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Abstract
The Kadicha river basin in Northern Lebanon is an illustrative example of multiple pressures encountered in the
Mediterranean region: it is a small coastal river affected by rapid urbanization, population growth (drastically
impacted by the in�ux of Syrian refugees), and a chronic default of wastewater treatment. In this context,
multiple classes of contaminants may attain the river accumulating in sediment. However, very little information
is available in the literature on the contamination status in such stressed Mediterranean contexts. This study
proposed a �rst contamination evaluation of a small Mediterranean river submitted to multiple pressures. Two
sediment sampling campaigns along sites impacted by increasing urban gradient within the Kadicha river basin
were performed to determine the occurrence and the environmental risks of both emerging and legacy
contaminants. The results revealed the detection of the 41 studied compounds. The highest concentrations were
attained by PAHs and polycyclic musks (up to 311.79, 94.22, and 81.13 ng/g of dry weight for PAH, cashmeran,
and galaxolide, respectively). The discontinuous urbanized upstream area and the estuary were the most
contaminated areas of the river. An environmental risk assessment showed a hazard quotient (HQ) higher than 1
for both legacy and emerging compounds (EHMC and 4-MBC), indicating a potential risk to benthic species.
Monitoring campaigns and implementation of wastewater treatment plants should be encouraged as the
anthropogenic pressure on small Mediterranean rivers will increase over the years.

Highlights
First comparative study between legacy and emerging contaminants in terms of occurrence and potential
risks in a Lebanese watershed.

Polycyclic aromatic hydrocarbons and polycyclic musks (cashmeran and galaxolide) were detected at the
highest concentrations in sediments.

Anthropogenic activities were the major sources of inputs of legacy and emerging contaminants (e.g.,
discharge of wastewaters and leachates, vehicle transport).

The risk assessment indicates that both legacy and emerging contaminants pose potential risks for benthic
species.

Introduction
The Mediterranean basin region has been affected for millennia by human activities. Today, the Mediterranean
basin suffers from disturbances derived from agriculture, livestock, industrial practices, and human population
growth. Anthropogenic activities within the Mediterranean rivers' watersheds have resulted in changes in �uvial
geomorphology, organic matter dynamics, and increases in pollution and salinity (Cooper et al., 2013). The large
rivers constitute the major contributors to pollution input into the sea (Ludwig and Probst, 1998; Roy et al., 1999;
Abril et al., 2002). However, small Mediterranean rivers contribute to the pollution, especially where population
density is high, causing environmental and health risks in river watersheds and bringing to the sea the
contamination occurring in the coastal area (Kolpin et al., 2004; Nicolau et al., 2012). All these anthropogenic
activities within small Mediterranean watersheds were associated with the releasing of different pollutants,
known as persistent organic pollutants (POPs) and emerging pollutants. Historically, POPs (e.g. polycyclic
aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)) have been monitored and regulated in
most parts of the world for the last decades, that’s why they are referred to as “legacy contaminants” (Jones and
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De Voogt, 1999; Lohmann et al., 2007). Other contaminants are still little or not regulated and not included in
routine monitoring programs (Pintado-Herrera et al., 2016). These contaminants referred to as “emerging
contaminants” include personal care products (PCP) (e.g. ultraviolet �lters and stabilizers and fragrances),
insecticides (pyrethroids), biocides, and surfactants (alkylphenols (APs)). However, some emerging
contaminants are regulated for future prioritization exercises: the watch list of the European Union Decision
2015/495/ EU identi�es an organic ultraviolet �lter (2-ethyl-hexyl-4-trimethoxycinnamate, (EHMC)) among
priority substances; the Directive 2013/39 / EU includes a pyrethroid (cypermethrin) as a priority substance; and
the water framework directive of the European Parliament 2008/105 / EC, establishing environmental quality
standards in the �eld of water policy, identi�es APs (nonylphenols and octylphenols) as hazardous substances
considered as priority substances.

The cited legacy and emerging substances are released in small Mediterranean rivers: PAHs and PCBs enter the
aquatic environment through industrial wastewater discharge, urban runoff, and atmospheric deposition (Maher
and Aislabie, 1992; Totten et al., 2006; Barbosa et al., 2012; Liu et al., 2015). Emerging substances such as
ultraviolet �lters and stabilizers (UVFs and UVSs), fragrances such as polycyclic musks (PCMs), antimicrobials,
and alkylphenols enter surface waters through domestic wastewater e�uents and land�ll leachates (Ying et al.,
2002; Giokas et al., 2007; Wang and Kelly, 2017). Moreover, PCMs are semi-volatile compounds that can enter
surface waters after long-term atmospheric transport (Peck and Hornbuckle, 2004; Peck et al., 2006). Pyrethroids
in insecticides used for agricultural and residential pest control enter the aquatic environment through dry and
wet deposition processes, and residential and agricultural runoff (Majewski et al., 1998; Chalányová et al., 2006;
Weston et al., 2009).

Once released into the river environment, the aforementioned legacy and emerging contaminants accumulate
into the sediment considered as a sink for these pollutants due to their low solubility and high octanol-water
partition coe�cient (log Kow) (Zhao et al., 2010; Li et al., 2014; Goswami et al., 2016). Accumulation of legacy
and emerging contaminants in sediment may pose risks for wildlife especially for benthic species because these
chemicals can be bio-accumulative in organisms and even be bio- transferable in food chains (Jones and De
Voogt, 1999; Peng et al., 2017). Also, PAHs and PCBs present a risk to human health and the ecosystems due to
their carcinogenic potential (Sindermann, 2005). Some emerging contaminants (UVFs EHMC and 4-MBC) are
endocrine disruptors with antiandrogenic and antiestrogenic effects (Balázs et al., 2016). Despite these different
potential risks associated with legacy and emerging contaminants, few studies have focused on the assessment
of small Mediterranean rivers situation, especially in the eastern Mediterranean. Few studies have been
conducted on the occurrence of POPs and emerging contaminants in Lebanese riverine sediments (Thomas et
al., 2005; Amine et al., 2012; Amine et al., 2018a; Amine et al., 2018b). Comparatives studies between the
occurrence of PAHs, UVFs, and APs within transition zones of small Mediterranean rivers in Northern Lebanon, El
Kebir, El Bared, and Kadicha rivers, pointed out that the highest levels of the studied contaminants were within
the Kadicha river (Amine et al., 2012; Amine et al., 2018a; Amine et al., 2018b). The presence of such
contamination shows that the Kadicha river presents the most signi�cant anthropogenic pressure compared to
the other two rivers.

While some legacy contaminants have been banned from production, the usage of emerging contaminants has
increased signi�cantly in recent years. This has led to an emerging scienti�c problem on how emerging
contaminants contribute to the pollution of aquatic environments and the evolution of toxicity for living
organisms compared to legacy contaminants. This question deserved to be addressed in small Mediterranean
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rivers. Moreover, to the best of our knowledge, there is not any comparative study between legacy and emerging
contaminants in terms of occurrence and potential risks in Lebanon. Furthermore, emerging contaminants are
not part of monitoring programs and surveys in Lebanon. Thus, occurrence data for these contaminants in this
country are lacking. In this context, the objectives of the present study were: i) to determine the distribution,
composition, sources, and pollution levels of selected emerging and legacy contaminants in the Kadicha river
basin, and ii) to discuss their potential toxicological impacts on the local environment.

