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Summary The geochemical fractionation of heavymetals, including Mn, Fe, Cu, Pb, Zn, Cd and Ni,
collected from the surface sediments of the Jeddah coastal zone of the Red Sea in Saudi Arabia was
determined using a sequential extraction technique. The data obtained from the five fractions
indicated that the concentration of metals varies among different locations in the study area.
The total metal concentrations (%) in the exchangeable (F1), carbonate (F2), reducible (F3) and
organic-bound (F4) fractionsweremeasured to determine themobility of each studiedmetal. The sum
of the two fractions F3 and F4 represented 70% of the Cu, 72% of the Zn and 36% of the Pb. However,
the sum of the three fractions F2, F3 and F4 represented 76%, 74%, 68% and 58% of the Cd, Ni, Fe and
Mn, respectively. Approximately 46% of the total copper was related to organics, which could reflect
a high mobility of copper in these sediments. The maximum mobility of metals in the sediments
was confirmed by the bioavailability factor (BF), which was within the ranges of 0.47—0.93,
0.34—0.92, 0.62—0.95, 0.69—0.95, 0.24—0.82, 0.54—0.98, and 0.60—0.95 for Fe, Mn, Cu, Zn, Pb,
Cd, and Ni, respectively. Based on the BF, the metals exhibited the following order: Cu�
Zn> Cd � Ni� Fe> Mn> Pb. The high levels of BF for the studiedmetals could reflect the potential
for toxic metals to be easily released into the marine environment. The risk assessment code for Cd
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Figure 1 Location of sampling points of the coastal area of
Jeddah, Red Sea.
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1. Introduction

Sediments consist of organic and inorganic detrital grains
with heterogeneous physical, chemical and biological char-
acteristics (Hakanson, 1992). Sediments are rich in trace
metals, which occur in various chemical forms with different
mobilities, bioavailabilities, chemical interactions and
potential toxicities (El Zokm et al., 2015; Masoud et al.,
2010; Okbah et al., 2005 [3_TD$DIFF]). The presence of trace elements in
sediments was studied by Tessier et al. (1979) to understand
the chemical forms of metals present in the environment.
Such research is performed because the chemical forms of
metals play a certain role in the mobility of metals at the
sediment/water interface and their subsequent transfer to
the food chain (Rattan et al., 2005). Therefore, the fate of
such trace metals should be investigated to understand their
effects on surrounding organisms and what risks they could
pose. Metals in sediments can occur in five categories:
soluble and exchangeable; carbonates; reducible forms (Fe
and Mn oxides); organics and sulfides; and silicates and
detrital materials. This diversity is because metals can have
different remobilization conditions under changing environ-
ments, consequently affecting their bioavailability and solu-
bility. The determination of the total content of trace metals
is not enough to evaluate their impact on the environment.
Thus, the identification of geochemical forms of trace metals
is necessary to understand the mobilization capacity of the
metals and their impact on the surrounding environment (Li
et al., 2000).

The catchment area of the Red Sea consists of sedimentary,
granitic and metamorphic rocks that are weathered and
eroded by the Red Sea (coastal) waters via wind and seasonal
floods. These natural conditions have been altered due to
increased human activities in Red Sea coastal areas (Moufad-
dal, 2002). These activities are the most frequent on Jeddah
City's coast and include refilling, dredging, waste discharge,
fishing, and oil spills. Some sites in Jeddah have been inves-
tigated over the last few years to study the anthropogenic
impacts and effects of pollution on the environmental con-
ditions of lagoons and shorelines (Abu-Zied et al., 2013, 2016;
Abu-Zied and Hariri, 2016; Al-Mur et al., 2017; Youssef et al.,
2015).

The main objective of this study is to investigate the
speciation of trace metals, such as Fe, Mn, Cu, Zn, Pb, Cd
and Ni, using sediments from the coast of Jeddah to provide a
better understanding regarding their mobility and bioavail-
ability and to conduct an environmental risk assessment.

2. Material and methods

2.1. Sample location

Samples were collected at point-source areas impacted by
anthropogenic activities based on field surveys and observa-
tions. These impacted areas included the Salman Gulf, Down-
town, and Al-Khumrah. The study area was divided into three
zones: the north zone is represented by five stations (I, II, III,
IV and V), the middle zone is represented by two stations (VI
and VII) and the south zone is represented by stations VIII, IX,
X, XI and XII (Fig. 1). Fine and coarse sand composed the
major fraction of the studied sediments.
2.2. Sample collection and preservation

Surface marine sediment samples (250 g, 7 cm from the
surface) were collected using a plastic spatula to prevent
any cross contamination. At each station, 3 sediment samples
were collected using a grab sampler, immediately inserted
into polyethylene bags and stored in an ice box until they
could be transported to the lab. In the laboratory, all samples
were kept cool at 48C until analysis occurred. Before metal
analysis, all sediment samples were homogenized and
ground.
2.3. Geochemical analysis

Granulometric analysis of the sediment was performed by
sieving techniques (Folk, 1974). The analysis was only per-
formed on the finest sediments, whichwere separated using a
sieving process. The majority of the sediment was the coarse
sandy/gravel fraction, and we only focused on the fine
fraction. In the first step, the foreign components and gravel
were removed from the sediment samples through a 125 mm
sieve. The remaining fraction was then ground and sieved
through a 63 mm sieve. This fine fraction was then divided
into four parts: 1. Part used for total organic carbon deter-
mination. 2. Part used to determine calcium carbonate (%).
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3. Part used for the analysis of total metal concentration.
4. Part used to determine the different species of heavy
metals (fractionation of heavy metals).

The TOC was measured using the procedure of Gaudette
and Flight (1974). In this method, the powdered sediment
sample was exothermically heated and oxidized with con-
centrated sulfuric acid (H2SO4) and potassium dichromate
(K2Cr2O7). The sample solution was titrated to remove excess
dichromate using ferrous ammonium sulfate solution and the
indicator diphenylamine. Then, the organic carbon values
were converted to organic matter by multiplying the result-
ing values by 1.8.

Total carbonates were determined following the proce-
dures described in Molina (1974). In the present study, CaCO3

was determined by the dissolution of carbonate in an excess of
0.5 N HCl and titration of the remaining acid with 0.25 N NaOH
(Rowell, 1994). This process involved two-phase analysis:

One gram (accurately weighed) of dried sediment sample
was mixed with a known amount of hydrochloric acid (0.5 N
HCl) in a conical flask and swirled slowly after the addition of
the acid. The total CaCO3 (%) was calculated by the following
equation:

CaCO3% ¼ 100�0:05�½ðNHCl�VHClÞ�ðNNaOH�VNaOHÞ�;
where NHCl is the normality of standardized HCl, VHCl the
volume of standardized HCl, NNaOH the normality of stan-
dardized NaOH and VNaOH the volume of standardized NaOH.

