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Abstract In this paper, heavy metal contamination in
surface sediments along the Mediterranean coast of Mo-
rocco was investigated. Determining pollution degree as
well as heavy metal origins were the main objectives of
this investigation. For this reason, concentrations of nine
heavy metals (Cd, Cu, Cr, Ni, Pb, Zn, Hg, Fe, and
Mn) were analyzed at ten stations sampled during three
different periods. The obtained concentrations showed
significant variation between sampling periods, which
was controlled by several environmental and chemical
processes. According to contamination indices results
using pollution load index (PLI), modified contamina-
tion degree (mC,), geoaccumulation index (Zgc,), enrich-
ment factor (EF), and potential ecological risk index
(RI), sampling stations were classified between uncon-
taminated and strongly contaminated without detecting
any intense heavy metal pollution in surface sediment.
Likewise, the EF values were comprised between no
enrichment and moderate to severe enrichment. Accord-
ing to sediment quality guidelines, the calculated M-
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ERM-Q indicated that heavy metal mixtures have be-
tween 9 and 49% probability for being toxic. This result
revealed lowest to medium-low potential of adverse
effects to biota populations. Regarding heavy metal ori-
gins, multivariate statistical investigation showed that
Cd, Cu, Hg, Pb, and Zn are derived mainly from anthro-
pogenic activities, while Fe, Mn, Cr, and Ni were derived
from natural sources. Despite Cd is considered as a
typical anthropogenic metal, the very low concentrations
obtained in this study support the involvement of natural
factor in the enrichment with this metal. Therefore, the
surface sediments contamination along the Mediterra-
nean coasts of Morocco is particularly caused by a
combination of anthropogenic and natural factors. As a
result, the study area can be considered as not signifi-
cantly enriched by human activities.

Keywords Heavy metal - Surface sediment pollution -
Ecological risk assessment - Statistical analysis -
Contamination origins

Introduction

Coastal environments around the world are increasingly
exposed to heavy metal pollution. This phenomenon,
which mainly affects surface sediments, has emerged as
a serious environmental issue due to toxicity, persis-
tence, non-biodegradability, and bioaccumulation of
heavy metals (Chapman et al. 1998; Gao and Chen
2012; Ayadi et al. 2015; El Zrelli et al. 2015; Strbac
et al. 2018). The heavy metals released into aquatic
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environments subsequently contaminate the biota pop-
ulations (Miller et al. 2000; Bastami et al. 2012; Wang
et al. 2012; Pejman et al. 2015). According to many
researchers, surface sediments potentially adsorb heavy
metals (Chen et al. 2000; Hortellani et al. 2008; de Paula
Filho et al. 2015; Frémion et al. 2016). For this reason,
sediments are considered as reliable indicators used for
pollutant monitoring in the environment. Besides, their
geochemical compositions can be used to determine the
degree and the origin of suspicious metal contamination
(Suresh et al. 2012; Pejman et al. 2015).

Heavy metals are issued mainly from natural process-
es, such as rock alteration, and/or anthropogenic factors,
such as wastewater, industry, and agricultural activities
(Carman et al. 2007; Accornero et al. 2008; Alves et al.
2014; Hussain et al. 2015; Pejman et al. 2015; Frémion
et al. 2016; Duodu et al. 2017; Marrugo-Negrete et al.
2017, Strbac et al. 2018). Whatever the source is, natural
or anthropogenic, once released into the aquatic envi-
ronment, these pollutants exhibit high affinity for sedi-
ments (Gaur et al. 2005; El Zrelli et al. 2015). In some
cases, natural concentrations of heavy metals may be
higher than any anthropogenic contamination (Reimann
and Caritat 2005; Sakan et al. 2015; Duodu et al. 2017,
Strbac et al. 2018). Therefore, it is very important to
distinguish between these two sources of contamination.

Coastal sediment pollution caused by heavy metals
has been the subject of several studies worldwide
(Bastami et al. 2012; Gao and Chen 2012; El Zrelli
etal. 2015; Ayadi et al. 2015; Pejman et al. 2015). These
studies were essentially based on sediment quality,
which constitutes an important information source about
metallic contamination (Gao and Chen 2012; Rabaoui
et al. 2015; El Zrelli et al. 2015). However, determina-
tion of heavy metal concentrations in sediments is not
sufficient to establish pollution state. For this reason,
numerous geochemical and quantitative approaches
have been developed to assess the degree of heavy metal
contamination (MacDonald et al. 2000; Abrahim and
Parker 2008; Feng et al. 2011; Zhu et al. 2012; Pejman
et al. 2015; Strbac et al. 2018). These quantitative
methods allow determining possible origin of heavy
metals and their impacts on sediment quality and biota.
In addition, they provide an efficient tool, which trans-
forms geochemical data into comprehensible informa-
tion for decision-makers. The indices frequently used to
assess sediment contamination with heavy metals are
EF, I4eo, contamination factor (Cp), and pollution load
index (PLI) (Muller 1969; Hakanson 1980; MacDonald
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et al. 2000; Abrahim and Parker 2008; Feng et al. 2011;
Zhu et al. 2012; Pejman et al. 2015; Strbac et al. 2018).
Alternative methods commonly used to estimate eco-
logical risk of human activities include guidelines on the
effect range low (ERL), effect range median (ERM), and
mean ERM quotient (M-ERM-Q).

The standing touristic, economic, maritime, and eco-
logical importance in Moroccan coasts is obvious. How-
ever, these coastal areas are exposed to extreme emis-
sions of contaminants issued from various anthropogen-
ic activities (Er-Raioui et al. 2009; Bloundi et al. 2009;
Ben Omar et al. 2015). This critical situation has en-
couraged several researchers to investigate pollution
status of sediments in Moroccan coastal environments
(Bellucci et al. 2003; Cheggour et al. 2005; Gonzalez
et al. 2007; Ruiz et al. 2006; Er-Raioui et al. 2009;
Bloundi et al. 2009; Laissaoui et al. 2013; Ben Omar
et al. 2015). Their main purposes were to quantify the
contamination degree in sediments resulting from heavy
metals and hydrocarbons. Despite these various investi-
gations, surface sediments along Moroccan coasts are
still exposed to hazardous contamination by heavy
metals, and requires more attention and reflection.