Materials And Methods

Reagents and standards
The compounds selected for the study were 41 organic pollutants belonging to eight different classes:
Pyrethroids, UVFs, UVSs, PCMs, biocides,  APs, PAHs, and PCBs. The pyrethroids were: bifenthrine (BIF),
cypermethrin (CYP), deltamethrin (DELT), and permethrin (PER) (purchased from Sigma-Aldrich (USA)). The 5
UVFs were: EHMC, octocrylene (OC), octyldimethyl p-amino benzoic acid (ODPABA), 4-methylbenzylidene
camphor (4-MBC) (purchased from Sigma-Aldrich Merck Fluka), and 2-ethylhexylsalicylate (EHS) (purchased
from ChemCruz). The UVSs were: 2-tert-butyl-6-(5-chloro-2H-benzotriazol-2-yl)-4-methylphenol (UV-326) and 2-(2-
hydroxy-5-methylphenyl)benzotriazole (UV-P) (purchased from Sigma-Adrich, Merck, Fluka). The PCMs were:
galaxolide (HHCB), celestolide (ADBI), cashmeran (DPMI), tonalide (AHTN) (purchased from Sigma-Adrich,
Merck, Fluka), and tetramethyl acetyloctahydronaphthalene (OTNE) (obtained from Santa Cruz (USA)). The APs
were: 4n-nonylphenol (4n-NP) (purchased from Sigma-Aldrich (St Quentin Fallavier, France)) and 4-tert-
octylphenol (4-t-OP) (purchased from Cluzeau (Courbevoie, France)). The 2 biocides, irgarol (purchased from
chemCruz) and methyl triclosan (MTCS) (purchased from Sigma-Aldrich). The 16 PAHs set as priority pollutants
by the United States Environmental Protection Agency (United States Environmental Protection Agency (EPA),
2001) were: naphthalene (Naph), acenaphthylene (Acy), acenaphthene (Ace), �uorene (Flu), phenanthrene (Phe),
anthracene (Ant), �uoranthene (Flt), pyrene (Pyr), benzo[a]anthracene (BaA), chrysene (Chr),
benzo[b]�uoranthene (BbF), benzo[k]�uoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (Ind),
dibenz[a,h]anthracene (DahA), and benzo[g,h,i]perylene (BghiP). PAHs were obtained as a set of a mixed
standard solution in cyclohexane at 10 ng/µL from Dr. Ehrenstorfer, GmbH. The PCBs were: PCB 52, PCB 101,
PCB 153, PCB 138 and PCB 180. They were obtained as a set of a mixed solution in isooctane at 10 ng/µL from
Sigma-Aldrich (St Quentin Fallavier, France). In addition, the following substances were used as surrogate
standards: Acenaphthene-d10, Phenanthrene-d10, Chrysene-d12 (purchased from Supelco), 4-MBC-d4, and 4-n-
NP-2,3,5,6-D4-OD (purchased from Cluzeau, Courbevoie, France). PCB 30, purchased from Dr. Ehrenstorfer,
GmbH, was used as an internal standard. All the molecules were purchased at the analytical level (purity > 90%).
Analytical grade heptane, ethanol, and methanol were supplied by Carlo Erba (Val de Reuil, France).

Standard solutions of individual compounds were prepared at a concentration of 1mg/mL. All standard
solutions were stocked at -20°C. Working solutions were prepared by appropriate dilution of the stock solution in
heptane.

Diatomaceous earth used as a dispersing agent and neutral alumina and copper used as sorbents for sample
clean-up were all purchased from Sigma-Aldrich (St Louis, USA). Gloves were worn during all the sampling
preparation to avoid contamination at low levels.
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Study area and sampling
The Kadicha river in north Lebanon also known as “Abou Ali” is a small Mediterranean river affected by rapid
urbanization and population growth. The river land use watershed is representative of modern anthropization in
most of the Mediterranean rivers: mixing urban, discontinuous urban, and rural areas with agricultural,
recreational activities and small industrial facilities. The residential wastewaters are discharged directly to the
�ood channel without prior treatment (Naja and Volesky, 2013). Besides, an open area dumpsite at the estuary
of the river receiving urban solid waste releases approximately 24 000 metric tons of leachate per year in the
estuary (or the lower part) of the river  (Naja and Volesky, 2013). Recently, the downstream of this watershed
have shown a population growth after the arrival of Syrian refugees (AEMS, 2017) which may lead to an
increase in anthropogenic pressure.

The Kadicha river is characterized by a Mediterranean climate with a moderately warm and dry summer and
autumn, and moderately cold, windy, and wet winters with almost 80–90% of total precipitation occurring
between November and March (Massoud et al., 2006). The Kadicha river �ows into the Mediterranean Sea, with
a basin draining a total of 484 km2 (SOER, 2001). The river basin has a length of 44.5 km and an average
annual discharge of 262 million m3 (SOER, 2001). The sampling sites are presented in Figure 1. The land use of
the river basin mapped out using the QGIS software showed that the upstream of the river is dominated by
agricultural surfaces with some discontinuous urban tissues while the downstream is mainly urbanized. The
river's waters are mainly used for domestic supply, hydroelectric production, irrigation, and recreational activities.
Groundwater is the main source of drinking water for residents within the basin.

Twelve sampling sites were selected to realize the possible compromise between representativeness of
potentially polluted sites and operational feasibility. The selected sites are described in Table 1 in terms of
geographic location and anthropogenic pressures. Three sites (Koussba (Ks), Bshennine (Bs), and Bkeftine (Bk))
were in the rural upstream area designated RU. Four sites (Meryata (Myt), Ardeh (Ar), Al Merdechyeh (Mr), and
Zgharta (Zgh)) were in the discontinuous urbanized upstream area designated DUU. These 2 areas are
in�uenced by agricultural activities with DUU area gathering a higher density of population than RU area (Table
1). Five sites were in the coastal plain occupied by the city of Tripoli: 3 sites (Abou Samra (T-Ab1 and T-Ab2) and
Al Marjeh (T-Mj)) in the urbanized downstream area designated UD and 2 sites (EAA-1 and EAA-2) in the estuary
designated EST. Tripoli is highly urbanized with a population estimated to 500000 inhabitants (UNEP, 2009).
This population has increased after the Syrian crisis. According to UNHCR, the number of Syrian refugees in
Tripoli registered as of 30 June 2016, including 7 percent of non-registered displaced Syrians living in informal
settlements, reached 52350 (or 13644 families) (AEMS, 2017). The sewage of Tripoli city is discharged into
surface water streams or directly through short sea outfalls without prior treatment (Naja and Volesky, 2013).
The population density at each sampling site was estimated according to the site Population Data.net
(https://www.populationdata.net/cartes/liban-densite-2004/).

