internal currents move water in-
134 puts in an hourly sense (Ruiz et al., 2006).
135 Many anthropogenic point and diffuse active sources are present
136 along its shores. Their locations and typologies are reported in Fig. 1.
137 Further details can be found in the Supporting material.

138 3. Materials and methods

139 3.1. Sediment collection and subsampling

140 Sediment coreswere collected by a diver in June 2009, by inserting a
141 sharpened Plexiglas tube into the bottom. The four locations (Fig. 1)
142 were selected on the basis of water depths (Table S1 in the Supplemen-
143 tary material) and the surficial grain size distribution was reported by
144 El-Alami et al. (1998). In this way the sampling of fine sediment was
145 favoured, as silt and clay fractions are acknowledged to interact prefer-
146 entially with contaminants (Frignani et al., 2001; Ünlü and Alpar, 2006;
147 Bellucci et al., 2012; Gibbs et al., 2014). In addition, fine-grained mate-
148 rials deposited under low-energy conditions do not favour mixing and
149 resuspension and are more suited for retaining chronological informa-
150 tion (Cochran et al., 2005; Mendes et al., 2010; Bellucci et al., 2012).
151 The cores were extruded and sectioned into 1–4 cm intervals soon
152 after collection. Samples were stored in glass containers first at 4 °C
153 and then at−20 °C before the analysis, then freeze-dried. Cores Nad 1
154 and Nad 3 were analysed in detail, whereas measurements on cores
155 Nad 2 and Nad 4 were limited to the surficial (0–1 cm) layer
156 (Tables S3–6 in the Supplementary material, and Figs. 2–6).

157 3.2. Porosity, grain size and carbon content

158 Porosity was calculated from percent water content assuming a par-
159 ticle density of 2.5 g cm−3 and the formula reported by Berner (1971).

160Grain size analyses were carried out by wet sieving at 63 μm, to sep-
161arate sands, after a pre-treatmentwithH2O2. Fine contents (silt and clay)
162were determined as weight difference between total and sand.
163Percent total carbon (TC) and organic carbon (OC) were measured
164by a Shimadzu TOC-5050A Analyzer, coupled with a Solid Sample
165Module (SSM-5000A). OC was determined after elimination of carbon-
166ates by treatmentwith HCl in a glass capsule. Sampleswere then heated
167at 120 °C for 2 h and left overnight in an oven at 100 °C. The analyses
168were performed after the samples spent one day in a dryer.

1693.3. Radiotracers

170
210Pb was analysed via alpha spectrometry of its granddaughter

171
210Po, assuming secular equilibrium. 1.5–3 g of dry sediments was

172leached twice with hot 8 N HNO3 and H2O2. Extracts were brought to
173near dryness and treated with concentrated HCl to eliminate nitric
174ions. Finally, the residues were diluted with 1.5 N HCl, the iron was
175reduced with ascorbic acid and Po spontaneously plated overnight on
176silver disks. 209Po was added to the sediments at the beginning of
177the procedure, as internal standard and to account for all efficiencies
178(extraction, deposition and counting). Supported 210Pb (in equilibrium
179with 226Ra naturally present in sediments) was obtained from gamma
180counted activities of 214Pb. The excess 210Pb (210Pbex) was calculated
181by subtracting the supported fraction from the total (Bellucci et al.,
1822007).
183For 137Cs determinations, 5–10 g of dry sediments was put in stan-
184dard geometries and gamma counted. The accuracy was tested with re-
185spect to the IAEA river sediment certified standard and yielded 137Cs
186activities within 4.1% of certified value.

1873.4. PAHs and PCBs

188PAHs and PCBs were analysed on all surficial samples and on select-
189ed levels from cores Nad 1 and Nad 3, based on 210Pb results. A higher
190resolutionwas selected at the top core, thus favouring the identification
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191 of recent conditions and changes. One sample was selected at the base
192 of the 210Pb profile (i.e. where 210Pb activity starts to be in excess with
193 respect to the supported fraction), when an age of ~100 years B.P. is
194 reached. For Nad 1, one additional sample was selected at the core bot-
195 tom (45–48 cm), corresponding to sediments deposited prior to PCB
196 production.
197 Aliquots of about 3 ± 0.01 g of dry sediment were spiked with
198 known amounts of labelled compounds mixtures (3 13C-labelled PAHs
199 at 500 pg μL−1 and 21 13C-labelled PCBs at 40 pg μL−1) as internal stan-
200 dards. Isotope-labelled solutions (EC-1434, EC-1426, EC-4187, EC-4188,
201 EC-4189, CLM-2477, CLM-2722, CLM-3757, CLM-2451)were purchased
202 fromCIL (Cambridge Isotope Laboratories, Inc., Andover,Massachusetts,
203 USA). PAH and PCB native standard solutions (M-1668-A, PAH Mix
204 9) were acquired from Accustandard Inc. (New Haven, USA) and
205 Dr. Ehrenstorfer GmbH (Augsburg, Germany). The samples were then
206 extracted by means of Pressurized Liquid Extractor (PLE, FMS, Fluid
207 Management System Inc., Watertown, MA) equipped with stainless
208 steel cells, using dichloromethane/acetone (1:1 v/v) in the presence of
209 anhydrous sodium sulphate, diatomaceous earth and activated metallic
210 copper. Extractions were performed at 100 °C, 1500 psi with 2 static
211 cycles of 7 min. Clean-up was carried out by injecting samples onto a
212 disposable neutral silica column in an automated system (PowerPrep™,
213 FMS) and by eluting with 30 ml of n-hexane and 30 ml of 1:1 n-
214 hexane:dichloromethane, collected in a single fraction. Purified samples
215 were reduced to 100 μL under a gentle nitrogen flow at 23 °C (Turbovap
216 II®, Caliper Life Science, Hopkinton, MA, USA) and spiked with a known
217 amount of the recovery standard solution containing 13C-Chrysene
218 at 1000 pg μL−1 and 13C-PCB 47 and 13C-PCB 141 at 40 pg μL−1.
219 Determinations were made by HRGC-LRMS (7890A-5975C, Agilent