The main objectives of the current study are (1)
determination of heavy metal concentrations in surface
sediments, (2) assessment of sediment pollution by
heavy metals using plausible contamination indices,
and (3) determination of heavy metals origins using
multivariate statistical techniques. This study is the first
to cover a large part of the north Moroccan coast during
three different periods. In this way, this investigation
will provide global overview about the contamination
degree in this coastal region. Therefore, the obtained
results should offer essential orientations and directives
for monitoring heavy metal contamination in the Mo-
roccan coast.

Material and methods
Study area overview

The study area belongs to the Mediterranean coast of
Morocco, between Oued Moulouya in the east and
Tanger in the west (Fig. 1). This zone is subdivided into
three main geological domains: the internal zone, the
Flysch basin, and the external zone (Durand Delga and
Fontbote 1980; Didon et al. 1973).
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The internal zone is essentially formed by elements
issued from the Alboran plate (Andrieux et al. 1971).
This domain includes three structural ensembles:

* Sebtides: They include ultrabasic and basic mate-
rials, which are rich in metallic elements, such as
Co, Cr, Fe, Mn and Ni (Saddiqui 1988; Gueddari
et al. 1996; Ben Omar et al. 2015).

*  Ghomarides: Composed of metamorphic Paleozoic
terrains with Hercynian structures from Silurian to
Miocene age (Michard and Chalouan 1978).

* Dorsale Calcaire: This unit is characterized by three
formations (Didon et al. 1973): Triassic-Liassic
limestone, Jurassic-Cretaceous limestone, and Ter-
tiary terrigenous formations.

The Flysch basin includes detritic formations of
flysch type from the lower Cretaceous age (Durand
Delga and Fontbote 1980; Olivier 1984), while the
external zone is represented by roof layers of different
Mesozoic-Cenozoic successions.

Rivers in the study area (Fig. 1) are characterized
mostly by seasonal and torrential regime. The humid
period extends from December to March, with occasion-
al peaks during November and April. During this period,

significant daily flood flows are recorded. The torrential
regime, due to steep slopes and precipitation time con-
centration, results in a high flow rate. However, during
the dry season, water flows are usually low or absent.

Several urban and rural centers as well as touristic
campuses can be found in the study area, which is
considered as one of the most populated zone along
the Moroccan coasts (Ben Omar et al. 2015; Royaume
du Maroc 2014). It is also important to report that many
centers within the study area do not possess any waste-
water treatment system (Lahbabi and Anouar 2005; Ben
Omar et al. 2015).

Sampling and chemical analysis

Surface sediments sampling was carried out at ten
stations distributed along the Mediterranean coast of
Morocco, between Oued Moulouya and Tanger, dur-
ing three periods: June 2009, June 2012, and No-
vember 2012. The sampling stations are distributed
as follows (Fig. 1): Oued Fnideq (St1), Oued Souani
(St2), Oued Mghogha (St3), Oued Martil (St4),
Oued Laou (St5), Oued Cabaillo (St6), Oued
Selouane (St7), Bni Ansar (St8), Kariat Arkmane
(St9), and Oued Moulouya (St10). The sampling

Mediterranean Sea

Al Hoceima

Legend
! City
( Sampling station
Oued

Tanger sampling site

Fig. 1 Map of study area localization: (a) study area on Moroccan map; (b) Tanger sampling stations
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locations include industrial zones and urban agglom-
erations. For each station, a representative composite
sample of approximately 500 g was prepared by
mixing three samples from different locations. The
composite samples were placed in polyethylene bot-
tles and stored at a temperature below 4 °C before
being transported to the laboratory.

In the laboratory, samples were dried at 60 °C for
48 h. Afterwards, dried samples were sieved in < 2-
mm sieve. To determine heavy metal concentrations
(Cd, Cu, Cr, Ni, Pb, Zn, Hg, Fe, and Mn), 0.5 g of
sediment was digested at 180 °C during 4 h using
4 ml of a solution composed by nitric acid (HNO3),
hydrochloric acid (HCI), and fluoric acid (HF) at
5:2:1 ratio (HNO3:HCL:HF). After sample prepara-
tion, final determination of heavy metal concentra-
tions was performed using inductively coupled plas-
ma atomic emission spectrometry. The detection
limits for each element were 0.1 pg/g for Cd;
1 png/g for Cr, Cu, Pb, and Hg; and finally, 4 mg/g
for Zn, Fe, Ni, and Mn. The standard error of each
sediment samples was less than 5%.

Statistical analysis

Multivariate statistical approaches such as principal
component analysis (PCA), hierarchical cluster anal-
ysis (HCA), and Pearson correlation coefficients
(PCC) have been demonstrated to be appropriate
for investigating the relationships between heavy
metal elements. These methods, which are useful
for reducing the dimensions of the observed vari-
ables, were widely used to investigate the heavy
metal contamination (Jamshidi-Zanjani and Saeedi
2013; Fujita et al. 2014; Pejman et al. 2015; Li
et al., 2016; Wang et al. 2016). Therefore, multivar-
iate statistical analysis was used in this study on
normalized data to establish the relationships be-
tween the different heavy metals and to identify
possible sources of surface sediment contamination.
The statistical analyses were performed using Excel
Stat under Microsoft Office Excel.