The total concentration of heavy metals was determined
according to Oregioni and Aston (1984). An accurately
weighed 0.3 g sediment sample was completely digested in
a cleaned and dried Teflon beaker at 808C using a mixture of
acids (in mL; HNO3:HClO4:HF; 3:2:1 v/v). The remaining
supernatant for each sample was used to measure the total
metal concentration using an inductively coupled plasma-
optical emission spectrometer (Agilent ICP-OES 5100 VDV).
The absorption wavelengths (in nm) were 259.943, 257.610,
213.857, 324.757, 220.356, 226.502 and 231.604. The oper-
ating parameters of the system were as follows: power
1.2 kW, plasma gas flow 12 L/min, auxiliary gas flow 1.0 L/
min, nebulizer flow 0.7 L/min, and pump rate 15 rpm.

Working standard solutions of heavy metals were prepared
with standards obtained from Fluka Analytical, St. Galen,
Switzerland,with 1%HNO3. Seven calibration standards, includ-
ing a blank and concentrations ranging from 5—100 mg L�1

[9_TD$DIFF],
were measured three times. HNO3 was used as a blank, and
all the analyses were performed in triplicate. The total metal
concentration was calculated by the following formula:

C ¼ Cs� V
Wt

� �
;

where C is the concentration of sediment sample in mg g�1,
Cs is the liquid supernatant concentration (ICP reported) in
mg L�1, V is the volume (mL) of acid used to dissolve the
sediment sample and Wt is the weight (g) of the sediment
sample. For each individual sample, triplicate measurements
were recorded by the ICP-OES.
2.4. Sequential extraction procedure

Sequential extraction of the metals Fe, Mn, Cu, Zn, Pb, Cd
and Ni was carried out based on the methodology of Tessier
et al. (1979). This method was used because such metals can
be remobilized into/out of sediments based on the surround-
ing solution characteristics, such as the formation of com-
plexes, ionic strength, acidity and redox potential. In this
study, the methodology used to obtain the five metal frac-
tions was as follows:

The exchangeable and acid-soluble fraction (F1) was
obtained by adding 10 mL of 1 M sodium acetate solution
(pH 8.2) into one gram of sediment sample and shaking the
mixture in a mechanical shaker at 250 rpm at room tempera-
ture for 1 h. Then, after centrifugation at 7000 rpm for
20 min, the extract was placed in a polyethylene bottle
and stored at 48C until further analysis. After that, the
residue was shaken for 20 min in 10 mL of deionized water,
and then the supernatant was discarded.

The carbonate-bound fraction (F2) was extracted by add-
ing a sodium acetate solution (pH 5.0) to the residual from
the first step. At room temperature, the mixture was shaken
(250 rpm) for 1 h.

The reducible fraction (F3), which was bound to iron-
manganese oxides, was obtained by adding 0.05 M hydroxy-
lamine HCl in 25% (v/v) acetic acid to the residue from the
2nd step. The mixture was agitated for 6 h at 708C. The F3
fraction was separated, and the residue was washed after
completion of the first step.

The sulfide and organic-bound fraction (F4) were obtained
from the residual of the F3 fraction. In this step, 3 mL of
0.02 M HNO3 and 5 mL of 30% H2O2 were added to the residue,
the pH was adjusted to 2 by HNO3, and the mixture was
heated at 858C for 2 h. After that, 3 mL of 30% H2O2 was
added, and heating continued for 3 h. The solution was then
cooled, and 5 mL of NH4OAC was added. Then, the extraction
of F4 and residue washing were carried out as performed in
the first step.

The residual fraction (F5) was obtained by complete
digestion of 0.2 g of the residue left from step F4 in a mixture
of HNO3, HClO4 and HF (3:2:1 v/v). Then, the metal con-
centrations (mg g�1) in this solution and in all other extracts
and the total metal concentration were measured using
inductively coupled plasma spectrophotometry.

The % recovery of trace metals in the five extracts/frac-
tions, including the residual fraction, was determined using
the following equation from Ahmadipour et al. (2014):

Recovery %¼
XðExch:þCarb:þRed:þOrg:þResi:Þ

TM

� �
�100;

where Exch. = exchangeable, Carb[13_TD$DIFF]. = carbonate, Red[14_TD$DIFF]. = re-
ducible, Org[15_TD$DIFF]. = oxidizable organic, Resi[16_TD$DIFF]. = residual and
TM = total metal.
2.5. Quality control

All the chemicals were of analytical grade quality and pur-
chased from Sigma-Aldrich, USA. Ultrapure, deionized water
was used throughout the procedure, and glassware and
plastics were soaked in 10% HNO3 for 24 h. All analytical
solutions were prepared using ultrapure water (resistivi-
ty � 18.3 MV cm) obtained from a Milli-Q device (Millipore,
Bedford, MA, USA). A quality control standard of 10 mg L�1

[12_TD$DIFF]

was used to check the calibration and had to pass with 90%
confidence before any samples were run.



Table 1 Comparison of the analytical results of the certified
reference materials (HISS-1, National Research Council of
Canada in mg g�1) with the measured data.

Metal Measured value Certified value Recovery %

Fe 0.24 � 0.09 0.236 � 0.017 101.7
Mn 60.85 � 4.20 61.24 � 2.30 99.4
Zn 4.74 � 0.79 4.60 � 1.21 103.0
Cu 2.10 � 0.37 2.08 � 0.08 101
Pb 2.75 � 0.40 2.83 � 0.74 97.2
Cd 0.020 � 0.09 0.022 � 0.028 91.0
Ni 2.16 � 0.29 1.99 � 0.55 92.1
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To validate themethod in this work, QA/QC concerns were
addressed through the use of certified reference materials
(CRM), blank reagents and triplicate samples. Quality control
for the total metal concentrations was performed using a
certified reference material, and the indicated heavy metals
in marine sediments (HISS-1, National Research of Council of
Canada, in mg g�1) were analyzed (Table 1). Six batches were
analyzed in duplicate, and the accuracy of the results ranged
from 90—110%; the precision of the analytical process was
determined as the relative standard deviation (RSD). The
precision for the analysis of the standard solution was within
10%. The coefficients of variation were 8.0% for Fe, 8.5% for
Mn, 7.4% for Zn, 4.2% for Cu, 6.5% for Pb, 5.9% for Cd and
6.2% for Ni. Sequential extraction reagent blanks showed no
detectable contamination. The detection limit (LOD) was
2.5 mg L�1 for Fe, Mn, Zn, Cu, and Cd and 5.0 mg L�1 for Pb.