220Technologies). The gas chromatographic separation was carried out on
221a 60-m HP-5MS column (0.25 mm I.D., 0.25 μm; Agilent Technologies,
222Avondale, USA; see Table S2 in the Supplementary material). Quantifi-
223cation was achieved using internal standards and isotopic dilution.
224

13C-labelled Acenaphthene, Phenanthrene, and Benzo(a)pyrene were
225used to quantify PAHs, while a mixture containing all indicators and
226dioxin-like 13C-labelled compounds was used for PCBs. Results were
227corrected by applying the instrumental response factors obtained
228from standard solutions. Full analytical details on extraction, clean-up
229stage and instrumental analysis can be found in Piazza et al. (2013).
230All concentrations and activities were calculated on a dry weight basis.
231The following fifteen PAH congeners were quantified: acenaphthyl-
232ene (Ac), acenaphthene (Ace), fluorene (F), phenanthrene (Phe),
233anthracene (An), fluoranthene (Flu), pyrene (Py), benzo(a)anthracene
234(BaAn), chrysene (Ch), benzo(b)fluoranthene (BbFlu),
235benzo(k)fluoranthene (BkFlu), benzo(a)pyrene (BaPy),
236benzo(g,h,i)perylene (BghiPe), indeno(1,2,3,c,d)pyrene (IPy), and
237dibenzo(a,h)anthracene (DahAn). Naphthalene was not quantified be-
238cause its ubiquitary presence (Klotz et al., 2011) leads to very high ana-
239lytical errors.
240PCB total concentrations were calculated as the sum of 127
241congeners (107 chromatographic peaks), including the non-Aroclor
242CB-11: 3 monochlorobiphenyls (CB-1, -2, -3), 10 dichlorobiphenyls,
243(CB-10 + 4, -7 + 9, -6, -5 + 8, -11, -12, -15), 17 trichlorobiphenyls
244(CB-19, -18, -17, -24 + 27, -16 + 32, -34, -29, -26, -25, -31, -28,
245-20 + 33, -22, -37), 23 tetrachlorobiphenyls (CB-45, -46, -69, -52, -49,
246-47 + 48, -44, -42 + 59, -41 + 64 + 71, -40, -67, -63, -74, -70, -66,
247-56 + 60, -81, -77), 24 pentachlorobiphenyls (CB-104, -103, -93 + 95,
248-91, -92, -84 + 90 + 101, -99, -119, -83, -97, -87 + 115, -85, -110,
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249 -82, -107, -123, -118, -114, -105, -126), 22 hexachlorobiphenyls (CB-
250 136, -151, -135 + 144, -147, -149, -134, -131, -146, -153, -132, -141,
251 -137, -138 + 164, -158, -129, -128 + 167, -156, -157, -169), 17
252 heptachlorobiphenyls (CB-179, -176, -178, -187, -183, -185, -174,
253 -177, -171, -173, -172, -180, -193, -191, -170 + 190, -189),
254 7 octachlorobiphenyls (CB-197, -199, -196 + 203, -195, -194, -205),
255 3 nonachlorobiphenyls (CB-208, -207, -206) and CB-209. Calculated
256 concentrations for all congeners are reported in the Supporting
257 material.
258 Precision, measured as the standard deviation of replicated analyses
259 of the same sample, was always below10% for total PAHs and total PCBs.
260 It ranged from 7% to 21% for the PCB groups and from 0.4% (CB-183) to
261 25% (CB-84 + 101 + 90) when every single PCB congener was consid-
262 ered. Accuracy was estimated through repeated analyses of NIST 1941b
263 Reference Standard Material. Results were always within the certified
264 analytical uncertainty. For PAHs, 54% of the values were accurate within
265 1σ, 87% within 2σ. Procedural average recoveries were respectively
266 70 ± 11% for PCBs and 50 ± 8% for PAHs. Three procedural blanks

267were conducted during the analyses. Resulting detection limits, calcu-
268lated as three times the standard deviations of the background signal,
269were comprised between 0.11 ng (benzo(k)fluoranthene) and 7.7 ng
270(phenanthrene) for PAHs and 0.025 pg (PCB-12) and 136 pg (PCBs
27184 + 101 + 90) for PCBs.