Assessment of sediment contamination
In this study, assessment of surface sediment contam-
ination by heavy metals was based on the following

indices: PLI, modified degree of contamination
(mC,), Iyeo, EF, potential ecological risk index (RI),
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sediment quality guidelines (SQGs), and M-ERM-Q.
Local geochemical background (LGB) was used to
calculate contamination indices with respect to Cd,
Cu, Cr, Ni, Pb, Zn, Fe, and Mn. However, to calculate
contamination indices for Hg, the concentration
before global industrialization given by Hakanson
(1980) was chosen as geochemical background for
this metal.

a. Pollution load index (PLI)

The PLI provides a standard comparative average to
assess the degree of contamination by defined metals
(Tomlinson et al. 1980). The PLI was defined by the
following equation (Eq. 1):

PLI = {/C} x C3 x C} x .. x C} (1)
e

where C is the C; (Hakanson 1980), Cj and C;, are
respectively the measured concentration and the geo-
chemical background value of defined metal. Two clas-
ses of PLI have been proposed by Tomlinson et al.
(1980): if PLI> 1 there is a pollution, while if PLI<1
there is no metal pollution.

b. Modified contamination degree (mC,)

The contamination degree (C,) allows global assess-
ment of sediment pollution using concentrations of sev-
en specific heavy metals and the organic pollutant PCB
(Hakanson 1980). This approach requires Cycalculation
for each pollutant as presented in Eq. 2. However, Cr
calculation requires a minimum of five sediment sam-
ples to obtain the mean concentration, which is subse-
quently compared to background value. Then, C, is
defined as the sum of Cy for the eight pollutant species
according to the following formula (Eq. 3):

Ca=2Cy (3)

To avoid such limitations, Abrahim and Parker
(2008) proposed the Modified mC,. This index was
defined as the sum of all contamination factors divided
by the number of analyzed pollutants (), as shown in
the following equation (Eq. 4):
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2 C
mC, = % (4)

The pollution classification, using mCy proposed by
Abrahim and Parker (2008), is given as follows:

mC,< 1.5: nil to very low degree of contamination

1.5<mC, < 2: low degree of contamination

2 <mC, <4: moderate degree of contamination

4 <mC, < 8: high degree of contamination

8 <mC, < 16: very high degree of contamination

16 <mC, < 32: extremely high degree of contamination

mC, > 32: ultra-high degree of contamination

c. Geoaccumulation index (/geo)

The I,, assesses sediment contamination by metals
with respect to geochemical background. It is calculated
using the equation defined as follows (Muller 1969):

Ci
oo = log; (m) ®)

where C; and B; are respectively heavy metal (i)
concentration and geochemical background. The 1.5
factor is used to minimize possible effect in
background value variations, which can be attributed to
lithological changes in sediment. Muller (1969) distin-
guishes seven classes of contamination based on the g,

lyeo > 5: extremely contaminated

4 <1y, <5: strongly to extremely contaminated

3 <Iyeo <4: strongly contaminated

2 < Iyeo < 3: moderately to strongly contaminated

1 <lgeo <2: moderately contaminated

0 </geo<1: uncontaminated to moderately
contaminated

ILyeo < 0: uncontaminated

d. Enrichment factor (EF)

The EF is used to determine the degree of anthro-
pogenic pollution through heavy metals. This factor
is based on the normalization of examined metals
with respect to a reference element. EF is calculated
using the Eq. 6 (Buatmenard and Chesselet 1979;
Ergin et al. 1991):

EF = (6)
Bref

where C; and C¢ are respectively examined metal
and reference element concentrations, B; and B,.f are
respectively examined metal and reference element
backgrounds.

In EF method, Fe, Sc, Al, Mn, and Li are usually used
as reference elements (Quevauviller et al. 1989;
Jamshidi-Zanjani and Saeedi 2013; Abrahim and Parker
2008; Wang et al. 2018). In this study, iron (Fe) was
chosen as reference element for geochemical normali-
zation. This metal is characterized by high natural con-
centration and, therefore, cannot be enriched significant-
ly due to anthropogenic sources (Alexander et al. 1993;
Niencheski et al. 1994; Abrahim and Parker 2008; Wang
et al. 2018). Moreover, Fe is considered as major adsor-
bent and quasi-conservative tracer of natural metallic
phases in river and coastal sediments (Schiff and
Weisberg 1999; de Paula Filho et al. 2015). Yet, the
calculated EF values will be interpreted using the clas-
sification reported by Sakan et al. (2009):

EF > 50: extremely severe enrichment

25 <EF < 50: very severe enrichment

10 <EF < 25: severe enrichment

5 <EF < 10: moderate to severe enrichment
3 <EF < 5: moderate enrichment

1 <EF < 3: minor enrichment

EF < 1: no enrichment

e. Potential ecological risk index (RI)

The RI is used to assess characteristics and environ-
mental behaviors of heavy metal contamination in coast-
al sediments (Hakanson 1980). This index reflects the
susceptibility of biological populations to toxic sub-
stances and illustrates the potential ecological risk
caused by contamination levels (Bastami et al. 2015).
The RI is calculated using the following equation:

n . n . .
RI:ZE’V:ZT’VXC’]{ (7)

i=1 i=1 ’
where E' is the individual potential ecological risk, 7" is
the toxic response factor for a given heavy metal; Ni=5,

Hg=40, Cd=30, Cu=Pb=5, Cr=2, and Zn=1
(Hakanson 1980; Zhu et al. 2013), and C} is the
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contamination factor. The following classification was
adopted according to RI values (Hakanson 1980):

RI > 600: very high ecological risk

300 <RI<600: considerable ecological risk
150 <RI < 300: moderate ecological risk
RI< 150: low ecological risk

f. Sediment quality guidelines (SQGs) and mean ERM
quotient (M-ERM-Q)

Sediment quality guidelines (SQG) were developed
by Long et al. (1995) (Table 1). These guidelines are
useful to assess ecological risks of contaminated sedi-
ments and, therefore, provide tolerable pollutant con-
centrations in order to protect organisms living in or
near the sediment.