3. Results and discussion

3.1. Carbonates, total organic matter (TOM) and
grain size distribution

The percentages of carbonates (CaCO3) and TOM in the sedi-
ments of the studied stations are shown in Table 2. The
Table 2 Sediments characterization and total metals concentra

Locations Grain size TOC

St. Latitude (N) Longitude (E) Sand % Silt clay %

I 21.876617 38.972557 98.0 2.0 0.35
II 21.866340 38.975300 61.0 39.0 0.26
III 21.845668 38.993319 95.8 4.2 0.70
IV 21.751210 39.132770 96.2 3.8 0.66
V 21.720934 39.113549 100. 0.0 0.63
VI 21.520035 39.130082 96.0 4.0 1.03
VII 21.473369 39.163543 100. 0.0 1.09
VIII 21.332450 39.119300 100. 0.0 1.09
IX 21.320480 39.104820 98.5 1.5 1.18
X 21.265594 39.128387 85.5 14.5 1.44
XI 21.136170 39.178060 97.3 2.7 1.37
XII 21.082930 39.219490 94.9 5.1 1.30
Min 61.0 0.00 0.26
Max 100. 39.0 1.44
Avg. 93.3 6.8 0.95
�SD 13.1 13.0 0.4
carbonate percentages exhibited the highest levels at four
stations (V, VIII, IX and XII), with values of approximately
40—60%, indicating that biogenic materials constitute an
important part of the nearshore sediments in the study area.
CaCO3 decreased at stations I, III, IV, VI, X, and XI, with values
of approximately 20—30%, and at stations II and VII, it
decreased to less than 20%.

The distribution of TOC (Table 2) in the studied sediments
showed that the highest value of 1.44% occurred at station X
and the lowest value of 0.26% was recorded at station II.
However, the average value was 0.95 � 0.4%. The organic
carbon from stations VI to XII fluctuated between 1.03% and
1.44% with a mean value of 1.0%. In general, the variations in
total TOC in the bottom sediments of the study area could be
related to algal and seagrass cover, terrigenous and domestic
wastewater input, and local hydrodynamics (El-Metwally
et al., 2017; Mansour et al., 2013).

The grain size distribution revealed that the sand fraction
was the dominant component of the studied sediments
(Table 2). The sand fraction was high, ranging from 95 to
100%, except at stations II and X, where it displayed values of
61% and 85.5%, respectively. The clay and silt fractions fluc-
tuated from 0—39%. Additionally, the sediments in the study
area contained a considerable amount of shell fragments.
3.2. Distribution of total heavy metals

Sediment particles consist mainly of biogenic and nonbio-
genic (lithogenous) components, which are considered
the final sinks for heavy metals delivered to the marine
environment. Sediments are able to absorb a higher level
of both toxic and persistent chemicals than water (Rodríguez-
Barroso et al., 2009; Yuan et al., 2004). The total metal
concentrations of Fe, Mn, Zn, Cu, Pb, Cd and Ni in the marine
sediments of the coastal zone of Jeddah are presented in
Table 2. The concentrations of these metals showed average
values (in units of mg g�1) of 3433—5883 (4472 � 838), 483—
1200 (784 � 253), 241—532 (390 � 109), 43—92 (67 � 16),
tions, Jeddah coastal zone (Saudi Arabia).

% CaCO3 % Fe Mn Zn Cu Pb Cd Ni

Total concentrations (mg g�1)

25.80 3800 550 241 58 121 2.04 110
5.03 3683 567 257 60 170 1.58 134

21.44 3950 1083 314 83 206 1.08 117
29.36 3433 783 326 65 226 1.22 153
53.34 4433 483 309 63 138 1.37 167
31.45 5883 1200 410 43 155 2.32 147
16.59 4467 700 511 87 225 1.75 150
42.60 4233 650 485 68 186 2.55 142
46.47 4133 633 519 92 240 1.74 172
29.50 5683 1083 462 77 76 1.69 136
30.05 4300 633 532 55 68 1.65 106
61.37 5300 933 334 57 85 1.47 162
5.03 3433 483 241 43 68 1.08 106

61.37 5883 1200 532 92 240 2.55 172
35.06 4472 784 390 67 157 1.72 141
17.6 838 253 109 16 63 0.47 23
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68—240 (157 � 63), 1.08—2.55 (1.72 � 0.47) and 106—172
(141 � 23), respectively.

The lowest Fe concentrations were recorded at station IV,
while the highest concentrations occurred at station VI
(Table 2). The lowest concentrations of Mn were recorded
at station V, while the highest values occurred at station VI.
The minimum value of Zn (241 mg g�1) was recorded at
station I, whereas its maximum value (532 mg g�1) was
recorded at station XI. When comparing the Zn concentra-
tions in this study with those obtained for the Red Sea, the
studied sediments yielded an average concentration of Zn
(390 � 109 mg g�1) 8 times higher than that previously
reported in the sediment of the Red Sea (51 � 14 mg g�1)
(Okbah et al., 2005). This may be related to the effect of
industrial activities along the study area.

Cu ranged from 43 to 92 mg g�1 (average value 67
� 16 mg g�1), exhibiting the lowest values at station VI, while
the highest levels were recorded at station IX (Table 2). Cu
was introduced into the sediments in lithogenic and biogenic
forms. Clay minerals represent the main source of lithogenic
Cu. However, the decomposition of organic matter releases
Cu that can be adsorbed to the surface of clay minerals.
Additionally, anthropogenic Cu and metal pollutants can
enter the environment via the effluents of mining and indus-
trial activities, fuel burning, sewage discharge and agricul-
ture activity (fertilizers and pesticides).

The total Pb, Cd and Ni concentrations in the sediments of
the coastal zone of Jeddah are shown in Tables 2 and 3. Their
values varied from 68—240, 1.08—2.55 and 106—172 mg g�1,
respectively. The lowest concentrations of Pb and Ni were
recorded at station XI, while their highest values occurred at
station IX. Their average values were 157 � 63 mg g�1 and
141 � 23 mg g�1, respectively. The highest concentration of
Cd (2.55 mg g�1) was recorded at station VIII, with an average
value of 1.72 � 47 mg g�1 (Table 2).