Table 1

 Characteristics and land use context of the 12 sampling sites RU Rural Upstream, DUU Discontinuous Urbanized
Upstream, UD Urbanized Downstream, and EST Estuary.
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Site Code Zone

GPS
coordinates

Anthropogenic activities Population
density
(inhabitants/Km2)

Urban pressure

Koussba Ks RU

34°18’22.72’’N
35˚51’50.09’’E

agricultural and recreational activities -  no
direct discharge

100 - 250

No pressure

Bshennine Bs RU

34°20’25,69’’N
35°51’18,24’’E

agricultural and farm activities - direct
discharge of waste of a pig farm

100 - 250

No pressure

Bkeftine Bk RU

34°23’58.03’’N
35°52’20.57’’E

agricultural activities - open area dumpsite 250 - 500

No pressure

Meryata

 

Myt DUU

34˚24'43.33''N
35˚55'46.31''E

agricultural activities - direct discharge of
collected olive mill e�uent and sewers

500 -1000 

Low

Ardeh Ar DUU

34˚24'10.21''N
35˚54'32.56''E

direct discharge of collected sewers from
villages upstream: Ardeh, HarfArdeh,
Hewarah, and Echech

500 - 1000

Low

Al
Merdechyeh

Mr DUU

34˚24’2.8’’N
35˚54’3.28’’E

recreational activities -  direct discharge
from restaurants

500 - 1000

Low

Zgharta Zgh DUU

34°24’14.21’’N
35°53’14.23’’E

agricultural activities - direct discharge of
residential wastewater

1000 - 2500

High

Tripoli Abou
Samra

T-
Ab2

UD

34°25’9.81’’N
35°51’21.25’’E

direct discharge of wastewater of the
residents

1000 – 2500*

High

Tripoli Al
Marjeh

T-Mj UD

34°25’46’’N
35°50’55.17’’E

direct discharge of wastewater of the
residents

1000 – 2500*

High

Estuary EAA-
1

EST

34°27’21.26’’N
35°50’29.6’’E

direct discharge of leachate generated by
the open dump area

2500 - 5000

Very high

Estuary EAA-
2

EST

34°27’28’.67’’N
35°50’28.29’’E

direct discharge of leachate generated by
the open dump area

2500 - 5000

Very high
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Surface sediments (0-20 cm) were collected for 3 days in February 2017 (the mid of the wet season) and
September 2017 (the end of the dry season) following the Aquaref methods (AQUAREF, 2016). Stainless steel
cylindrical shovel, previously rinsed with dichloromethane and acetone was used to collect sediments placed in
aluminum containers. Sediments were homogenized, air-dried, and sieved to collect the fraction below 2mm.
Then sediments (< 2mm) were lyophilized and stored in a dark environment until analysis. Particle size
distribution analysis was performed by a LA950V2 with 2 minutes of ultrasound to ensure complete separation
of all particles. All data is provided by the LA950 software. Total Organic Carbon (TOC) was analyzed in
sediments with a HighTOC II analyzer.

Sediment extraction
Extraction of analytes from sediment samples was achieved by pressurized liquid extraction (PLE) using an
accelerated solvent extractor ASE 350 unit from Dionex equipped with 22 mL stainless-steel cells. A mass of 2 g
of sediments previously homogenized with 1.5 g of diatomaceous earth was extracted. Puri�cation of the
extracts was performed simultaneously to the extraction (in-cell clean-up) by placing sorbents inside the cell
(activated alumina and copper) according to the procedures reported by Pintado-Herrera et al., (2016).
Surrogates acenaphthene d10, phenanthrene d10, chrysene d12, 4-MBC d4, and 4n-NP-2,3,5,6-d4,OD were spiked
at 50 ng/g to sediment samples 24 h before extraction to account for losses during the extraction procedure. A
mixture of 1:1 acetone and heptane was selected as the extraction solvent, using four static extraction cycles of
6 minutes each (purge time = 300 s, �ush volume = 60%), 125°C, and 1500 psi. These parameters are reported
by US EPA (US EPA, 2007). PLE extracts (80 mL) were evaporated to dryness using a Multivap (Büchi,
Switzerland) and redissolved in 1 mL of heptane which was �ltered through PTFE centrifuge �lters (0.22 µm
pore size). The internal standard PCB 30 was added at 50 ng/mL to correct possible �uctuations during GC-
MS/MS analysis.

GC-MS/MS analysis
The separation, identi�cation, and quanti�cation of the 41 molecules were performed using gas
chromatography coupled to triple quadrupole mass spectrometry. Capillary gas chromatography analysis was
carried out on a Macherey-Nagel column (30 m × 0.25 mm i.d. × 0.25 m �lm thickness), keeping the carrier gas
�ow (helium) at 1.7 mL.min-1, and the transfer line and the temperature of the source at 300 and 250 ° C
respectively. The column temperature ramp was as follows: 78 °C for 0.1 min, increased at 13°C/min to 140 ° C,
then at 8°C/min to 180°C then increased at 5˚C/min to 220˚C and then at 3˚C/min to 300˚C held for 10 minutes.
Injection volume was 2 µL in splitless mode and the solvent delay was set to 5 minutes. The mass detector was
operated in multiple reaction monitoring (MRM) mode using electron ionization (EI) source set at 70 eV and
argon as collision gas (1.5 bar). MS/MS parameters were optimized by injecting standard solutions, using full
scan mode (m/ z 50–650) on a �rst step to select precursor ions (Q1) that were later fragmented into product
ions (Q3) testing different collision energies (CE) (from 10 to 30 eV). All the data were processed using the
Xcalibur software. The noise type selected was the root mean square (RMS). The parameters of the multiresidue
method are shown in Table 2.
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Table 2

 Molecules, precursor, quanti�cation and con�rmation ions, the collision energy (CE), and retention times. 2
isomers of the compounds CYP, DELT, and PER.
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Class Molecule Retention
time (min)

Precursor
ion (m/z)

CE
(ev)

Quanti�cation
ion (m/z)

CE
(ev)

Con�rmation
ion (m/z)

UV Filters EHMC    21.93  178   
15

177    
15

161

EHS 13.17 120 15 92 15 63

OC 28.75 248 25 165 25 220

ODPABA 21.00 165 15 164 15 118

4-MBC 17.43 254 10 239 10 211

UV
stabilizers

UV-P 17.66 225 20 168 20 196

UV-326 26.59 300 15 119 15 191

PCMs HHCB 13.84 243 15 213 15 171

ADBI 11.74 229 15 173 15 131

OTNE 11.13 191 15 121 15 93

AHTN 13.97 243 15 159 15 187

DPMI 11.13 191 15 135 15 107

Pyrethroids BIF 24.87 181 10 166   10 165

    CYP 32.26 ; 32.73 163 10 91   10 127

  Delt 36.60 ; 37.19 253 10 174 10 172

  PER 29.71 ; 30.09 183 15 168 15 153

Biocides Irgarol 17.52 253 15 196 15 182

MTCS 18.43 302 20 252 20 217

Alkylphenols 4n-NP 14.26 107 25 77 25 95

4-t-OP 10.22 135 15 107 15 77

PAHs Naph 5.15 128 20 102 20 126

Acy 8.43 152 28 150 28 126

Ace 8.86 153 25 152 25 151

Flu 10.21 165 30 163 30 164

Phe 13.15 178 30 176 30 152

Ant 13.35 178 30 176 30 152

Flt 17.71 202 30 200 30 201

Pyr 18.63 202 35 200 35 201

BaA 24.94 228 30 201 30 200
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Chr 25.17 228 30 226 25 202