2724. Results

2734.1. Sediment features

274Sediment porosities range from 0.56 to 0.81 (Figs. 2 and 3). Core
275trends for Nad 1 and Nad 3 show higher values at surface, as generally
276observed in recent unconsolidated layers. Values in Nad 1 remain
277quite constant (~0.77) between 1 and 22 cm depth, then decrease to
278~0.72 down to the core bottom, with an isolated peak of 0.76 at 39 cm
279depth (Fig. 3). Porosity trend along the sediment record of Nad 3 pre-
280sents a constant decrease from surface to 6 cm depth. Then values
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281 increase up to 0.76 at 7 cm depth, and remain constant around 0.60
282 from that depth down to the core bottom (Fig. 3).
283 The analysed sediments are predominantly fine grained (sand
284 content varies from 0 to 38%, Figs. 2 and 3), in agreement with previous
285 measurements (El-Alami et al., 1998). Nad 1 presents constant sand
286 contents around 2%, whereas Nad 3 is clearly separated in two parts:
287 themost surficial one (from0 to 7 cmdepth) is almost totally composed
288 by fine sediments (≥96%, Fig. 3), whereas the deeper layers are
289 characterised by sand contents averaging 31% (Fig. 3).
290 TC varies from 3.53 to 5.28% and trends along the core record of Nad
291 1 and Nad 3 are relatively constant (Figs. 2 and 3). OC percent content
292 ranges from a minimum of 0.71% to a maximum of 2.87% (Figs. 2 and
293 3). Downcore values are more scattered than TCs and present relative
294 minimaboth at the surface and at 22–33 cmdepth in core Nad1,where-
295 as the surficial 2 cm of core Nad 3 shows the highest values of the entire
296 sedimentary sequence (Figs. 2 and 3).
297 Depth profiles of 210Pb and 137Cs for cores Nad 1 and Nad 3 are
298 shown in Fig. 4, with the relative analytical errors. In core Nad 3 the
299 maximum 210Pb value is at surface (53.5 Bq kg−1), whereas Nad 1 dis-
300 plays its maximum at 5 cm depth (110 Bq kg−1). This is probably due
301 to post-depositional processes (such as bioturbation or physicalmixing)
302 that reworked the topmost layer of the core. Supported 210Pb is 20 and
303 11 Bq kg−1 in cores Nad 1 and Nad 3, respectively. 137Cs maxima are
304 located at 22 and 14 cm depth in Nad 1 and Nad 3, respectively.

305 4.2. PAHs

306 Total PAH concentrations (ng g−1) are shown in Fig. 2 for surficial
307 samples and in Fig. 3 for cores Nad 1 andNad 3. Valuesmeasured in sur-
308 ficial samples show a gradient from the northernmost site Nad 1
309 (108 ng g−1) to 2–4 (43–47 ng g−1) and 3 (22 ng g−1, Fig. 2).
310 Total PAHs in core Nad 1 are at their maximum at surface, but
311 relatively higher values are found also between 22 and 42 cm depth
312 (95–104 ng g−1, Fig. 3). Total PAHs in core Nad 3 are highest at 2 cm
313 depth (39.5 ng g−1, Fig. 3).
314 Table S3 in the Supporting material reports the concentration of
315 PAH congeners (ng g−1) in sediment cores and surficial samples.
316 Phenanthrene shows the highest concentrations in all analysed samples
317 (8.32–59.2 ng g−1), followed by fluoranthene and pyrene in core Nad 1
318 (bd.l.–14.6 and 1.19–15.2 ng g−1, respectively) and by acenaphthene in
319 core Nad 3 and sites Nad 2 and Nad 4 (b d.l.–9.11 ng g−1).
320 PAH concentrations as toxic equivalents (TEQs) were calculated as
321 specified in Table S3 in the Supporting material, using toxicity equiva-
322 lence factors reported by the United States Environmental Protection
323 Agency (US EPA, 1993). Values for TEQs are 1.46–8.41 ng g−1 in core
324 Nad 1, 1.18–2.34 ng g−1 in core Nad 3, 2.67 ng g−1 at site Nad 2 and
325 3.74 ng g−1 at site Nad 4, with higher values at site Nad 1.