Comparisons of the heavy metal concentrations in the
current study with other works in the same area and other
areas of the world, such as the Red Sea coast (Hurghada area,
Red Sea), Caspian Sea (Iran), Black Sea (Turkey), and
Al-Hodeidah coast (Yemen) (Table 3) indicated that Fe,
Mn, Zn, Cu, Pb and Ni revealed values higher than those
demonstrated by Badr et al. (2009), Salem et al. (2014),
El-Moselhy and Gabal (2004), Heba et al. (2004), Mora and
Sheikholeslami (2002), Topcuoglu et al. (2002), while Cd
presented lower concentrations than those reported by
El-Moselhy and Gabal (2004). The sediments of Jeddah
(Red Sea) studied by Al-Mur et al. (2017) showed higher levels
of Fe, Mn, Zn, Cu and Pb than those reported in the present
study.
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3.3. Fractionation of heavy metals

The heavy metals in the studied sediments were fractionated
into five categories according to binding, including exchange-
able, carbonate, Fe-Mn oxide, organicmatter (oxidizable) and
residual fractions. This is because each of these categories has
a different remobilization regime under changing environ-
ments. Thus, the speciation of heavy metals is important for
measuring their bioavailability in the environment and for
evaluating their potential risks to living organisms (Sadhana
Pradhanang, 2014). In the present study, the investigated



Table 4 Minimum,maximum and average content� SD[6_TD$DIFF], and its relative percentage of trace metals in the five fractions extracted.

Exchangeable Carbonate Reducible Oxidizable Residual Total conc.

Conc. % Conc. % Conc. % Conc. % Conc. %

Fe Min 85 2 420 10 820 21 460 12 321 7 343
Max 156 4 770 15 2320 52 1660 34 2010 53 5883
Avg. 116 3 600 13 1530 34 1009 23 1230 29 4472
SD 20 1 102 2 572 11 373 7 588 15 839

Mn Min 6 1 5 0.4 20 3 40 4 52 8 483
Max 23 4 105 12 300 47 380 50 726 67 1200
Avg. 14 2 53 7 176 24 196 27 344 40 784
SD 5 1 31 4 98 15 108 15 250 22 254

Zn Min 2 1 10 3 84 24 52 17 20 5 241
Max 21 6 70 21 227 66 237 50 117 31 532
Avg. 10 3 36 10 147 39 137 33 66 17 391
SD 6 2 22 7 47 12 74 13 34 9 110

Cu Min 1 1 5 6 11 16 20 33 2 5 43
Max 3 6 12 22 29 34 45 58 21 38 92
Avg. 2 3 5 12 17 25 31 46 12 16 67
SD 1 2 3 5 6 6 8 8 9 10 16

Pb Min 2 1 10 5 11 5 14 12 15 18 68
Max 8 10 24 28 32 32 46 39 165 73 240
Avg. 5 4 14 11 19 15 30 21 90 50 158
SD 2 3 5 8 8 9 10 8 57 20 63

Cd Min 0.02 0.78 0.18 21 0.14 13 0.24 12 0.04 2 1
Max 0.05 2.78 0.55 47 0.54 32 1.08 28 0.69 44 3
Avg. 0.03 1.58 0.37 34 0.37 22 0.60 21 0.35 21 2
SD 0.01 1 0.13 10 0.1 7 0.28 5 0.22 14 0.5

Ni Min 1 1 11 6 32 20 26 22 6 6 106
Max 7 5 27 21 65 47 61 43 63 38 172
Avg. 3 2 20 14 42 30 43 30 34 23 141
SD 2 1 6 4 11 9 13 8 19 1 23
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metals revealed differences in the concentrations that were
recorded at each step of the extraction. The results of
the sequential extraction of Fe, Mn, Zn, Cu, Pb, Cd and Ni
in the studied sediments are presented in Table 4 and Figs. 2—
4 and discussed in the following text.

3.3.1. Exchangeable fraction (F1)
Fraction F1 includes the weakly sorbed metal forms held on
the surfaces of soil and sediment grains by weak electrostatic
interactions and ion-exchange processes. The metals of frac-
tion F1 can be released into the environment when conditions
become more acidic, promoting a dangerous effect on the
environment (Bakircioglu et al., 2011; Nemati et al., 2009).
The range and mean content of the exchangeable metals of
this study and the relative percentage of their equivalents are
presented in Table 4 and Figs. 2—4. The range and average
(mg g�1) of released heavy metals in F1 varied as follows: 85—
156 (116� 20) for Fe, 6—23 (14 � 5) for Mn, 2—21 (10 � 6) for
Zn, 1—3 (2� 1) for Cu, 2—8 (5 � 2) for Pb, 0.02—0.05 (0.03
� 0.01) for Cd and 1—7 (3� 2) for Ni (Table 4). It is evident
that the metal concentrations of F1 were lower than those of
the other fractions in the present study (or negligible).

The relative percentage of total metals in this fraction
corresponded to an average of 2—3% for Fe, Mn, Zn, Cu, and
Ni, decreased to 1.58% for Cd and increased to 4% of the total
for Pb (Figs. 2—4). The lower percentages of these metals
might be explained by the decrease in metal sorption with
increasing sediment pH, whereas the metal cations in sedi-
ments increase with increasing pH, likely due to an increase
in surface negative charges. Additionally, the lower concen-
trations of the exchangeable fractions of Fe, Mn, Zn, Cu, Ni,
Cd and Pb in the studied sediments might indicate the
potential mobility of thesemetals. However, the percentages
of Cd and Pb in this fraction were low, indicating that their
potential environmental and ecological risks cannot be
ignored. As shown in Figs. 2—4, the mobility order of heavy
metals for the first fraction (F1) was
Fe > Mn > Zn > Pb > Ni > Cu > Cd.