BbF 31.49 252 55 224 55 250

BkF 31.66 252 55 224 55 250

BaP 33.40 252 35 250 35 224

Ind 39.79 276 45 274 45 272

BghiP 41.08 276 40 274 40 272

DahA 40.04 278 40 276 40 250

PCBs PCB52 15.53 292 20 222 20 257

PCB101 18.38 326 20 256 20 291

PCB153 21.59 360 22 290 22 325

PCB138 22.69 360 20 290 20 325

PCB180 25.69 394 22 324 22 359

 Quality assurance/quality control
Quality assurance/quality control procedures were applied to ensure that results are reliable. Method blanks
(solvent) were extracted and analyzed as a control in the same way as the samples and no target compounds
were detected in the blanks. A standard solution of target compounds was analyzed at the beginning and after
each sample sequence to monitor the instrumental and potential contamination during GC-MS/MS detection.

Calibration curves were constructed in heptane for each compound in the range of 0-1000 ng/mL for PAHs and
0-100 ng/mL for the other compounds. Instrumental limits of detection (iLOD) and quanti�cation (iLOQ) for each
target compound were calculated based on the signal to noise ratio of 3 (iLOD) and a signal-to-noise ratio of 10
(iLOQs) near the target peak by using calibration curve solutions in the range of 0-50 ng/mL. The method limits
of detection (MDL) were estimated by multiplying the iLOD by the volume of the �nal extract of sediment (1mL)
and then dividing it by the mass of extracted sediments (2 g). The method limits of quanti�cation (MQL) were
estimated by multiplying the MDLs with a factor of 10/3. These parameters are reported in Table 3.

The repeatability of the analysis method was studied by calculating the coe�cients of variation obtained for 5
simultaneous extractions of the same sediment in identical conditions. The coe�cients of variation for all the
molecules were below 25% except for the (ADBI) (27%). The recoveries of acenaphthene d10, phenanthrene d10,
chrysene d12, 4-MBC d4 and 4n-NP-2,3,5,6-D4-OD were 126, 118, 115, 116 and 114 % respectively.

The calculation of the matrix effects is essential to quantify molecules at trace levels in the environmental
matrix. The matrix effects of the analytical method were evaluated using solvent and matrix-matched calibration
curves. The matrix effects were negligible (between -20 and 20%) for 11 compounds. However, the other
molecules presented a high matrix effect (between -100 and 191%). Due to these high matrix effects, the
quanti�cation of all analytes was done with matrix-matched calibration curves using �ve orders of magnitude
(2.5, 12.5, 25, 50, and 100 ng/g and up to 1000 for PAHs).
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Table 3

Instrumental (pg) and method (ng/g dry weight) limits of detection and quanti�cation of the target compounds.
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Class Molecule iLOD (pg) iLOQ (pg) MDL(ng/g) MQL(ng/g)

UV �lters EHMC 5.09 16.97 1.27 4.24

EHS 6.01 20.03 1.50 5.01

OC 7.94 26.47 1.99 6.62

ODPABA 4.74 15.80 1.19 3.95

4-MBC 1.15 3.83 0.29 0.96

UV stabilizers UV-P 1.89 6.30 0.47 1.58

UV-326 2.95 9.83 0.74 2.46

Polycyclic musks HHCB 2.00 6.67 0.50 1.67

ADBI 3.80 12.67 0.95 3.17

OTNE 10.65 35.50 2.66 8.88

AHTN 2.97 9.90 0.74 2.48

DPMI 9.35 31.17 2.34 7.79

Pyrethroids BIF 2.00 6.67 0.50 1.67

CYP 10.00 33.33 2.50 8.33

DELT 6.24 20.80 1.56 5.20

PER 32.23 107.43 8.06 26.86

Biocides Irgarol 0.20 0.67 0.05 0.17

MTCS 2.00 6.67 0.50 1.67

APs 4n-NP 6.20 20.67 1.55 5.17

4-t-OP 1.50 5.00 0.38 1.25

PAHs Naph 0.84 2.80 0.21 0.70

Acy 1.51 5.03 0.38 1.26

Ace 0.43 1.43 0.11 0.36

Flu 1.21 4.03 0.30 1.01

Phe 2.00 6.67 0.50 1.67

Ant 2.17 7.23 0.54 1.81

Flt 1.53 5.10 0.38 1.28

Pyr 2.00 6.67 0.50 1.67

BaA 4.14 13.80 1.04 3.45

Chr 2.64 8.80 0.66 2.20
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BbF 1.96 6.53 0.49 1.63

BkF 1.41 4.70 0.35 1.18

BaP 3.13 10.43 0.78 2.61

Ind 2.00 6.67 0.50 1.67

DahA 2.16 7.20 0.54 1.80

BghiP 4.00 13.33 1.00 3.33

PCBs PCB 52 0.88 2.93 0.22 0.73

PCB 101 0.80 2.67 0.20 0.67

PCB 153 0.54 1.80 0.14 0.45

PCB 138 0.87 2.90 0.22 0.73

PCB 180 0.40 1.33 0.10 0.33

Data treatment, statistics, and risk assessment
Each sediment was extracted into two replicates then injected twice. Concentration values lower than MDL were
treated as zero and concentrations values lower than MQL were replaced with the intermediate value between
MDL and MQL.

All statistical analyses were performed with the software package SPSS (Statistical Package for Social
Sciences) version 22.0. To assemble sites into homogeneous groups (DUU, RU, UD, and EST) based on the
obtained concentrations of each class of contaminants, one-way analysis of variance ANOVA followed by a
Tuckey’s HSD and �shers LSD multiple comparison test (MCT) were conducted. To test for signi�cant levels of
differences between one sampling group of sites to another, one way ANOVA test was performed. Independent
samples T-test was conducted to investigate differences between the two months' surveys (February and
September). Differences were considered signi�cant at p-value < 0.05. Pearson correlation test was performed to
evaluate the correlation between concentrations of each contaminant and total organic carbon (TOC) and �ne
particle size. Correlations between contaminants concentrations and TOC content in sediments were
investigated to reveal if both legacy and emerging contaminants tend to accumulate in sediments of higher TOC
content due to their lipophilic properties. Moreover, the Pearson correlation test was performed to evaluate the
correlation between contaminant concentrations and population density for all the studied sites, to select
molecules as markers of urbanization activities. The population density reported in Table 1 was used for
Pearson correlation tests. Correlations were considered signi�cant at p-value < 0.05.