Chemical concentrations with adverse biological ef-
fects were called the ERL and the ERM (Long et al.
1995; McCready et al. 2006; Pejman et al. 2015). These
two guideline values define three ranges of chemical
concentrations (Long et al. 1995; McCready et al. 2006;
Christophoridis et al. 2009):

> ERM: undesirable effects are frequent

>ERL and <ERM: undesirable effects are
occasional

< ERL: undesirable effects are rare

The M-ERM-Q is used to identify areas of potential
hazard in relation to sediment quality (Violintzis et al.
2009; Pejman et al. 2015). It is calculated using the
following equation (Long and MacDonald 1998; Long
et al. 2000):

n Ci
Zie1 ERM;

M-ERM-Q = (8)

where C;, ERM; and n are respectively the concentra-
tion, ERM values and number of metal i. Four classes
were defined using M-ERM-Q (Long et al. 2000):

M-ERM-Q > 1.5: 76% of toxic probability

0.51 <M-ERM-Q < 1.5: 49% of toxic probability
0.11 <M-ERM-Q<0.5: 21% of toxic probability
risk

M-ERM-Q < 0.1: 9% of toxic probability
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Results
Heavy metal concentrations

The statistical summary of the mean concentrations
measured over the three periods is presented in Table 2.
With a widely varying range, heavy metal concentra-
tions of different elements were comprised respectively
between a minimum and a maximum as follows: Cd,
<DL, 1.2 pg/g; Cu, 0.1-25 pg/g; Cr, <DL, 500 ng/g;
Ni, <DL, 40 png/g; Pb, 2.4-75.8 ug/g; Zn,
7.8-480 ng/g; Hg, <DL, 0.8 png/g, Fe,
3.4-174.9 mg/g, and Mn, 113-1980 ug/g. These
concentrations were compared to four geochemical back-
grounds; average values of shale, continental crust
(Turekian and Wedepohl 1961; Taylor 1964), concentra-
tion before global industrialization (Hakanson 1980), and
LGB (Table 1, Fig. 2).

When Cu contents are below different geochemical
background values, Cd concentrations exceed these
limits in St2, St4, and St7. Whereas, Cr concentrations
are above the three geochemical backgrounds in Stl,
St2, St3, and St4.

For Ni, all concentrations are below the standard
geochemical backgrounds, except for LGB, where they
exceeded it in St1, St2, St3, St4, and in St10. Excepting
St1, St5, St8, and St9 for Pb and St8, St9 for Zn, all
sampling site concentrations exceeded the three geo-
chemical background values.

The Hg contents are higher than different geochem-
ical backgrounds in St2, St3, St4, St6, St8, and St10.
Whereas, Fe values are above different geochemical
backgrounds in most sampling sites excluding St8.
However, all Mn concentrations are inferior to these
standards except St3, St4, StS5, St6, and St10, which
are superior.

To summarize for the three sampling periods, the
percentage of stations that exceed LGB is 90% for Fe;
50% for Ni, Pb, Zn, and Mn; 40% for Cr and Hg; 10%
for Cd; and 0% for Cu. Whereas, the percentage of
stations that exceed Shale values is 50% for Pb and
Fe, 40% for Zn and Hg, 30% for Cr, 20% for Cd and
Mn, and 0% for Cu and Ni. Finally, the percentage of
stations that exceed the continental crust value is 80%
for Zn, 70% for Hg, 60% for Pb, 30% for Cd and Cr, and
0% for Cu and Ni.

The comparison of heavy metal concentrations ob-
tained in this study to those reported in different Medi-
terranean areas is presented in Table 3. It is clear that Cu,
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Table 1 Heavy metal concentrations of LGB, continental crust, shale, and the metal guideline values (ERM, ERL)

Quality guidelines Cd Cu Cr Ni Pb Zn Hg Fe Mn References
(ng/lg)  (nglp) (ng/e)  (ngle) (ug/e) (ng/le)  (ng/p) (mglp) (ug/g)

LGB 0.6 26 45 22 22 88 0.25% 20 400 *(Hg) Hakanson
(1980)

Shale 0.30 45.00  90.00 68.00 20.00 95.00 0.40 47.2 850 Turekian and Wedepohl
(1961)

Continental crust 0.20 55.00 100.00  75.00 12.50  70.00  0.08 56.3 950 Taylor (1964)

ERM 9.6 270 370 51.6 218 410 0.71 - - Long et al. (1995)

ERL 1.2 34 81 20.9 46.7 150 0.15 - -

Ni, Pb, and Hg concentrations are quite similar to those
obtained from Egyptian, Spanish, and Italian coasts.
However, Cr and Mn concentrations are the highest
compared to other regions. In some cases, Cd, Cu, Ni,
Pb, and Zn concentrations are lower and sometimes
higher. Within the Moroccan Mediterranean littoral, Ni
and Cu indicate the lowest concentrations, while Cd, Pb,
and Zn contents were the lowest compared to Nador and
the highest with respect to Tetouan coastlines.

Assessment of sediment contamination

In the previous section, it was observed that the LGB
exceeded the shale and continental crust values only for
Cd and Pb, while it was lower for Cu, Cr, Ni, and Mn.
Therefore, the LGB was adopted to calculate the
pollution indices.

The PLI calculation results, using the nine heavy
metals, are illustrated in Fig. 3 a. The obtained values
are comprised between 0.12 and 1.72. In most stations,
PLI values are below one. However, in the three study
periods, St4 shows values greater than one during the
three sampling periods similarly to St2 and St3 in the
period of June 2009. According to Tomlinson et al.