3.3.2. Carbonate-bound metals fraction (F2)
The fractionation results (minimum, maximum and mean
concentrations) of the presently studied metals bound to
carbonate are shown in Table 4. The ranges and the average
concentrations were as follows: Fe had the highest value
(420—770; 600 � 102 mg g�1), followed by Mn (5—105;
53 � 31 mg g�1), Zn (10—70; 36 � 22 mg g�1), Ni (11—27;
20 � 6 mg g�1), Pb (10—24; 14 � 5 mg g�1), Cu (5—12;
5 � 3 mg g�1) and Cd (0.18—0.55; 0.37 � 0.13 mg g�1). As
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Figure 2 The relative percentage of Fe, Mn, and Zn from the total concentration in each fraction of the studied sediments.
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shown in Table 4, the metals in the carbonate fraction
(average value) in the study area were arranged in the
following order: Cd (34%) > Ni (14%) > Fe (13%) > Cu
(12%) > Pb (11%) > Zn (10%) > Mn (7%). This trend in the
levels of metal concentrations differs partially from those
of Egyptian Red Sea coastal sediments, which had metal
concentrations following this order: Mn > Cu > Ni > Pb >
Co > Cd (El-Said and Youssef, 2013).
3.3.3. Reducible fraction (F3)
The metals in fraction F3 are those bound to the hydrous
oxides of Mn and Fe; they are released into the environment
when a reducing condition develops. Thus, a reducing solu-
tion was used as the extractant (Gleyzes et al., 2002). The
concentrations of heavy metals in this fraction, associated
with Mn-Fe hydrous oxides (range and average; in mg g�1),
were 820—2320 (1530 � 572) for Fe, 20—300 (176 � 98) for
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Figure 3 The relative percentage of Cu, Pb, and Cd from the total concentration in each fraction of the studied sediments.

38 B.A. Al-Mur/Oceanologia 62 (2020) 31—44
Mn, 84—227 (147 � 47) for Zn, 11—29 (17 � 6) for Cu, 11—32
(19 � 8) for Pb, 0.14—0.54 (0.37 � 0.14) for Cd and 32—65
(42 � 11) for Ni (Table 4). The relative percentages of Fe, Mn,
Zn, Cu, Pb, Cd and Ni in the reducible fraction were 34%,
24%, 39%, 25%, 15%, 22% and 30%, respectively (Table 4 and
Figs. 2—4). As shown in Figs. 2—4, the mobility of the metals
in F3 followed this order: Fe > Mn > Zn > Ni > Pb > Cu > Cd.
3.3.4. Oxidizable fraction (F4)
The metals of fraction F4 are known to bind with organic
matter and sulfide compounds that can be released into the
environment when oxidizing conditions develop. The heavy
metals associated with organic and sulfide compounds can
remain in the sediments and soils for a long time until they
are released by decomposition processes or oxidizing agents,
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Figure 4 The relative percentage of Ni from the total concentration in each fraction of the studied sediments.
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leading to their complexation and bioaccumulation (Kennedy
et al., 1997). This fraction may be linked to humic substances
with highmolecular weights and is therefore considered to be
of low mobility, releasing small amounts of metals into the
environment (Filgueiras et al., 2002).

F4 showed wide variations in the concentrations of certain
metals in the studied sediments. The range and mean values
(in mg g�1) of F4 were 460—1600 (1009 � 373) for Fe, 40—380
(196 � 108) for Mn, 52—237 (137 � 74) for Zn, 20—45 (31 � 8)
for Cu, 14—46 (30 � 10) for Pb, 0.24—1.08 (0.60 � 0.28) for
Cd and 26—61 (43 � 13) for Ni (Table 4). The relative per-
centages of the studiedmetals (Fe, Mn, Zn, Cu, Pb, Cd and Ni)
in F4 were 23 � 7%, 27 � 15%, 33 � 13%, 46 � 8%, 21 � 8%,
21 � 5% and 30 � 8%, respectively (Table 4 and Figs. 2—4).

The present data revealed that more than 46% of the total
Cu is related to the organic carbon in the studied sediments,
whereas Cu could be transported to surface sediments in
association with a biogenic carrier phase or via anthropogenic
waste (Abu-Zied et al., 2013). Additionally, Chester et al.
(1988) noted that approximately 50% of the Cu in surface
water particulates was associated with organics.

3.3.5. Residual fraction (F5)
F5 includes the rest of the metals and is associated with
minerals that are bound via their crystalline structure, immo-
bilized, and that will not constitute a threat to the ecosys-
tem. The residual fraction contains metals that are
chemically stable, immobile, and biologically inert. The
relative percentage of metals in this fraction was at a level
of approximately 7—53% for Fe, 8—67% for Mn, 5—31% for Zn,
5—38% for Cu, 18—73% for Pb, 2—44% for Cd and 6—38% for Ni
(Table 4).

The Fe content in the residual fraction of the sediments
ranged between 321 mg g�1 at station IX and 2010 mg g�1 at
station II, with an average of 1230 � 588 mg g�1 (Table 4). A
high relative percentage of Fe was found in the residual
fraction, but Fe presented low concentrations in the other
fractions of this study. The value ranged between 7% at
station XI and 53% at station I, with some exceptions, such
as stations VII, VIII and IX, where it ranged from 7 to 20%. This
may also indicate that Fe tends to be incorporated into the
lattice structure of the sediment. Mn showed a similar ten-
dency to that of Fe, bound to the residual formwith a relative
percentage from 35 to 67% of the total concentration for all
the sediment samples, except for the sediment samples of
stations II, VII, VIII and IX, where the percentage ranged from
8—15% of the total concentration (Figs. 2—4). The data
observed in Table 4 show that the range and mean value
of Mn are between 52 and 726 mg g�1 (344 � 250 mg g�1).
These results may indicate that Fe and Mn have a greater
affinity for the nonresidual fraction, which may increase the
potential bioavailability and mobility of Fe and Mn in the
environment.

The range and mean concentration of Zn in the residual
fraction are presented in Table 4 and Fig. 2. The concentra-
tions ranged between 20 mg g�1 at station VI and 117 mg g�1

at station VII, with an average of 66 � 34 mg g�1. The relative
percentage of Zn ranged from 4.9—31% at stations III
(95 mg g�1, 30%) and XII (103 mg g�1, 31%), whereas at the
remaining stations, the relative percentages of Zn ranged
from 5—23%. The residual form of Cu was relatively high at
station III (31 mg g�1, 38% of the total Cu) and decreased to its
lowest level (2 mg g�1, 5% of the total Cu) at station VI. These
results showed that low concentrations of Cu were recorded
in the residual fraction, while high Cu concentrations were
dominant in the other extracts in the present study, indicat-
ing that Cu could be more bioavailable in the studied sedi-
ments (Fig. 3).

Pb was dominant in the residual extract of the studied
sediment samples at nine stations, ranging between 15 and
165 mg g�1 (from station XI to station IV) and representing
41 to 73% of the total Pb (Fig. 3), and decreased to its lowest
level at station XII (16 mg g�1, 18% of the total Pb). The Pb at
the sampling sites showed remarkable variations within the
study area, likely due to variations in the mineralogical
composition of the sediments, which are the main carrier
of Pb. The distribution of Cd content in various chemical forms
reflects the extent of Cd contamination in Jeddah coastal area
sediments. The residual form ranged between 0.04 and
0.69 mg g�1 (24% to 44% of the total content) for stations I,
II, III, X, and XII and from 0.04 to 0.69 mg g�1 (2% to 44% of the
total content) for the other stations. The Ni in the residual
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fraction ranged between 6 and 63 mg g�1, with a mean value
of 34� 20 mg g�1; its relative percentage ranged between
9 and 38% of the total content. Three sediment samples
exhibited low levels in this fraction and were from stations
VI (15 mg g�1, 10%), VIII (14 mg g�1, 10%) and XI (6 mg g�1, 6%).