For identifying PAHs sources in the environment different ratio plots such as anthracene and phenanthrene
(Ant/Ant + Phe), �uoranthene and pyrene (Flt/Flt + Pyr), and indeno[1,2,3-cd]pyrene and benzo[g,h,i]perylene
(Ind/Ind + BghiP) (Yunker et al., 2002) were calculated when these molecules were found. The ratio of
HHCB/AHTN as proposed by Zeng et al., (2008) was calculated as an indicator of differences in application and
use in speci�c regions and as a tracer of their degradation and transformation during transport in aquatic
systems.
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The evaluation of the potential risk was performed based on the hazard quotients (HQ). HQ were calculated for
measured compounds with available ecotoxicological data, according to the United States Environmental
Protection Agency (USEPA) by dividing the measured environmental concentration (MEC) obtained from this
study for each sampling site by the predicted no effect concentration (PNEC) obtained from the literature. The
references of PNEC values used for this manuscript are those reported by Pintado-Herrera et al., (2017a). The
interpretation of the hazard quotients was followed as recommended by Wentsel et al., (1996): HQ < 1 indicates
that the compound has no ecological risk; 1≤ HQ <10 indicates small potential risk; 10≤ HQ <100 indicates
signi�cant potential adverse effects and HQ ≥ 100 indicates adverse effects. The total HQ of emerging
compounds (ΣHQ), was calculated by adding HQ of every emerging contaminant for every sampling site.
Similarly, total HQ of legacy contaminants (ΣHQ) was calculated by summing up HQ of PCBs, PAHs with low
molecular weight (LPAHs), and PAHs with high molecular weight (HPAHs) for every sampling site. This additive
model is used to evaluate the ecotoxicological risk posed by each group of the studied contaminants in each of
the four sampling areas (RU, DUU, UD, and EST areas).  However, this method does not take into consideration
unpredictable synergism or antagonism effects of compounds (Cristale et al., 2013).

Results

Occurrence and distribution of contaminants
Frequencies of detection and concentration ranges of the studied compounds are presented in Table 4. All the
compounds were detected at frequencies ranging from 100 % for PAHs and PCBs to higher than 70%, except for
two pyrethroids BIF 65% and DELT 47%. Concentrations of emerging contaminants varied from not detected to
94.22 ng/g d.w. (DPMI). The total PAHs concentration calculated as the addition of the 16 studied PAHs ranged
from 53.49 to 311.79 ng/g d.w. and the total PCBs concentration calculated as the addition of PCB 52, PCB 101,
PCB 153, PCB 138, and PCB 180 ranged from 0.91 ng/g to 11.11 ng/g d.w. 

Table 4

Concentration pro�les (range, mean ±standard deviation (SD) and detection frequencies (d.f %)) of the studied
compounds in sediment samples of the Kadicha river. Range concentrations are in ng of dry weight (d.w.)
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Class Compound Range (ng/g) Mean±SD d.f %

UVFs

 

 

 

EHMC < MDL-42.67 13.38±5.22 95%

EHS <MDL-14.42 7.87±5.00 91%

OC <MDL-75.70 23.11±5.78 95%

ODPABA <MQL-21.29 <MQL 71%

4-MBC <MQL-21.29 9.49±3.89 100%

UVSs

 

UV-P <MDL-4.56 <MQL 96%

UV-326 <MDL-30.52 8.34±3.29 91%

PCMs

 

 

 

 

HHCB <MDL-81.13 25.09±7.02 94%

ADBI <MDL-4.35 <MQL 70%

OTNE <MDL-74.09 41.61±12.01 94%

AHTN <MDL-64.58 19.77±7.40 96%

DPMI <MDL-94.22 47.54±13.42 94%

Pyrethroids

 

 

 

BIF <MDL-18.86 3.08±1.77 65%

CYP <MDL-44.75 15.44±5.54 94%

DELT <MDL-13.38 <MQL 47%

PER <MDL-42.22 <MQL 73%

Biocides

 

Irgarol <MDL-1.75 0.66±0.52 96%

MTCS <MDL-43.63 6.17±1.67 86%

APs

 

4n-NP <MDL-9.26 4.28±3.4 90%

4-t-OP 2-27.91 12.40±5.25 100%

 PAHs 16 PAHs 53.49-311.79 139.69±41.5 100%

 PCBs 5 PCBs 0.91-11.11 3.49±1.58 100%

* <MDL: concentration lower than the method detection limit and <MQL: concentration lower than method
quanti�cation.

The distribution pattern within each class of contaminants occurring in the different areas (RU, DUU, UD, and
EST) is shown in Figure 2 for the month of February. The pro�le is similar in September except for pesticides.
UVFs and UVSs showed a quite homogenous distribution within DUU, UD and EST areas, with OC accounting for
almost 40% of the total substances whereas 4-MBC accounted for almost 38% of the RU area. Among PCMs,
DPMI showed the highest percentages, accounting for 34% of the studied areas except for DUU, where AHTN
was found at the highest concentration. The distribution pattern of pesticides in February showed a strong
contrast between the DUU and RU areas, where PER and CYP showed the highest percent, respectively. CYP
accounts for 90% of the pesticides in the RU area and PER accounts for 87% in the DUU area. These two
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pesticides showed equivalent concentrations downstream of the river (UD and EST). In September, PER and CYP
were the pesticides found at the highest concentration for the four areas. CYP accounts from 21% in the UD area
to 40% in the DUU area. PER accounts from 36% in the DUU area to 66% in the UD area. The contribution of
irgarol to the total pesticides was low (≤ 10%). Based on their chemical composition, PAHs were divided into 2
groups including low molecular weight compounds (LPAHs) with 2 or 3 aromatic rings and high molecular
weight compounds (HPAHs) with 4, 5, or 6 aromatic rings (García-Falcón et al., 2006). HPAHs with 4 aromatic
rings (Flt, Pyr, BaA, and Chr) were dominant in the entire study area accounting for almost 37% of the total PAHs.
Among PCBs, congeners of 4, 5, 6, and 7 chlorines were ubiquitous in the Kadicha river basin. 

The total concentrations of each class of contaminants within the four studied areas are presented in Figure 3.
PAHs and PCMs exhibited the highest concentrations, up to 270 ng/g d.w. and 169 ng/g d.w. respectively. The
concentration pro�les of the studied classes of contaminants have shown quite similar decreasing gradients
within the four areas of the river basin, as follows: EST > DUU > UD > RU. The exception to this rule appears
occasionally, with non-signi�cant differences between two of the four areas (except for PCMs between EST and
DUU areas in September). An example of the evolution of individual contaminant concentrations within each
class is shown in Figure 4. 

The ratio of PCMs HHCB/AHTN ranged from 0.61 to 3.63 (with a mean of 2.08). In all sampling sites, the ratio is
higher than 1, except for the site Ks during the wet season (0.61) indicating higher concentrations of HHCB in
sediments. PAH ratios (Figure S) showed the majority of the samples in the petroleum combustion region
indicating pyrolytic sources of PAHs.

The correlation between population density and the levels of occurrence of each class of contaminants was
studied to understand whether these contaminants can be selected as urbanization markers in this watershed.
The results show a signi�cant correlation for PER (r2= 0.772; p-value=0.025), HHCB (r2=0.689; p-value=0.009),
UV-326 (r2=0.592; p-value=0.033) and the total PAHs (r2=0.515; p-value=0.012) with the population density.
However, the population density value used is derived from estimation and further studies should be carried out
to use this variable in explaining sediment contamination.