326 4.3. PCBs

327 Total PCB concentrations (ng g−1) are shown in Fig. 2 for surficial
328 samples and in Fig. 3 for cores Nad 1 andNad 3. Valuesmeasured in sur-
329 ficial samples are higher at Nad 1 (21 ng g−1) then decrease South-
330 Eastward, passing from 13 ng g−1 at Nad 2 to 4.0 ng g−1 at Nad 4 and
331 2.5 ng g−1 at Nad 3 (Fig. 2). Core Nad 1 shows themaximum concentra-
332 tion at surface, whereas core Nad 3 presents the highest value in the
333 subsurficial layer, between 1 and 5 cm depth (8.5–9.4 ng g−1, Fig. 3).
334 Tables S4–6 in the Supporting material report the concentration
335 of PCB homologues in pg g−1. Cl-3s are the most important ones for
336 site Nad 2 and core Nad 1 (with the exception of layers 22–24 cm and
337 45–48 cm where Cl-4 congeners are dominant). Core Nad 3 is
338 characterised by a higher contribution of Cl-2s, while Cl-6 congeners
339 dominate at Nad 4.
340 PCB concentrations as TEQs were calculated as specified in
341 Tables S4–6 in the Supporting material, using toxicity equivalence fac-
342 tors reported by Van den Berg et al. (2006). Values for TEQs cover the

343interval 0.0045–15.8 pg g−1 in core Nad 1, 0–0.582 pg g−1 in core
344Nad 3, and are 1.59 and 0.212 pg g−1 at Nad 2 and Nad 4, respectively,
345with surficial values higher at sites Nad 1 and Nad 2.
346The Molar Dechlorination Product Ratio (MDPR) was calculated in
347order to detect possible PCB dechlorination processes in the sediments,
348as described in Liang et al. (2014). The ratio could not be calculated for
349most core levels in Nad 1 and at sites Nad 2 and Nad 4 because the se-
350lected PCB concentrations were below detection limits. Values for core
351Nad 3 varied from 0.002 to 0.357 (Tables S4–6 in the Supplementary
352material).
353Among non-Aroclor PCBs (CB-11, CB-206, CB-207, CB-208 and CB-
354209; Hu et al., 2011), only CB-11 was detected at significant levels
355(Tables S4–6 in the Supplementary material). Percent CB-11 contribu-
356tions to the total concentrations range from bd.l. to 26% in core Nad 1,
357from bd.l. to 34% in core Nad 3, and are 8% and bd.l at Nad 2 and. Nad
3584, respectively. Concentrations vary from bd.l. to 1.70 ng g−1 at Nad 1,
359from bd.l. to 1.77 ng g−1 at Nad 3, and are 1.03 and bd.l ng g−1 at
360Nad 2. and Nad 4, respectively (Figs. 2 and 3). No specific spatial and
361downcore trends are evidenced.

3625. Discussion

3635.1. Chronological framework and inputs of PAHs and PCBs to the Nador
364Lagoon

365Constant flux–constant sedimentation (CF–CS) was assumed
366(Robbins, 1978; Oldfield and Appleby, 1984) and the semilogarithmic
367plot of 210Pbex activities vs depth allowed the calculation of sediment ac-
368cumulation rates of 0.54 and 0.32 cm y−1 for cores Nad 1 and Nad 3, re-
369spectively (Fig. 4). These values are in accordance with the Constant
370Rate of Supply (CRS) average sedimentation rate of 0.50 cm y−1 deter-
371mined by Flower et al. (2009) in a sediment core collected near site Nad
3721. According to these rates, 137Cs peaks in cores Nad 1 and Nad 3 are lo-
373cated in sediment layers deposited in the early 1960s, in accordance
374with maximum fallout timing. In addition, the bases of 137Cs profiles
375date back to the mid 1940s, when nuclear bomb testings began. With
376these confirmations, 210Pb-based chronologywas applied to the profiles
377of porosity, sand content, TC, OC, total PAHs and total PCBs (Fig. 3).
378The porosity decrease between 20 and 40 cm depth in core Nad 1
379(Fig. 3) is then dated from the early 1930s to the mid 1960s. In the
380same period, lower values of OC and higher values of total PAHs are ob-
381served. Contemporary total PCBs are low and start to increase just at the
382end of this time window, in accordance with the period of maximum
383PCB use that peaked in the late 1960s (Aguilar and Borrell, 2005;
384Mugnai et al., 2011). The most recent sediment layers of core Nad 1
385(approximately from the beginning of the 21st century, Fig. 3) are
386characterised by constant increases of both PAH and PCB total concen-
387trations, with no evident correlation to grain size and carbon content
388(Fig. 3). The recent PCB increase is apparently in contrast with the pro-
389duction bans and use restrictions of the 1970–1980s (Frignani et al.,
3902001, 2004), but it must be specified that Morocco ratified the 2001
391Stockholm Convention on Persistent Organic Pollutants only in 2004
392(http://www.pops.int/documents/convtext/convtext_en.pdf). The ob-
393served increase could also be associated to PCB release from reservoirs
394or unconfined wastes (Tanabe, 1988; Weber et al., 2008). In addition,
395the uncontrolled disposal of old electrical appliances in landfills is one
396of themost important current sources (Giuliani et al., 2011b). Other fac-
397tors such as disturbances in the sediment core and/or delays on the pre-
398dicted emissions (Breivik et al., 2007) can play a role. A previous
399research carried out in the lagoon (Piazza et al., 2009) reported a total
400PCB surficial sediment value of 6.13 ng g−1. Rather surprisingly, the sur-
401ficial value measured in core Nad 1 is higher than those determined in
402the ports of Larache and Kenitra (Piazza et al., 2009) which, in turn,
403are similar to the concentration found at site Nad 2. The increase of
404PAH concentrations can be associated with natural or anthropogenic
405causes that will be discussed in the following section.
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406 Sediment core Nad 3 shows an abrupt change of sedimentary condi-
407 tions in the early 1980s: materials deposited from that time on are sig-
408 nificantly finer than older ones and are comparable to those found at
409 Nad 1. This means that the hydrodynamics in the area have recently de-
410 creased, thus enabling the accumulation of finer sediments. The pro-
411 gressive siltation of the Bokhana inlet (from the first dredging
412 activities in 1910 until its complete closure in 1977; Lefebvre et al.,
413 1997)might have reinforced local water circulation in the southern sec-
414 tor of the lagoon, thus promoting the accumulation of coarser sediments
415 prior to 1980s. The present-day low-energy setting is then the result of a
416 storm in 1981 (Lefebvre et al., 1997) that reopened the inlet, favouring
417 fine sediment deposition all over the lagoon. Neither carbon content nor
418 contaminant inputs seem to have been considerably affected by these
419 changes (Fig. 3). Both total PAH and total PCB concentrations peaked
420 in the late 1990s–early 2000s and are presently decreasing.