(1980) classification, St2, St3, and St4 are classified as
polluted while other sites are significantly less polluted.
The mC, values are comprised between 0.14 and
2.95 (Fig. 3b), which indicates very low to moderate
degree of contamination. In fact, majority of stations
sampled during 2012 showed mC, values below 1.5,
indicating nil to very low degree of contamination.
During June 2009, St1, St3, and St10 show mC,, values
comprised between 1.5 and 2, indicating low degree of
contamination. However, St2, St4, and St6, in
June 2009, show mC, values between 2 and 4, suggest-
ing the presence of moderate degree of contamination.
The contamination degrees obtained using /4, show
that most sampling sites range between uncontaminated
and strongly contaminated (Fig. 4). For Cd, Cu, Ni, and
Hg, Iy, is less than one in all sampling sites, which will
be classified as uncontaminated to moderately contam-
inated. During June 2009, St3 and St4 are classified
respectively as moderately to strongly contaminated
and strongly contaminated in relation to Cr, while the
remaining sampling sites are classified from uncontam-
inated to moderately contaminated. Moreover, St2 is
classified as moderately contaminated in relation to Pb
and Zn, whereas the remaining stations range between

Table 2 Statistical Summary of heavy metal concentrations in surface sediments

Statistics Cd(ug/g) Cu(pg/g) Cr(pg/e) Ni(ug/e) Pb(ug/g) Zn(ug/g) Hg(ug/g) Fe(mg/g) Mn (ug/g)
Minimum <DL 0.10 <DL <DL 243 7.78 <DL 3.40 113.00
Maximum 1.20 25.00 500.00 40.00 75.80 480.00 0.80 174.90 1980.00
1st quartile 0.04 1.45 14.35 10.65 7.66 4873 0.07 13.46 21275
3rd quartile 0.04 9.77 45.00 25.28 23.28 97.88 0.22 4228 556.00
Median 0.04 3.95 30.00 1475 12.65 76.95 0.09 23.64 279.00
Mean 0.12 6.92 55.92 17.49 22.47 98.72 0.19 32.62 439.74
Standard deviation ~ 0.26 733 100.43 10.87 22.99 97.70 0.22 33.38 389.89

DL detection limit
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Fig. 2 Heavy metal concentrations in surface sediments compared to average values of shale, continental crust, LGB, and preindustrial

value for Hg

uncontaminated and moderately contaminated. In the
case of Fe, the calculated Iy, classifies Stl and St2
respectively as moderately contaminated and moderate-
ly to strongly contaminated. However, when I, is
calculated using Mn, St3, St4, and St6 are classified as
uncontaminated to moderately contaminated, St10 is
classified as moderately contaminated, while all remain-
ing sampling stations are classified as uncontaminated.

The Fig. 5 presents the obtained EF results. With
respect to Cd and Cu, all sampling sites are character-
ized by EF values lower than one, indicating no enrich-
ment by these metals. Besides St3 and St4, which indi-
cate respectively a minor enrichment over the three
periods and a moderate enrichment in June 2009, most
stations show no enrichment regarding Cr. All sampling
sites indicate no enrichment by Ni, except St4, which
shows minor enrichment in November and June 2012.
Regarding Pb, St2 shows minor enrichment in June 2009
and moderate to severe enrichment in 2012; however,
St3, St6, St8, and St10 show minor enrichment. On the
other hand, Zn shows minor enrichment in St2, St4, St5,
and St7, whereas the rest of sampling stations have no
enrichment of this metal. With respect to Hg, minor
enrichment is recorded in St2, St4, St6, and St9, while
moderate to server enrichment is obtained at St8 during
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June 2009. The EF calculated using Mn indicates no
enrichment to minor enrichment in all sampling sites.

Despite the PLIL, mCy, Iy, and EF indices show the
presence of non-significant heavy metal pollution and
enrichment, the RI calculation reveals that all sampling
sites are characterized by low to moderate potential
ecological risk (Fig. 6). The comparison of heavy metal
concentrations to ERM and ERL guidelines (Table 1) is
presented in Fig. 7. This figure shows that Cd and Cu
concentrations in all sampling stations are below these
two guidelines, indicating that undesirable effects
caused by both metals are rare. During June 2009, con-
centration contents of Cr in St4, Zn in St2, and Hg in St2
and St8 are above the ERM guideline. Consequently,
this result suggests that undesirable effects, due to such
metals, are frequent. Elsewhere, some sampling sites
show a metal concentrations ranging between ERL
and ERM standards; Cr in Stl and St3, Ni in St1, St2,
St3, St4 and St10, Pb in St2, St3 and St6, Zn in St4, St6,
and St7, and finally Hg in St3, St4, St6, and St10. This
finding implies that undesirable effects caused by these
heavy metals are occasional.

To summarize for all sampling periods, 20%, 50%,
30%, 30%, and 40% of sampling sites have respectively
the concentrations of Cr, Ni, Pb, Zn, and Hg that fall
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Fig. 3 (a) Pollution load index (PLI) and (b) modified contamination degree (mC,) values of heavy metals in surface sediments

between ERL and ERM. These outcomes indicate that
undesirable effects in these sampling sites are occasion-
al. On the other hand, 10%, 10%, and 20% of sampling
stations show successively the concentrations of Cr, Zn,
and Hg higher than ERM. This result suggests that
undesirable effects at these sites are frequent.

As a percentage, the calculated M-ERM-Q using Cd,
Cu, Cr, Ni, Pb, Zn, and Hg ranges between 0.03 and
0.49 with an average value of 0.18 (Fig. 8). These values
indicate that these heavy metals mixture may present
between 9 and 49% of probability to be toxic. This result
highlights the presence of lowest to medium-low poten-
tial of adverse effects on biota populations. In addition,

an M-MRE-Q < 0.1 is recorded only in three sampling
stations, which are St6, St7, and St9. Therefore, the
heavy metals combination in these stations is classified
as non-toxic.