Total organic carbon (TOC) content in sediment samples ranged from 1.64 to 5.47 % during the wet season
survey and from 1.77 to 7.14 % during the dry season survey. The percentage of �ne particles (<63µm) and TOC
content in sediments of the studied sites for the 2 studied campaigns are shown in Table S1. It is interesting to
note that Pearson correlation analysis showed no correlation between the percentage of �ne particles and any of
the studied compounds. For TOC content in sediments, no correlation was found with concentrations of UVFs,
UVSs, PCMs, APs, and PCBs. Among emerging contaminants, only BIF (r2=0.871; p-value=0.05), DELT (r2=0.727;
p-value=0.041) and MTCS (r2=0.729; p-value=0.040) showed signi�cant correlation with TOC content. Among
legacy contaminants the total PAHs showed signi�cant correlations with TOC content in sediments (r2=0.423; p-
value=0.044).

Risk assessment
The hazard quotients (HQ) were calculated for compounds with available ecotoxicology data on benthic species
(8 emerging contaminants and all legacy contaminants). T-tests were conducted to investigate differences



Page 17/35

between the HQ values calculated for the two months’ surveys (February and September). Differences between
the two months’ surveys were not signi�cant, thus HQ values corresponding to the month of February were
interpreted. The values of HQs for individual compounds at every sampling site are shown in Table S2.

For emerging contaminants, HQ values for EHMC and 4-MBC were higher than 1 for the majority of the studied
sites exhibiting values up to 11.3 (within the site EAA-2) and 7.1 (within the site Ar) respectively. However, HQ
values for the other emerging contaminants were lower than 1 within all the studied sites. For legacy
contaminants, the hazard quotient was calculated for the sum of PCBs, the sum of PAHs with low molecular
weight (LPAHs), and the sum of PAHs with high molecular weight (HPAHs). HQs for Legacy contaminants were
found to be higher than 1 at all sampling sites: HQs for LPAHs were the highest on the majority of the studied
sites (>10) followed by PCBs achieving a maximum value at site EAA-2 (31.1) within the estuary area.

The spatial distribution of HQs of legacy and emerging contaminants in the Kadicha river basin are shown in
Figure 5. It is important to note that the sum of hazard quotients is not a quantitative measurement but a way to
illustrate the spatial distribution of both groups of contaminants at each sampling area. The distribution of HQs
among the four different areas is similar to the distribution of the concentration of most legacy and emerging
contaminants in sediment. It is clear that HQs for legacy contaminants are signi�cantly higher than for emerging
contaminants. Regardless of the group of contaminants, the estuary area shows the highest HQs, while the
rural upstream area shows the lowest HQs. This suggests that the estuary presents the highest potential risks
while the rural upstream area shows the lowest potential risks for benthic species.

Discussions

Occurrence, distribution, and sources of legacy and emerging
contaminants
The anthropogenic pressures currently exerted within the small Mediterranean river watersheds are well
represented in the Kadicha river with high human pressure along the river. The discontinuous dwelling place
observed in the mountainous rural areas becomes denser in the downstream part of the river with the densely
urbanized area in the estuary. Higher anthropogenic pressure is re�ected in higher sediment contamination in
more densely populated areas. The discharge of leachates and non-treated wastewater e�uents from urban
areas contributed to the highest concentrations of UVFs, UVSs and PCMs obtained in the estuary and also within
DUU independently of the season. HHCB and UV-236 concentrations then appeared correlated signi�cantly with
population density and might represent promising markers of human activities in future studies within the
watershed. Among the anthropogenic pressures, pesticides are used in general as markers of agricultural
activities. We selected pyrethroids instead of other pesticides groups because of their important use in mosquito
control by residential of the urban area during the summer season. Consequently, concentrations of pyrethroids
during September’s survey were higher than during February’s survey. Moreover, contamination of sediments
from the discontinuous urbanized upstream was higher than the other groups of sites. These �ndings suggest
that the mixed land use, combining agricultural, urban and residential zones can be considered as the prominent
source of insecticide contamination in the Kadicha river basin. Among pyrethroids, PER can be used as a marker
of human activities due to its correlation with population density. On the opposite, the low levels of
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concentrations of irgarol, used as a booster biocide added to antifouling paints (Thomas et al., 2002), measured
in the river sediments can be explained by the absence of boat activity within the river.

Alkylphenols are products of degradation of polyethoxylated alkylphenols (Giger et al., 1984) used in industrial
products and pesticide mixtures. The occurrence of these compounds is already studied in Lebanon with
concentrations of a mixture of nonylphenol isomers ranging from 145 to 2022 ng/g d.w. within the downstream
of the Kadicha river (Amine et al., 2018b). The concentrations of individuals 4n-NP and 4-t-OP measured in the
present work con�rmed sediment contamination. PAHs and PCBs are markers of anthropogenic activities
trapped in sediments. Their increase within the estuary zone observed in the two campaigns can be explained by
the deposition of the �ne grain particles at the river-sea boundary zone due to the mixing process of fresh and
saline water (Chen et al., 2006; Pintado-Herrera et al., 2017b) and the increase of anthropogenic pressure in the
downstream part of the river. Indeed, the percentage of �ne particles in the estuary zone with a diameter lower
than 63 µm is higher than the other groups of sites (Table S1). In general, LPAHs are derived from oil and fuel
spills while high molecular weight compounds are generated from combustion processes (Souza et al., 2018).
The predominance of HPAHs can indicate the presence of combustion products from pyrolytic sources (coal,
biomass combustion, or tra�c) (Yunker et al., 2002) in the Kadicha river basin. The water solubility and lower
stability of LPAHs towards biodegradation (Quantin et al., 2005; Nguyen et al., 2014; Zhang et al., 2016) may be
an additional cause for the predominance of HPAHs in this watershed. Moreover, the ratio plots of PAHs
congeners indicate a pyrolytic source of PAHs. These �ndings indicate that the Kadicha river basin is mainly
affected by continental activities which may be associated with vehicle tra�c and power generators around the
studied areas. PAHs concentrations appeared to be correlated with population density, thus these molecules can
be selected as markers of human pressures in this watershed.

Fate in the aquatic environment: legacy vs. emerging
contaminants
The presence of the legacy and emerging contaminants in the Kadicha river is due to anthropogenic pressures
discussed previously and depends on the fate of these contaminants in sediment. Half-lives of legacy and
emerging contaminants reported from the literature are summarized in Table S3. The half-lives of the studied
PAHs in anaerobic soil reported from the literature range between 124 (Phe) and 455 days (BghiP) (Table S3)
(except for Naph, Ace, and Flu with half-lives < 65 days). After their deposition in sediments, PAHs are less
subjected to photochemical or biological oxidation, especially in anoxic sediment (Nemr et al., 2007). Thus,
PAHs tend to be persistent in sediments, where they may accumulate at high concentrations (Witt, 1995). This
can explain their correlation with TOC content in the studied sediments. The biodegradation of PCBs was
reported to be very slow in sediments with half-lives between 3650 days (PCB 52) and 13750 days (PCB 180)
(Beurskens et al., 1993; Sinkkonen and Paasivirta, 2000; Magar et al., 2005). In this study, PCBs concentrations
did not show a correlation with TOC content. Our �ndings are in accordance with the study of (Vane et al., 2007).
The correlation PCBs-TOC can be discriminated by other geochemical processes such as sediment composition
of organic matter that may play a greater role than TOC content (Landrum and Faust, 1991; Vane et al., 2007).
The half-lives of the studied emerging contaminants were shorter and ranged between 1.9 (AHTN) and 141 days
(UV-326) except for BIF (425 days), PER (197 days), and MTC (443 days). This suggests that biodegradation
processes for the majority of emerging contaminants except the aforementioned compounds can occur in
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sediments more easily than for legacy contaminants. However, the biodegradation processes should be
interpreted with caution as the half-lives of contaminants can differ from a matrix to another.