421 5.2. Sources of PAHs and PCBs in the Nador Lagoon

422 Surficial values of PAH and PCB are higher at Nad 1 than at all other
423 sampled locations (Fig. 2). This confirms that site Nad 1 is influenced by
424 the numerous different nearby anthropogenic sources (Fig. 1), such as
425 urban sewage, wastewaters, mining and fisheries–aquaculture activi-
426 ties. In addition, the higher water depth at this location (~5 m, see
427 Table S1 in the Supporting material) might have favoured the accumu-
428 lation of both sediment and chemicals, thus partly explaining the lower
429 concentrations measured in the nearby shallower site Nad 2.

430 5.2.1. PAHs
431 Diagnostic ratios for selected PAHgroups are used to determine their
432 origin (Tobiszewski and Namiesnik, 2012). Petrogenic PAHs (mainly
433 from oil or carbon spills) are characterised by a predominance of low
434 molecular weight (i.e.,. those with 2–3 benzene rings) and alkylated
435 congeners. Conversely, heavier PAHs originate from high- or low-
436 temperature pyrogenic inputs from natural or anthropogenic sources
437 (Nielsen et al., 1995). The ΣLMW/ΣHMW and ΣCOMB/ΣPAH ratios
438 (Fig. 5a) can thus indicate themain contribution to PAHs in the samples.
439 Further information relative to PAH sources can be derived from diag-
440 nostic ratios between pairs of congeners with the same molecular
441 mass but with different thermodynamic stability (Tobiszewski and
442 Namiesnik, 2012). Fluoranthene and pyrene, for example, both have
443 a molecular mass of 202 but very different stability and therefore
444 may discriminate between different pyrogenic sources (Fig. 5a).
445 Indeno(1,2,3-cd)pyrene and benzo(g,h,i)perylene (molecular mass
446 276) are used to identify the same processes (Tobiszewski and
447 Namiesnik, 2012).
448 PAHs in most samples originate from petrogenic sources (Fig. 5a).
449 Exceptions are the surficial sediment at Nad 4 and the layer between
450 22 and 42 cm depth in core Nad 1, where PAH assemblages derive
451 from combustion. This means that between the early 1930s and mid
452 1960s, PAHs reaching site Nad 1 originated mainly from high-
453 temperature pyrogenic inputs, prevalently from grass, wood and coal
454 matrices, as diagnosed by Flu/(Flu + Py) and IPy/(IPy + BghiPe) ratios
455 (Fig. 5a). This input was not irrelevant, since PAH concentrations were
456 similar to those detected in the most recent sediment layer (Fig. 3).
457 The combustion of organic matrices might be confirmed also by the
458 lower OC content detected in the same period (Fig. 3). Indeed, fires con-
459 vert continental biomass and detrital carbon mainly to gaseous forms
460 (CO2 and smaller proportions of CO and CH4; Preston and Schmidt,
461 2006), thus reducing OC inputs to aquatic environments. However,
462 the lack of measurements of pyrogenic carbon (mainly represented by
463 solid charred residues and a black carbon fraction that is resistant to
464 laboratory oxidation; Preston and Schmidt, 2006) in sediments, and
465 the absence of a significant correlation between total PAHs and
466 (Table 1) hinder the confirmation of this hypothesis.
467 Petrogenic PAH assemblages characterise the other samples
468 (Fig. 5a). No significant resemblance with the average composition of