Statistical analysis

The PCA was applied to normalized dataset. Initially,
the Kaiser-Meyer-Olkin (KMO) and Bartlett sphericity
tests were applied to all data to verify their suitability for
PCA statistical analysis. In general, high KMO values,
greater than 0.5 and close to 1, indicate that the data are
appropriate and useful for the PCA (Jamshidi-Zanjani

s Cd (pglg) R Cu (nglg) 5 Cr (nglg)
0 0 0
sdo T4 0

-3 4 -3 -3 4

u Jun. 2009
6 6 -6 u Jun. 2012

Nov. 2012
9 9 -9
N Ni (nglg) 3 Pb (uglg) N Zn (nglg)
0 0 0
Stl 3 St4 St10
-3 4 3 34
6 6 -6 -
-9 9 -9
R Hg (nglg) 5 Fe (mglg) 3 Mn (nglg)
0 0 0 -
St3  St4 St6  Si7 St3  St4 S

-3 -3 EE
6 -6 - -6
-9 9 9

Fig. 4 Geoaccumulation index (/4,) values with respect to studied heavy metals in surface sediments
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Fig. 5 Enrichment factor (EF) values of studied heavy metals in surface sediments

and Saeedi 2013; Fuyjita et al. 2014; Pejman et al. 2015).
In addition, the level of significance of Bartlett’s sphe-
ricity tests (BST) emphasized the significant relation-
ships between the variables. Indeed, small level of sig-
nificance, less than 0.05, indicate the existence of sig-
nificant relationships between variables and therefore
the PCA can be useful (Kaiser and Rice 1974; Pejman
et al. 2015). In this study, the KMO and BST values
were equal to 0.78 and 0.01, respectively. Therefore,
these values indicate that PCA would be appropriate for
the purpose of dataset analysis.

Correlation analysis was conducted to explore re-
lationships between studied heavy metals and to

Ri
600

H Jun. 2009 ® Jun. 2012 = Nov. 2012

500 -

400 -

Stl St2 St3 St4 St5 St6 St7 S8 St9  Stlo

Fig. 6 Results of potential ecological risk index (RI) in sampling
stations

identify their common origins in surface sediments
along the study area (Table 4). The Pearson’s matrix
coefficients, calculated with 95% of confidence level,
show significant and positive correlations between
the studied metals: Cu and Cd (0.80), Cr and Cd
(0.73), Cr and Cu (0.62), Ni and Cd (0.88), Ni and
Cu (0.64), Ni and Cr (0.89), Zn and Cd (0.60), Zn
and Cu (0.66), and finally between Zn and Pb (0.86).
Heavy metals with significant correlations may have
common sources and similar behavior during trans-
formation or migration (Wang et al. 2012). It is clear
from Table 4 that Fe has no significant correlation
with other metals. This confirms also its suitability to
be a reference element for EF calculation.

Otherwise, the relationship between variables was
performed using cluster analysis. As shown in Fig. 9,
heavy metals were grouped in three main clusters. Clus-
ter 1 includes Cd, Cu, Hg, Pb, and Zn. Although Fe
forms a single group (cluster 3), it is correlated by
similarity to Mn, Cr, and Ni form cluster 2. As Fe is
primarily originated from lithogenic sources, it can be
assumed that heavy metals of cluster 2 are also derived
from natural origin. However, the principal source of
cluster 1 heavy metals is mainly anthropogenic, such as
wastewater discharges, industry, agricultural activities,
traffic, and transport.

@ Springer



197 Page 12 of 19

Environ Monit Assess (2019) 191: 197

Cd (ng/ G G /|
12 (nglg) 300 u (pgle) 600 r (ngle)
_______________________________ m Jun. 2009 == Jun. 2012
10 4 o] 250 4 500 4 Nov.2012 ——ERM
8 200 400 —ERL
6 4
44
P
(IR N — ] !
St Si2 St3 Si4 St5 St6 S$t7 S8 St9 Stl0 St St2 St3 St4 St5 St6  St7 S8 St9 Stl0 Stl St2 St3 St4 St5 St6  St7 S8 St9 Stl0
Ni (ng/, Pb (ng/, Zn (pgl;
0 (nglg) 250 (nglg) 600 (ngle)

St St2 St3 St4 S5 St6  St7 S8 St9 Stl0

1o Hg (ngle)

St St2 St3 St4 S5 St6  St7 S8 St9 Stl0

Stl1  St2 St3 Std St5 St6 St7 S8 St9 Stl0

Stl St2 St3 Std St5 St6 St7 S8 St9 Stl0

Fig. 7 Heavy metal concentrations in surface sediments from Mediterranean coast of Morocco compared to ERM and ERL guidelines

In the same way, PCA was established to compare the
composition of heavy metals between sampling sites
and to identify responsible elements of surface sedi-
ments contamination (Fig. 10). Two factors, with eigen-
values > 1, representing a cumulative variance of 68.4%
were obtained. The first factor F1, which represents
47.14% of total variance, is correlated negatively with
Fe and positively with the remaining heavy metals
(Fig. 10a). Since these two metal groups have unequal
charge levels on F1, it can be confirmed that Fe is
derived from different source, mainly lithogenic. The
second factor F2, which explains 21.30% of total vari-
ance, is correlated positively with metals of anthropo-
genic origin (Cu, Hg, Pb, and Zn) and negatively with

M-ERM-Q
o Jun. 2009 ® Jun. 2012

0.6

Nov. 2012

Stl St2 St3 St4 St5 St6 St7 St8 St9  Stl0

Fig.8 Classification of sampling stations based on the M-ERM-Q
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those of natural origin (Mn, Cr, and Ni). Regarding Cd,
it is considered as typical metal associated with human
activities (Zahra et al. 2014; Strbac et al. 2018). This
metal shows both positive and negative charge on F1
and F2 respectively. Therefore, it can be proposed that
Cd is essentially derived from both natural and anthro-
pogenic sources.