While biodegradation of legacy contaminants has been studied for decades, there is a lack of studies on the
biodegradation of emerging contaminants in soils and sediments, and these molecules need to be more studied
to understand their fate in the environment.

Ecotoxicological implications
The lipophilicity of the studied compounds enhances their accumulation in sediments and as a consequence
their accumulation in benthic species (Vimalkumar et al., 2018). It has been reported that the ecological risk of
highly lipophilic chemicals (Kow>5) tends to be ampli�ed through bioaccumulation and trophic transfer (Tang et
al., 2018). Indeed, chemicals (EHMC, 4-MBC, PCBs, and PAHs) that have shown potential risks in this study
(HQ>1) have an octanol-water partition coe�cient higher than �ve. Therefore, they may pose adverse effects on
aquatic species through the diet. The adverse effects of ultraviolet �lters on the growth of different aquatic
species (e.g, the crustacean Daphnia magna and the dipteran Chironomus riparius) has been reported in the
literature (Sieratowicz et al., 2011; Campos et al., 2017). Moreover, these compounds are endocrine disruptors
that can alter estrogenic and hormonal activity in �sh (Kunz and Fent, 2006; Kunz et al., 2006; Wang et al., 2016)
 and in invertebrates (Campos et al., 2017). Exposure to EHMC can decrease the length of Daphnia magna
species and cause a toxic effect on the reproduction of snails Potamopyrgus antipodarum and Melanoides
tuberculata (Sieratowicz et al., 2011; Kaiser et al., 2012). Exposure to 4-MBC has been shown to cause
deleterious effects in freshwater organisms (Brausch and Rand, 2011). Moreover, it can in�uence the
neurotransmission process mediated by acetylcholine through the inhibition of acetylcholinesterase in zebra�sh
(Torres, 2013).

The main adverse effect of PAHs on invertebrates is narcosis that can be responsible for the cell membrane
function alteration causing mild toxic effects or mortality (Burgess, 2009; Maletić et al., 2019). The toxicity of
PAHs to aquatic organisms can be affected by its metabolism and photooxidation  (Abdel-Shafy and Mansour,
2016). Parental compounds and their metabolic breakdown in tissues of aquatic organisms can be toxic (Logan,
2007). They become more toxic in the presence of ultraviolet light (Abdel-Shafy and Mansour, 2016). Adverse
effects of PAHs on exposed �sh are widely reported in the literature (Corrales et al., 2014; Vignet et al., 2014; Sun
et al., 2015). The main adverse effects of PAHs are narcosis, mortality, decrease in growth, lower condition
factor, and damage to immune systems (Logan, 2007). The toxicity of PCBs to shrimps and amphipods has
been proven (Ho et al., 1997). Zeng et al., (2003) found that contaminated sediments with PCBs inhibited sea
urchin growth. Therefore, both benthic and aquatic species in the Kadicha river basin may be subject to adverse
effects caused by the presence of emerging (EHMC and 4-MBC) and legacy contaminants (PAHs and PCBs) in
riverine sediments.

Information about ecotoxicological risk derived from the co-occurrence of both groups of contaminants in
Mediterranean rivers is very scarce. Our results do not show consistency with the results of Köck-Schulmeyer et
al., (2021) who found that emerging contaminants were the major contributors of potential risk in Adige and
Sava river basins. 
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Local and international context
In Lebanon, if there is some data on legacy contaminants, there is a lack of research on emerging contaminants
(Tables S4, S5, S6, S7, and S8). Only one study has been conducted on the occurrence of UV �lters (EHMC, OC,
and ODPABA) in river sediments (Amine et al., 2012) while no studies have been conducted on UV stabilizers in
Lebanese river waters. Among UV �lters, the concentrations of EHMC and OC were in the same range of the
previous study of Amine et al., (2012) conducted on the estuary of the Kadicha river (Table S4). Whereas the
concentration of ODPABA was slightly lower in the present study. Moreover, the ubiquity of OC in the present
study is in accordance with the study of (Amine et al., 2012) which is probably due to its wide usage in personal
care products and cosmetics (ECHA, 2019). The predominance of OC in the estuary area can also be explained
by its multiple sources: OC can occur due to direct discharge of the leachates in the estuary. In addition to its
point source, OC is highly stable to photodegradation (Rodil and Moeder, 2008) and can undergo long-range
transport (Tsui et al., 2014) from the upstream areas. The occurrence of EHMC and OC in freshwater sediments
was the most studied among other UV �lters. However, few studies report the concentrations of EHS and UV
stabilizers in freshwater sediments. Among the data collected from the literature regarding the worldwide
occurrence of UV �lters and stabilizers, sediments from Ebro river in Spain and Pearl river and its estuary in
China (Gago-Ferrero et al., 2011; Peng et al., 2017; Pintado-Herrera et al., 2017b), in�uenced by industrial
activities, showed high concentrations of UVFs and UVSs. Levels of these compounds were lower in the present
study. However, the concentrations of EHMC were in the same range of those found in the Ebro river basin in
Spain (Gago-Ferrero et al., 2011).

No studies were conducted on the occurrence of fragrances in Lebanese rivers. Among polycyclic musks, HHCB
and AHTN were the most studied in riverine sediments (Table S5) probably because they represent 95% of the
European market of polycyclic musks and nitromusks (OSPAR Commission, 2004). Thus, they are incremented
to be present at elevated levels in sediments. Fewer studies have analyzed ADBI, OTNE, and DPMI in riverine
sediments. High levels of PCMs were observed in sediments from Pearl River and its estuary in China dominated
by industrial activities (Pintado-Herrera et al., 2017b, Zeng et al., 2018b). Moreover, high levels of PCMs were
present in Molgora river in Italy (Villa et al., 2012). These high levels can be explained by the heavy use of PCMs
in Italy (Villa et al., 2012). These compounds were present at lower levels in Kadicha river basin, except for DPMI
detected at higher levels (up to 94 ng/g). The ubiquity of DPMI in the present study is not consistent with these
reported by Zeng et al., (2018a) who quanti�ed DPMI in sediments from one sampling site on the downstream
of Hun river in the northeast of China while AHTN and HHCB were the most prominent fragrances. Neither with
the study of Pintado-Herrera et al., (2017b) where the mean concentrations of HHCB, AHTN, and DPMI was at
the same level, while the mean concentration of the OTNE exhibited the highest mean concentration among the
studied fragrances in sediments from the Pearl River estuary in China. Or with the study of Pintado-Herrera et al.,
(2017a) who found that DPMI and ADBI were the fragrances with the lowest concentrations among 5 studied
compounds (HHCB, ADBI, OTNE, AHTN, and DPMI) in coastal sediments from the Cadiz Bay in Spain while the
HHCB was the predominant contaminant. This difference can be due to the preference of usage of fragrances
by country.