469different kinds of oil extractedworldwide is observed: the Cluster Anal-
470ysis (CA), performed on percent composition of selected PAHs (F, Phe,
471Flu, Py, BaAn and Ch, see Table S7 in the Supplementary material) and
472reported as CA 1 in Fig. 5b, shows a clear separation between the
473Nador Lagoon sediment samples and reference black oils. Refined oil
474products used in the area (e.g. diesels and gasolines) are probably re-
475sponsible for PAH petrogenic assemblages in these sediments, but refer-
476ence data are missing. Moreover, post-depositional degradation
477processes may have significantly changed the patterns with respect to
478the original composition.
479Fig. 5b reports the results of the CA (CA 2) performed only on sedi-
480ments from the Nador Lagoon. In this way, similarities/dissimilarities
481among samples could be better resolved. Indeed, the results of CA 2
482agree with diagnostic ratios, and evidence the differences between the
483Nad 1 sedimentary level between 22 and 42 cm (cluster II, Fig. 5b)
484and the remainder of the core. Samples belonging to cluster II are char-
485acterized by a higher contribution of heavier congeners and present the
486lowest percentages of Phe (Table S8 in the Supplementary material). In
487addition, cores Nad 3 and Nad 1 generally belong to two separate clus-
488ters (III and IV, Fig. 5b) characterised by different contributions of Ace
489(1.4–12% in III, and bd.l. in IV, Table S8 in the Supplementary material).
490The two clusters probably reflect the different anthropogenic impacts
491across the two sites (i.e. prevalently urban/industrial for Nad 1 and ag-
492ricultural for Nad 3, Fig. 1). Cluster I (Fig. 5b) is composed by the two
493sedimentary levels that show the highest Ace contributions in core
494Nad 3 (22–24%, Table S8 in the Supplementary material).
495Results of the Principal Component Analysis (PCA) performed on the
496same dataset of CA 2 (Fig. 5b) agree with the clustering and provide de-
497tails relative to factors controlling PAH inputs to sediments of the Nador
498Lagoon (Table S10 in the Supplementary material): i) Factor 1 (44% of
499observed differences; Fig. 5b) separates samples of cluster II from the
500rest and is controlled prevalently by high weight congeners, ii) Ace
501and Phe variations are crucial for Factor 2 (18% of observed differences;
502Fig. 5b) that separates clusters I, III and IV.

5035.2.2. PCBs
504PCBswere used in the past in hundreds of industrial and commercial
505applications (Frame et al., 1996). Regarding not-industrial sources, sig-
506nificant PCB emissions were measured from domestic combustion
507(Gullett et al., 2003), while natural combustion processes were consid-
508ered responsible for PCB presence in sediments deposited prior to the
509onset of production (Ruiz-Fernández et al., 2012). In this case, a strong
510significant correlation between total PCB concentrations and OC con-
511tents was observed (Ruiz-Fernández et al., 2012). No such correlation
512is detected in the Nador Lagoon (r = 0.46 at p b 0.05, Table 1), and,
513more notably, the depth profile is consistent to the chronology of inputs
514(see Section 5.1). Therefore, the most plausible source of PCBs in this
515area is still anthropogenic and related to industrial production.
516Similarly to total PCBs, CB-11 concentrations in the Nador Lagoon
517display no significant correlations with sediment features (r values
518ranging from −0.23 to 0.15 at p b 0.05, Table 1). Its presence is then
519to be linked to specific anthropogenic sources, such as those using pig-
520ments or dyes (Rodenburg et al., 2010; Romano et al., 2013). Relatively

t1:1Table 1
t1:2Product moment correlations between standardizeda sediment parameters (porosity,
t1:3sand content, TC and OC) and analysed chemicals (total PAHs, total PCBs and CB-11, as
t1:4ng g−1). Bold values are significant at p b 0.05.

t1:5Porosity Sand TC OC PAH PCBs

t1:6Sand −0.82
t1:7TC −0.26 0.68
t1:8OC 0.73 −0.56 −0.12
t1:9PAHs 0.41 −0.45 −0.38 0.38
t1:10PCBs 0.49 −0.36 0.06 0.46 0.65
t1:11CBn11 −0.23 0.14 −0.04 0.15 −0.04 −0.11