A comparison of the five sequential extracts showed that a
large proportion of metals in this study were found in three
phases (the carbonate, reducible and oxidizable fractions).
This is likely due to the occurrence of low pH values, which
prevented reabsorption and caused the metals to be more
soluble in the extracting solution.
3.4. Bioavailability factor (BF)

The BF was described by Bielicka-Giełdoń et al. (2013). The
BF was computed from the total concentration of heavy
metals and the content of bioavailable forms according to
the following formula:

BF ¼ Cbio

Ctotal
;

where Cbio and Ctotal are the concentration of bioavailable
metals and the total concentration of metals in the studied
sediments, respectively. The bioavailable metals are those
in fractions F1, F2, F3 and F4, according to the protocol
described in Tessier et al. (1979), and may be analogous to
changes in environmental marine conditions and affect heavy
metal binding in sediments. The bioavailability factor allows
for the determination of possibly toxic elements in marine
sediments.

The largest amount of Fe was extracted from the non-
residual fractions (F1, F2, F3 and F4) and was in ranges of
2—4%, 10—15%, 21—52% and 12—34% of the total Fe for the
exchangeable, carbonate, oxidizable and organic fractions,
respectively. The smallest concentrations of Fe were found in
the exchangeable and carbonate fractions. The BF ranged
from 0.47 to 0.93, indicating the mobilization of more than
50% of the Fe in the studied sediment samples.
Table 5 Risk assessment code (RAC).

Criteria (%), Singh et al. (2005) Sites Mn Z

[7_TD$DIFF]Percentage of E

No risk <1
Low risk 1—10
Medium risk 11—30
High risk 31—50
Very high risk >50

I 7.45 2
II 16.41 2
III 6.56 1
IV 8.18
V 4.55
VI 2.00
VII 10.15
VIII 13.69 1
IX 13.27 1
X 6.10 1
XI 8.85 1
XII 12.43
Min 2.00
Max 16.41 2
Avg. 9.15 1
�SD 4.61
The largest contents of Mn were recorded in the reducible
and organic forms, with nearly 50% of the total Mn content in
the studied sediments. The smallest amounts of this metal
were present in the exchangeable and carbonate fractions in
the ranges of 1—4% and 0.4—12%, respectively. The bioavail-
ability factor was in the range of 0.34 to 0.47 for six stations:
I, IV, VI, X, XI and XII. The largest bioavailability factor was in
the range of 0.60 to 1 for six stations: II, III, V, VII, VIII and IX.
This reflects the considerably higher mobility of Mn in the
sediments of these sampling sites.

The concentrations of Zn in the most mobile fractions of
the present study, the reducible and oxidizable fractions (F3
and F4), represented an average of approximately 72% of the
total content. The lowest content of Zn was obtained in the
exchangeable fraction (FI; approximately 0.6—6% of the total
Zn). The bioavailability factor of the study area was in the
range of 0.70 to 1%. Generally, the BF value of Zn in sediments
was more than 1 for all of the sediment samples, except for
those of stations III and XII (approximately 0.70%). This result
illustrated the high Zn bioavailability and demonstrates a
potential risk to aquatic life.

The highest levels of Cu concentration were observed in
the reducible fraction (F3, ranging from 16—34%) and in the
oxidizable fraction (F4, ranging from 33—58%). Approxi-
mately 46% of the total Cu was linked to the organic fraction.
The smallest amounts of Cu, ranging from 0.7—6% of the total
Cu, were present in the exchangeable fraction (FI) and the
carbonate fraction (F2, ranging from 6—22%). The maximum
mobility of Cu in the sediments was confirmed by its BF, which
was in the range of 0.60 to 1%. This reflects the high mobility
of Cu in the studied sediments.

High concentrations of Pb were recorded in the organic
extract (F4) and ranged from 12.4—39.1% of the total Pb,
followed by the reducible fraction (F3, 5—32% of the total Pb)
and the carbonate fraction (F2, 5—28% of the total Pb), while
the smallest amounts of Pb occurred in the exchangeable
fraction (FI), ranging from 1% to 10% of the total Pb. In
general, a high Pb bioavailability factor of greater than
0.70% was reported at three stations (stations X, XI and XII).
n Cu Pb Cd Ni

xchangeable + Carbonate

1.58 15.50 20.05 25.00 14.70
4.90 16.39 11.65 27.85 15.50
0.19 13.94 8.37 25.00 12.10
4.60 17.65 7.02 48.36 18.10
7.44 18.49 12.95 41.61 16.70
8.05 21.32 10.00 46.12 22.80
5.87 8.79 7.38 36.00 15.20
0.11 8.00 8.85 43.13 16.40
1.94 7.01 6.17 42.53 7.70
5.37 6.57 17.21 22.49 16.40
5.23 11.51 25.77 40.00 22.20
9.28 23.03 36.01 27.21 14.20
4.60 6.57 6.17 22.49 7.70
4.90 23.03 36.01 48.36 22.80
2.43 14.13 15.26 35.44 15.89
6.77 5.89 10.10 9.62 4.59
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However, the lowest BF valueswere found at the other stations
(ranging from 0.20 to 0.40%), except for station I.

The Cd concentration in themost mobile fractions relative
to the total content of the study area sediments was in the
range of 21—47% (average of 34%) for the carbonate fraction,
followed by the reducible fraction (13—32%; average of 22%).
Another 12—27% (average of 21%) of Cd was associated with
organic matter (F4). The exchangeable form represented
low amounts of the total Cd, ranging from 1 to 3%, with an
average of 1%. The BF of Cd was in the range of 0.5% (station
II) to 1% (station IX). Generally, the BF values of Cd in the
sediments were greater than 1 for all of the sediment sam-
ples, except for stations II and III (which were approximately
0.60). This confirms the high bioavailability of Cd and demon-
strates a potential risk to aquatic life.