The individual diagrams (Figs. 10 b and c) divide the
sampling sites into three main groups. The group 3 sites
(St3, St4, and St10) are dominated mainly by metals of
natural origin, while St7 and St2 from group 2 are
dominated mainly by metals of anthropogenic origin.
Concerning the remaining sampling sites, heavy mental
enrichment is mainly caused by the contribution of both
natural and anthropogenic factors.

Discussion

This study provides an overview of heavy metals con-
tamination in surface sediments along the Mediterra-
nean shoreline of Morocco. The purpose was to deter-
mine heavy metal origins and to define the most vulner-
able sites to this pollution. The study of heavy metal
concentrations showed significant variation between the
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Table 4 Pearson correlation matrix of studied heavy metals in surface sediments

Variables Cd(ug/g) Cu(uglg) Cr(ng/e) Ni(ugle) Pb(ugle) Zn(ug/g) hg(pgle) Fe(mg/g) Mn(ug/g)
Cd (ug/g) 1

Cu (pg/g) 0.80 1

Cr (ng/g) 0.73 0.62 1

Ni (ug/g) 0.88 0.64 0.89 1

Pb (1g/g) 021 0.29 0.02 -0.08 1

Zn (ug/g) 0.60 0.66 0.26 0.28 0.86 1

Hg (ug/g) 0.45 031 0.28 0.32 0.59 0.52 1

Fe (mg/g)  —0.03 -0.11 -0.01 -0.03 0.07 0.13 -0.24 1

Mn (ug/g) 0.29 035 0.61 0.55 0.10 0.12 0.25 0.12 1

Values in italics are different from 0 with a significance level alpha = 0.05

three sampling periods. This behavior could be the
consequence of several chemical or environmental pro-
cesses. In fact, the modification of some environmental
conditions such as pH and redox potential can trigger
the transfer or the mobilization of heavy metals in sed-
iments, as well as the modification of their concentra-
tions (Kalantzi et al. 2013; Duodu et al. 2017). In
addition, it has been clearly established that organic
matter and grain size are two main factors, which influ-
ence heavy metal concentrations in sediments (El Bilali
et al. 2002; Kalantzi et al. 2013; Fujita et al. 2014; Li
etal. 2017). Therefore, their modification induces heavy
metal concentrations change. For instance, the concen-
trations of Cu, Zn, and Mn increase with the finest
fractions while Cr decreases, whereas organic matter

16
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Fig. 9 Dendrogram of individuals established using hierarchical
clustering analysis

plays a significant role in their fixation (Chakrapani
and Subramanian 1993; Rodriguez-Barroso et al.
2010). Investigating the cores executed in the lagoon
of Nador, Bellucci et al. (2003) have suggested a recent
decrease in metal concentrations provoked by the
granulometry change.

Likewise, meteorological fluctuations influence sig-
nificantly heavy metal concentrations in surface sedi-
ments. Indeed, dilution due to unpolluted rainfall during
wet periods reduces heavy metal concentrations, while
they increase during dry periods (Collvin 1985; Gupta
et al. 2009). Therefore, the higher concentrations of
heavy metals observed in the study area sediments could
be the consequence of drought periods. On the other
hand, these important concentrations may be induced by
industrial development recorded during the beginning of
the century in Morocco, while decreasing phases can be
the consequence of environmental strategies imposed by
the Moroccan government.

The study of heavy metal concentrations in sediment,
compared to different geochemical background values,
is not sufficient to assess the pollution status (Zhu et al.
2012; El Zrelli et al. 2015; Pejman et al. 2015; Strbac
et al. 2018). For this reason, quantitative methods were
used to assess the pollution level and the possible origin
of heavy metals.

The calculation of mC, index demonstrated that
heavy metal contamination ranges from very low to
moderate levels. According to this index, St2, St4, and
St6 showed the presence of moderate contamination by
heavy metals. Alternatively, using the Z,e, index, heavy
metal contamination ranges from uncontaminated to
strongly contaminated. Otherwise, the FE calculation
indicated that most heavy metals showed no enrichment

@ Springer
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to minor enrichment except for some ones, which indi-
cated severe enrichment. It has been reported that EF
values ranging between 0.5 and 1.5 indicate natural
origin of heavy metal, while values above 1.5 suggest
anthropogenic sources (Birth 2003; Wang et al. 2016;
Malvandi 2017). In this study, Cr in St3 and St4, Pb in
St2, Zn in St2, Hg in St8, and Mn in St6 and St10
showed EF values >1.5. This result indicates that
human activities are involved in the enrichment
process. However, the remaining sampling sites imply
the dominance of geological character in the enrichment
process. Overall, it can be deduced that the obtained
information about pollution status depends mainly on
the geochemical background value and on the chosen
contamination index. Indeed, Strbac et al. (2018) have
confirmed the influence of geochemical background
values in the establishment of sediment quality criteria.

The statistical analysis conducted in this study
supports the hypothesis that Cd, Cu, Hg, Pb, and
Zn are derived mainly from anthropogenic origin,
while Fe, Mn, Cr, and Ni are derived from natural
sources. As a result, the contamination of surface
sediments along the Mediterranean coasts of
Morocco is particularly due to the combination
between anthropogenic and natural factors. Indeed,
Bloundi et al. (2009) and Ben Omar et al. (2015)
have endorsed this result on the northern Moroccan
coast. Thus, the study area can be considered as not
significantly enriched by human activities.