t1:12a Computed as Std. Score = (raw score− mean) / Std. deviation.
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521 high levels of CB-11 at depths corresponding to the early 1940s in Nad 3
522 (Fig. 3) could identify consistent direct inputs at that time that should be
523 further investigated. As for the remaining PCB congeners, it is a well-
524 established practice to compare the PCB composition in environmental
525 samples to commercial mixtures, usually Aroclors, in order to evaluate
526 the most relevant human sources (e.g. Fava et al., 2003; Frignani et al.,
527 2004; Piazza et al., 2009; Liang et al., 2014). The CA shown in Fig. 6a
528 was then performed on percent composition of PCB homologues in
529 the analysed samples of the Nador Lagoon and in the most widely
530 used Aroclor mixtures (Frame et al., 1996; see Table S9 in the Supple-
531 mentary material). Fenoclor mixtures produced in France were similar
532 to Aroclors (Erickson, 1997), therefore they are associated in Table S9
533 in the Supplementary material. Non-Aroclor CB-11 was excluded from
534 the analysis, since its presence would lead to an overestimation of the
535 relevance of Cl-2s. Five clusters are well evidenced in Fig. 6a and, with
536 the exception of clusters II and III, each is characterised by the resem-
537 blance between lagoon sediments and specific Aroclormixtures: cluster
538 I groups closely together the highly chlorinated Aroclors 1260 and 1262
539 with Nad 4 surficial sediment (prevalence of Cl-6 and -7, Table S9 in the
540 Supplementary material); cluster IV links the surficial level of core Nad
541 3, and the deepest (45–48 cm) and intermediate (22–24 cm) levels of
542 core Nad 1 to Aroclor 1248 (dominance of Cl-4); cluster V includes all
543 remaining levels of core Nad 1, Nad 2 surficial sediment, and Aroclors
544 1016 and 1242 (majority of Cl-3). Sediments from 1 to 24 cm depth in
545 core Nad 3 (cluster III, Fig. 6a) do not display any resemblance to the
546 considered Aroclor mixtures, since they are characterized by the preva-
547 lence of Cl-2s (Fig. 6a). This sedimentary level corresponds to the period
548 spanning from early 1940s to early 2000s (Figs. 2 and 3), when PCB pro-
549 duction was still allowed all over the world (until 1980s) or not yet re-
550 stricted in Morocco (from 2004, Aguilar and Borrell, 2005).
551 Differences with commercial mixtures might be explained by a se-
552 ries of factors, likely linked to multiple inputs, selective fractionation
553 from long-range atmospheric transport, and post-depositional process-
554 es (such asmicrobial anaerobic dechlorination). Indeed, selective trans-
555 port and enhanced degradationwould act inmodifying the original PCB
556 assemblage, and information about sourceswould be progressively lost.
557 In order to evaluate the magnitude of natural PCB degradation through
558 microbial dechlorination processes in core sediments, the MDPR was
559 used (Tables S4–6 in the Supplementary material) as indicated by
560 Liang et al. (2014). It is assumed that anaerobic dechlorination preferen-
561 tially removes chlorines at para- andmeta-positions, resulting in the en-
562 richment of ortho-chlorinated congeners (Fava et al., 2003). Therefore
563 five exclusively ortho-chlorinated PCBs (CB-1, -4, -10, -19, -54) and
564 CB-8 were selected to identify the ultimate dechlorination products
565 (Liang et al., 2014). The ratio of the sum of their concentrations over
566 total PCB concentrations is named MDPR. For the majority of analysed
567 samples, the MDPR could not be calculated because the selected conge-
568 ners were below detection limits or showed low concentrations
569 (Tables S4–6 in the Supplementary material). This proves that PCB
570 degrading processes are not significant in these sediments, as expected
571 in surficial sediments that represent recent not-degraded inputs. It is in-
572 teresting to notice that deeper samples with no evidence of anaerobic
573 dechlorination show some resemblance with Aroclor commercial mix-
574 tures (Fig. 6a). For these samples, the effect of selective atmospheric
575 transport (that favours the accumulation of lighter congeners in
576 sediments; Giuliani et al., 2011b) can be important.
577 The only indications of anaerobic dechlorination are evidenced
578 by Nad 3 sediments deposited in the period ranging between the
579 late 1940s and the mid 1990s (MDPR ranging from 0.244 to 0.357,
580 Tables 4–6 in the Supplementary material), grouped in cluster III by
581 the CA (Fig. 6a). Interestingly, in that period CB-11 also presents a
582 clear decrease from higher concentrations in the late 1940s to lower
583 levels in more recent times (Fig. 3), as if some aerobic degradation
584 (Rodenburg et al., 2010) of this congener had contemporarily occurred.
585 Unfortunately, these results are not sufficient to clarify whether
586 degrading processes (in that period and at that location) might have

587been triggered by hydrodynamic changes, evidenced by sand content
588profiles (see Section 5.1), or are linked to other causes. However, they
589helped us recognize that the importance of mixed contribution by dif-
590ferent PCB inputs is evident only in the deepest/oldest sedimentary
591level of core Nad 3.
592The PCA reported in Fig. 6bwas performed on the same dataset used
593for the CA (see Table S9 in the Supplementarymaterial) and confirms its
594results. In addition, the PCA presents more prominent evidences that
595the observed differences between cores Nad 1 and Nad 3 are guided
596prevalently by varying percentages of Cl-2, that is themajor contributor
597to Factor 2 (Table S10 in the Supplementarymaterial), explaining 20% of
598the observed differences (Fig. 6b).