As shown in Table 4 and Fig. 4, the highest Ni content was
determined in the nonresidual extracts (F1, F2, F3 and F4),
ranging from 1—5%, 6—21%, 20—47% and 22—43% of the total
Ni for the exchangeable, carbonate, oxidizable and organic
fractions, respectively. Much of this metal was also linked
to the reducible and organic carbon extracts (F3 and F4),
approximately 43—89% of the total content. The smallest
levels of Ni were present in the exchangeable and carbonate/
acid-soluble fractions. The bioavailability factor was less
than 1% for sediments from stations II, IV, V, IX and XII and
ranged from 0.70 to 0.95 for the other stations. The results
obtained may reflect a high loading of contaminants due to
enhanced anthropogenic activity in urbanized areas.

The sequential leaching procedure for the studied sedi-
ments showed potentially toxic metals, as indicated by the
mobility and bioavailability characteristics (BF). The max-
imum mobility of the metals in the sediments (the metal
species in the bioavailable fraction) (range; average) was
(0.47 to 0.93; 0.71), (0.34 to 0.92; 0.60), (0.69 to 0.95; 0.83),
(0.62 to 0.95; 0.84), (0.24 to 0.82; 0.49), (0.54 to 0.98; 0.78)
and (0.60 to 0.95; 0.76) for Fe, Mn, Zn, Cu, Pb, Cd and Ni,
respectively. In general, the high levels of BF for the studied
metals could reflect their potential toxicity and that they
could be easily released into the marine environment and
ingested by marine organisms, thereby entering the food
chain (Oyeyiola et al., 2011).
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3.5. Risk assessment code (RAC)

The RAC was applied in this study based on the values of the
exchangeable and carbonate fractions (Table 5) to measure
the availability of themetals in solution, such as in an aquatic
system. According to the RAC calculations, the concentration
of metals in the fractionated sediments varied from fraction
to another, showing different strengths (Singh et al., 2005).
In the RAC (Table 5), when the percentage of metals in the
exchangeable and carbonate fractions is less than 1%,
the release of metals into solution is undetectable and safe
to the environment. However, if the percentages in the same
fractions are>50%, the metals are considered highly danger-
ous and can easily enter the food chain (Jain, 2004). The
RAC of Cd displayed a medium risk at five sediment
sample stations (I, II, III, X and XII) and a high risk to the
aquatic environment for the other sediment samples. The
other metals (Fe, Mn, Zn, Cu, Pb and Ni) exhibited low to
medium risks. This elevated risk in the studied environment is
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probably a result of the usage of gasoline and the discharge of
uncontrolled industrial and sewage wastes (Abu-Zied et al.,
2013, 2016; Al-Mur et al., 2017; Badr et al., 2009), which
began in the early 1970s; however, as of recently, there has
been a decrease in these activities due to the implementa-
tion of environmental laws.

3.6. Statistical analyses

Primary component analysis was applied to the present data
obtained from the heavy metal fractionation of Jeddah
surface sediments (Table 6). One component (PC), with a
variance of 83.11%, is highly correlated with organic carbon,
total heavy metals (Fe, Zn, Cu, and Ni) and the nonresidual
fraction of the same metals (the nonresidual fraction repre-
sents the sum of the four fractions F1, F2, F3 and F4); the high
loadings among this group exceed 0.7 (0.817, 0.930, 0.941,
0.710, 0.778, 0.711, 0.346, 0.746 and 0.749, respectively).

The correlation matrix between the total metals, non-
residual fractions of heavy metals and organic carbon can
also be used to assess the degree of contribution of human
sources to the examined metals (Table 7). The total organic
carbon content is significantly positively correlated with
total Fe, total Zn, total Cu, total Ni, nonresidual Fe, non-
residual Zn, nonresidual Cu and nonresidual Ni (r = 0.644,
0.873, 0.823, 0.715, 0.878, 0.747, 0.680 and 0.665, respec-
tively). This reflects that the strong affinity of organic matter
for Fe, Zn, Cu and Ni was mostly due to anthropogenic
sources. The relationships between organic matter and the
total concentrations of Mn, Pb and Cd were poor (r = 0.395,
�0.313 and 0.193, respectively). On the other hand, no
association was observed between the same elements in
the nonresidual fractions and organic matter content.

4. Conclusion

One important environmental issue that is investigated in
this study area is the concentration of heavy metals in
sediments linked to different geochemical fractions. The
heavy metals present in the marine sediments revealed
variations in the type of different chemical phases in the
study area. Cu showed a strong affinity with the organic
fraction in all sediments of this study area. Cu, Zn and Pb
were present in the reducible and oxidizable forms. Some
metals, such as Cd, Ni, Fe and Mn, tend to accumulate in the
carbonate, reducible and organic fractions.

Acknowledgments

This work was supported by the Deanship of Scientific
Research (DSR), King Abdulaziz University [4_TD$DIFF], Jeddah under
grant No. (D-170-155-1439). The author therefore gratefully
acknowledges the DSR for its technical and financial support.

References

Abu-Zied, R.H., Al-Dubai, T.A.M., Bantan, R.A., 2016. Environmental
conditions of shallow waters alongside the southern Corniche of
Jeddah based on benthic foraminifera, physico-chemical param-
eters and heavymetals. J. Foramin. Res. 46, 149—170, http://dx.
doi.org/10.2113/gsjfr.46.2.149.
Abu-Zied, R.H., Basaham, A.S., El Sayed, M.A., 2013. Effect of
municipal wastewaters on bottom sediment geochemistry and
benthic foraminifera of two Red Sea coastal inlets, Jeddah, Saudi
Arabia. Environ. Earth Sci. 68, 451—469, http://dx.doi.org/10.
1007/s12665-012-1751-7.

Abu-Zied, R.H., Hariri, M.S., 2016. Geochemistry and benthic fora-
minifera of the nearshore sediments from Yanbu to Al-Lith,
eastern Red Sea coast, Saudi Arabia. Arab. J. Geosci. 9, 245,
http://dx.doi.org/10.1007/s12517-015-2274-9.

Ahmadipour, F., Bahramifar, N., Ghasempouri, S.M., 2014. Fraction-
ation and mobility of cadmium and lead in soils of Amol area in
Iran, using the modified BCR sequential extraction method.
Chem. Spec. Bioavailab. 26 (1), 31—36, http://dx.doi.org/10.
3184/095422914X13884321932037.

Al-Mur, B.A., Quicksall, A.N., Al-Ansari, A.M.A., 2017. Spatial and
temporal distribution of heavy metals in coastal core sediments
from the Red Sea, Saudi Arabia. Oceanologia 59 (3), 262—270,
http://dx.doi.org/10.1016/j.oceano.2017.03.003.