The majority of the studies regarding the occurrence of pyrethroids were conducted in the USA and China (Table
S6). Thus, there is a lack of studies conducted within the Mediterranean basin region concerning these
contaminants. This is a novelty for the present study. In Lebanon, two studies were conducted on the occurrence



Page 21/35

of bifenthrin in riverine surface water samples, groundwater, and drinking water (Kouzayha et al., 2013; Youssef
et al., 2015). High concentrations of pyrethroids were found in sediments from Nhue and Lich rivers in Vietnam
(Duong et al., 2014) in�uenced by industrial and urban activities and the Santa Maria river and Oso Flako creek
in the United States (Phillips et al., 2012) affected by urban and agricultural activities. Lower concentrations of
pyrethroids were found in the Kadicha river basin. However, similar levels were reported in urban wetlands in
Australia (Allinson et al., 2015) and Ballona creek in California (Chinen et al., 2016) dominated by urban
activities and the Ebro river in Spain (Feo et al., 2010) in�uenced by agricultural activities. Therefore, mixture
land uses with industrial activities seem to show higher concentrations than solely urban or agricultural land
uses. Moreover, the ubiquity of CYP in this study is in accordance with the study of Li et al., (2011) where this
compound was predominant among nine studied pyrethroids (bifenthrin, cy�uthrin, lamda-cyhalothrin,
cypermethrin, deltamethrin, esfenvalerate, fenpropathrin, permethrin, and te�uthrin) accounting for more than
70% of the total pyrethroid concentrations within the Pearl River Delta in China.

There are numerous studies conducted in Lebanon on legacy contaminants. The levels of PAHs found in this
study were in the same range of concentration as those found in riverine sediments from El Kebir, El Bared, and
Kadicha rivers (Amine et al., 2018a) (Table S7). However, they were lower than in coastal sediments collected
from urbanized cities (Tripoli, Jounieh, Dora, and Tyr) (Manneh et al., 2016) and Tripoli harbor (Merhaby et al.,
2015) and in soil collected from different cities (Soukarieh et al., 2018). Similarly, the levels of PCBs found in the
present study were more comparable to riverine sediments from the El Kebir river (Thomas et al., 2005) and
lower than those found in coastal sediments from Tripoli harbor (Merhaby et al., 2015) (Table S8). The global
comparison of PAHs levels shows lower concentration found in this study than rivers in China (Xu et al., 2016;
Huang et al., 2017), Malaysia (Keshavarzifard et al., 2014), Taiwan (Tu et al., 2018), France (Kanzari et al., 2014;
Net et al., 2015), Spain (Navarro et al., 2010), Germany (Liu et al., 2013) and Australia (Liu et al., 2017). For
PCBs, lower concentrations found in this study from levels found in Haihe, Kaifaqu, Dagu, and Yongdingxin
rivers, China (Liu et al., 2007), Huveaune river, France (Kanzari et al., 2014), and Niagara river, United States
(Samara et al., 2006). This suggests that highly urbanized and industrialized areas show higher levels of PAHs
and PCBs concentrations. The global comparison of the occurrence of emerging and legacy contaminants can
suggest that our results are lower than sites highly urbanized affected by industrial activities.

Conclusions
The present work is the �rst study to assess the distribution of both legacy and emerging contaminants in a
Lebanese watershed. All of the studied compounds were detected in sediments with legacy contaminants
detected more frequently than emerging contaminants. Both groups of contaminants showed an increase of
concentrations from the upstream to the downstream of the river associated with greater anthropogenic
pressures. Different anthropogenic sources of contamination could be identi�ed: contamination with UVF, UVSs,
and PCMs was linked to direct discharge of raw wastewaters and leachates in the water body while
contamination with pyrethroids and PAHs were related to pest control and vehicle tra�c respectively. Moreover,
several molecules (PAHs, PER, HHCB, and UV-326) have shown a signi�cant correlation with population density
and might represent promising markers of human activities in future studies within this watershed.
Biodegradation of emerging contaminants in sediments could occur more easily than for legacy compounds.
The most elevated potential risk for benthic species was observed within the estuary area. Anthropogenic
activity in this highly urbanized area contributed to the observed levels of contamination, combined with the lack
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of actual treatment of the wastewater produced. Moreover, several emerging and all the studied legacy
compounds may pose adverse effects for both benthic and aquatic species in the Kadicha river basin. In
general, concentrations of the studied contaminants did not exceed concentrations found in the literature and
were lower than levels found in highly urbanized and industrial sites.

As all of the studied compounds were detected in this watershed, monitoring programs of these compounds are
encouraged speci�cally within the urbanized areas of the river to make future public policies on water quality in
Lebanon. Moreover, signi�cant efforts should be made to collect and treat wastewater in this watershed to
improve the situation of the coastal environment receiving these waters. The assessment of organic
contaminants within this watershed may help to understand the potential contribution of this small
Mediterranean river to the contamination of the coastal area.
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Figure 1

Location of the sampling sites in Kadicha river basin. The sites are presented by their code: Ks for Koussba, Bs
for Bshennine and Bk for Bkeftine in the rural upstream area (RU), Myt for Meryata, Ar for Ardeh, Mr for Al
Merdechyeh and Zgh for Zgharta in the discontinuous urbanized upstream area (DUU), T-Ab 1 and 2 for Abou
Samra and T-Mj for Al Marjeh in the urbanized downstream area (UD), EAA-1 and 2 for the estuary in the estuary
area (EST). Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map
has been provided by the authors.

Figure 2
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Distribution patterns of contaminants shown in mass percentage for each class within the 4 studied areas: rural
upstream (RU), discontinuous urbanized upstream (DUU), urbanized downstream (UD), and estuary (EST). The
pesticides show a seasonal variation between the 2 surveys.

Figure 3

Total concentrations of contaminants for each class within the four studied areas: rural upstream (RU),
discontinuous urbanized upstream (DUU), urbanized downstream (UD), and estuary (EST). Concentrations are in
ng/g d.w. The p-values indicate signi�cant difference (Post Hoc test – Fisher LSD) between mean values of the
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studied variable from one sampling area to the three other areas at the 95% con�dence level (p-value < 0.05*, p-
value < 0.01**).

Figure 4

Concentrations of contaminants among each class for the two months surveys (February and September)
within the four studied areas: rural upstream (RU), discontinuous urbanized upstream (DUU), urbanized
downstream (UD), and estuary (EST). A: concentrations of OC; B: concentrations of UV-326; C: Concentrations of
tonalide (AHTN); D: concentrations of PER (permethrin); E: concentrations of 4-t-OP; F: concentrations of BaA
(benzo[a]anthracene); G: concentrations of PCB 153. Concentrations are in ng/g d.w.
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Figure 5

Spatial distribution of HQs for emerging and legacy compounds within the four studied areas: rural upstream
(RU), discontinuous urbanized upstream (DUU), urbanized downstream (UD), and estuary (EST).
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