5995.3. Potential toxicity of Nador Lagoon sediments due to PAHs and PCBs

600PAH levels in the lagoon (21.6–108 ng g−1, average value
60151.9 ng g−1, Table 2) are rather low when compared with those found
602elsewhere (Table 2). They are also lower than internationally accepted
603sediment quality guidelines (e.g., consensus-based TEC and PEC;
604Ingersoll et al., 2000). In addition, total PAHs as TEQs (Table S2 in the
605Supplementary material) are much lower (up to three orders of magni-
606tude) when compared to impacted areas (e.g. Aryal et al., 2013;
607Nekhavhambe et al., 2014; Dong et al., 2014).
608PCB total values in the lagoon ranging from 2.50 to 20.7 ng g−1

609(average value 9.17 ng g−1, Table 2) can be similarly considered rather
610low when compared to impacted places and similar to average concen-
611trations of other coastal lagoons. ThemaximumPCB value is well below
612the consensus-based TEC of 59.8 ng g−1 (Ingersoll et al., 2000). TEQ
613values (bd.l.−15.8 pgTEQ g−1, average 1.29 pgTEQ g−1, Tables S3–5
614in the Supplementary material) are comparable to those characteristic
615of low-impacted areas (Kumar et al., 2013; Dodoo et al., 2012). Relative-
616ly little is known about the toxicity of CB-11: as it is not substituted in
617the ortho-positions, it may exhibit dioxin-like toxicity (Rodenburg
618et al., 2010). However, measured concentrations in the Nador Lagoon
619are similar to those detected in other low impacted areas (Romano
620et al., 2013; Guo et al., 2014) and well below the limit of 50 ng g−1 set
621by the EU Directive 89/677/EEC for PCBs in pigments.
622These data are consistentwith the idea that PAH and PCB concentra-
623tions measured in sediments of the Nador Lagoon are safe for humans
624and biota. However, these contaminants present high persistence in
625the environment, liposolubility, and carcinogenic characteristics
626(Nielsen et al., 1995; Erickson, 1997) that require a constant and contin-
627uous monitoring. In addition, PAHs and PCBs can also biomagnificate
628and adverse effects related to co-contaminated sediments are poorly
629known.

6306. Conclusions

631Results of thiswork agreewith previous studies onMoroccan coastal
632areas and testify a low degree of contamination by PAHs and PCBs in
633sediments of the Nador Lagoon. Total concentrations (both as ng g−1

634and TEQs) are higher in sites located near the city of Nador and are

t2:1Table 2
t2:2Comparison of PAH and PCB maximum, minimum and average values measured in sedi-
t2:3ments of the Nador Lagoon with similar estimates in other parts of the world (Giuliani
t2:4et al., 2008, 2011b). Values are in ng g−1. Total PAHs are calculated as the sum of 16 US-
t2:5EPA priority pollutants. Total PCBs are defined by different assemblages, from 3 to 8 Cl-
t2:6substituted congeners. Details relative to sampling locations are reported in the
t2:7Supplementary material.

t2:8PAHs PCBs

t2:9Max Min Avg Max Min Avg

t2:10This paper 108 21.6 51.9 20.7 2.50 9.17
t2:11Lagoons 1009 84.4 389 31.8 1.80 15.0
t2:12Coastal areas 1311 50.0 475 244 2.20 78.7
t2:13Polluted areas 271,801 4300 103,676 7690 200 2343
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635 presently increasing. These factors account for the higher impact of
636 urban areas and surrounding industrial sites compared to agricultural
637 activities located in the South-Western part of the lagoon. Indeed, the
638 different activities present along the lagoon borders (i.e. urban and in-
639 dustrial sites vs agricultural and touristic areas) seem to control the
640 level and composition of PAH and PCB assemblages measured in the
641 sediment.
642 The combined study of sediment chronology and source apportion-
643 ment evidences different inputs and post-depositional processes con-
644 trolling the two classes of contaminants: i) PAHs show a predominant
645 petrogenic origin all over the lagoon, with the exception of sediments
646 deposited between the early 1930s and the mid 1960s near the city of
647 Nador, when important pyrogenic inputs are observed. The combustion
648 was prevalently of natural matrices (i.e. grass, wood and coal) defining
649 the relevance of natural or man-made fires impacting the area at that
650 time; ii) PCBs show greater similarities to commercial Aroclor mixtures
651 in recent sediments or near the most important industrial sites, while
652 some evident signs of microbial anaerobical degradation are present
653 in the locationwhere agricultural inputs are prevalent. Indeed, PCB deg-
654 radation is detected in sediments dating from the mid 1950s to the mid
655 1990s, likely linked to hydrodynamic changes triggered by the progres-
656 sive closure and successive abrupt opening of the Bokhana inlet. The ef-
657 fect of selective fractionation from long-range atmospheric transport
658 can also not be ruled out.
659 CB-11 has been analysed for the first time in the Nador Lagoon, and
660 results suggest the relevance of specific input sources likely connected
661 to pigment use and production.
662 Results of this research represent a good starting point for the study
663 of contaminants' origin and levels in the Nador Lagoon, but future
664 monitoring programmes should include more sampling sites and
665 the analysis of specific materials that could represent well defined in-
666 puts. In addition, other classes of contaminants have to be considered
667 (i.e. pesticides used in agriculture).
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