In the study area, the probable anthropogenic sources
of surface sediment contamination by heavy metals can
be grouped into different types. Leachate released from

@ Springer

landfills and agriculture activities can contribute in part
to sediments enrichment with heavy metals such as Cr,
Mn, Ni, Cu, Zn, Cd, and Pb (Zhang and Shan 2008;
Fujita et al. 2014). Road traffic can contribute to signif-
icant enrichment by Cd, Pb, Zn, and Hg (Duodu et al.
2017) as well as Ni that can be derived from trace
elements contained in gasoline (Wang et al. 2016).
Otherwise, Cd and Hg can also be associated to
suspended particles within vehicle emissions and lubri-
cating oils (Duodu et al. 2017).

Furthermore, the geological character of the study
area influences significantly metal composition of coast-
al surface sediments. The geological formations are
formed mainly by peridotite, kinzigite, and granulite
rich in certain metals such as Cr, Fe, Mn, and Ni
(Gonzalez et al. 2007; Ben Omar et al. 2015; Hajjar
etal. 2017). Silicate minerals such as orthopyroxene and
muscovite as well as oxides like spinel, widely present
along the study area’s watershed, are well known to
contain these metals (Hajjar et al. 2017). Similarly,
amphibolites, which are composed of amphibole, feld-
spar, plagioclase, and pyroxene, also known for their Cr
and Ni content (Hajjar et al. 2017; Ben Omar et al.
2015). Black shales and sea sprays are the most impor-
tant natural sources of Cd. In addition, crustal materials
weathering releases this metal to soils and aquatic sys-
tems (Hutton 1983). These processes play an important
role in Cd enrichment; however, they rarely produce
high concentrations in the environment (Holmes 1975;
Hutton 1983). Consequently, the very low concentra-
tions obtained in this study (lower than DL) support the
natural origin of Cd metal.
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In the study area, rivers traverse geological forma-
tions, agricultural lands, urban centers, industrial zones
as well as contaminated lands. Consequently, these prin-
cipal watercourses will transport heavy metals from
watershed to the shoreline. Overall, the calculated
values of contamination indices, PLI and mC,, indicate
that metal pollution was higher in St2, St3, St4, and St6,
which correspond successively to Oued Souani, Oued
Mghogha, Oued Martil, and Oued Cabaillo. Previous
studies have shown that Oued Martil receives significant
amount of urban and industrial effluents enriched by
heavy metals (Lahbabi and Anouar 2005; Ben Omar
et al. 2015). Additionally, Bloundi et al. (2009) have
found high concentrations of Zn, Pb, Cu, Ni, and Cr near
the estuary of Cabaillo and Selouane rivers. These latter
drain the water flowing through an industrial park and
urban centers. Therefore, these results confirm the in-
volvement of principal rivers in heavy metal mobiliza-
tion from watershed to the shoreline. However, the
obtained conclusions about pollution status may depend
mainly on the used geochemical background values and
the selected contamination index. Eventually, in order to
estimate the contribution rate of anthropogenic or natu-
ral factors to heavy metals enrichment, additional de-
tailed studies are required. This perspective requires
further investigations including contamination change
along main rivers from upstream to downstream.

Conclusion

This article discusses heavy metal contamination in
surface sediments along the Mediterranean coast of
Morocco. To investigate the degree and possible sources
of such contamination, the concentrations of nine heavy
metals (Cd, Cu, Cr, Ni, Pb, Zn, Hg, Fe, and Mn) were
measured at ten sampling stations. The order of average
contents of these metals, without taking into account
sampling periods, was as follows Fe >Mn > Zn > Cr>
Pb>Ni>Cu>Hg>Cd. The obtained concentrations
showed significant variabilities, with respect to sam-
pling periods, indicating the governance of several
chemical or environmental processes in this coastal area.

Environmental and ecological contamination indices,
calculated using heavy metal concentrations, suggested
that pollution was higher at sampling sites correspond-
ing to Oued Souani, Oued Mghogha, Oued Martil, and
Oued Cabaillo. These rivers drain heavy metals from
urban and industrial effluent, and agricultural lands as

well as through geological formations, which are
enriched by these elements.

The RI index showed that majority of sampling sites
present a low ecological risk except Oued Souani, which
showed a moderate potential ecological risk. With re-
spect to ERL and ERM guidelines, it is found that 20%,
50%, 30%, 30%, and 40% of sampling sites indicate that
undesirable effects, associated to Cr, Ni, Pb, Zn, and Hg
respectively, are occasional. While, 10%, 10%, and 20%
of sampling sites showed that undesirable effects, asso-
ciated successively to Cr, Zn, and Hg, are frequent. The
calculated M-ERM-Q for all sampling sites indicated
that heavy metals combination may have between 9 and
49% of probability to be toxic. This finding suggest
lowest to medium-low potential of adverse effects to
biota populations.

Statistical analysis showed that Cd, Cu, Hg, Pb,
and Zn are primarily produced from anthropogenic
sources, while Fe, Mn, Cr, and Ni are mostly de-
rived from natural source. Consequently, it can be
concluded that anthropogenic and natural factors
contribute mutually to heavy metal enrichment in
surface sediments along the Mediterranean coast of
Morocco. Despite these results, no intense heavy
metal pollution was detected in the surface sedi-
ments of the study area. However, non-controlled
pollution and contamination of surface sediments
by heavy metals can have adverse effects on the
biota, and subsequently a direct or indirect impact
on human health. As a result, particular attention
should be given to this contamination, particularly
in urban areas, heavily populated, and also in those
with minor or no pollution.

This study contributes to an effective environmental
monitoring along the Mediterranean coast of Morocco
and supports the establishment of public policies to
ensure the protection of coastal environments. The ob-
tained findings will be used as a database for further
detailed researches. With a view to this research, the
investigation of heavy metal evolution along main riv-
ers, from upstream to downstream, would be crucial.
Such further investigation will enable differentiation
between contribution rate of anthropogenic and natural
factors in surface sediments contamination along this
coastal area.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.
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