Badr, N.B.E., El-Fiky, A.A., Mostafa, Al.R., Al-Mur, B.A., 2009. Metal
pollution records in core sediments of some Red Sea coastal areas,
Kingdom of Saudi Arabia. Environ. Monit. Assess. 155, 509—526,
http://dx.doi.org/10.1007/s10661-008-0452-x.

Bakircioglu, D., Kurtulus, Y.B., Ibar, H., 2011. Investigation of trace
elements in agricultural soils by BCR sequential extraction meth-
od and its transfer to wheat plants. Environ. Monit. Assess. 175,
303—314, http://dx.doi.org/10.1007/s10661-010-1513-5.

Bielicka-Giełdoń, A., Ryłko, E., Żamojć, K., 2013. Distribution,
bioavailability and fractionation of metallic elements in allot-
ment garden soils using the BCR sequential extraction procedure.
Pol. J. Environ. Stud. 22 (4), 1013—1021.

Chester, R.A., Thomas, F.J., Lin, A.S., Basaham, G., Jacinto, 1988.
The solid state speciation of copper in surface water particulates
and oceanic sediments. Mar. Chem. 24, 261—292, http://dx.doi.
org/10.1016/0304-4203(88)90036-9.

El Zokm, G.M., Okbah, M.A., Younis, A.M., 2015. Assessment of heavy
metals pollution using AVS-SEM and fractionation techniques in
Edku Lagoon sediments, Mediterranean Sea. J. Environ. Sci.
Health A 50, 571—584, http://dx.doi.org/10.1080/10934529.
2015.994945.

El-Metwally, M.E.A., Madkour, A.G., Fouad, R.R., Mohamedein, L.I.,
Nour Eldine, H.A., Dar, M.A., El-Moselhy, Kh.M., 2017. Assessment
the leachable heavy metals and ecological risk in the surface
sediments inside the Red Sea ports of Egypt. Int. J. Mar. Sci. 7
(23), 214—228, http://dx.doi.org/10.5376/ijms.2017.07.0023.

El-Moselhy, K.M., Gabal, M.N., 2004. Trace metals in water, sedi-
ments and marine organisms from the northern part of the Gulf of
Suez, Red Sea. J. Mar. Syst. 46, 39—46, http://dx.doi.org/10.
1016/j.jmarsys.2003.11.014.

El-Said, G.F., Youssef, D.H., 2013. Ecotoxicological impact assess-
ment of some heavy metals and their distribution in some frac-
tions of mangrove sediments from Red Sea, Egypt. Environ. Monit.
Assess. 185, 393—404, http://dx.doi.org/10.1007/s10661-012-
2561-9.

Filgueiras, A.V., Lavilla, I., Bendicho, C., 2002. Chemical sequential
extraction for metal partitioning in environmental solid samples.
J. Environ. Monit. 4, 823—857, http://dx.doi.org/10.1039/
B207574C.

Folk, R.L., 1974. Petrography of Sedimentary Rocks. Univ. Texas,
Hemphill, Austin, TX, 182 pp.

Gaudette, H.E., Flight, W.R., 1974. An inexpensive titration method
for the determination of organic carbon in recent sediments. J.
Sediment. Petrol. 44 (1), 249—253, http://dx.doi.org/10.1306/
74D729D7-2B21-11D7-8648000102C1865D.

Gleyzes, C., Tellier, S., Astruc, M., 2002. Fractionation studies of
trace elements in contaminated soils and sediments: a review
of sequential extraction procedures. Trac-Trend[17_TD$DIFF]. Anal. Chem. 21
(6), 451—467, http://dx.doi.org/10.1016/S0165-9936(02)
00603-9.

http://dx.doi.org/10.2113/gsjfr.46.2.149</No-break-link>
http://dx.doi.org/10.2113/gsjfr.46.2.149</No-break-link>
http://dx.doi.org/10.1007/s12665-012-1751-7</No-break-link>
http://dx.doi.org/10.1007/s12665-012-1751-7</No-break-link>
http://dx.doi.org/10.1007/s12517-015-2274-9</No-break-link>
http://dx.doi.org/10.3184/095422914X13884321932037</No-break-link>
http://dx.doi.org/10.3184/095422914X13884321932037</No-break-link>
http://dx.doi.org/10.1016/j.oceano.2017.03.003</No-break-link>
http://dx.doi.org/10.1007/s10661-008-0452-x</No-break-link>
http://dx.doi.org/10.1007/s10661-010-1513-5</No-break-link>
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0040
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0040
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0040
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0040
http://dx.doi.org/10.1016/0304-4203(88)90036-9</No-break-link>
http://dx.doi.org/10.1016/0304-4203(88)90036-9</No-break-link>
http://dx.doi.org/10.1080/10934529.2015.994945</No-break-link>
http://dx.doi.org/10.1080/10934529.2015.994945</No-break-link>
http://dx.doi.org/10.5376/ijms.2017.07.0023</No-break-link>
http://dx.doi.org/10.1016/j.jmarsys.2003.11.014</No-break-link>
http://dx.doi.org/10.1016/j.jmarsys.2003.11.014</No-break-link>
http://dx.doi.org/10.1007/<?A3B2 twbch=
http://dx.doi.org/10.1007/<?A3B2 twbch=
http://dx.doi.org/10.1039/B207574C</No-break-link>
http://dx.doi.org/10.1039/B207574C</No-break-link>
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0080
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0080
http://dx.doi.org/10.1306/74D729D7-2B21-11D7-8648000102C1865D</No-break-link>
http://dx.doi.org/10.1306/74D729D7-2B21-11D7-8648000102C1865D</No-break-link>
http://dx.doi.org/10.1016/S0165-9936(02)00603-9</No-break-link>
http://dx.doi.org/10.1016/S0165-9936(02)00603-9</No-break-link>


44 B.A. Al-Mur/Oceanologia 62 (2020) 31—44
Hakanson, L., 1992. Sediment variability. In: Burton (Eds.), Sediment
Toxicity Assessment. Lewis Publ., Boca Raton, FL, 19—36.

Heba, H.M.A., Al-Edresi, M.A.M., Al-Saad, H.T., Abdelmonesim, M.
A., 2004. Background levels of heavy metals in dissolved, partic-
ulate phases of water and sediment of Al-Hodeidah, Red Sea coast
of Yemen. J. King Abdulaziz Univ. — Mar. Sci. 15, 53—71, http://
dx.doi.org/10.4197/mar.15-1.3.

Jain, C.K., 2004. Metal fractionation study on bed sediments of River
Yamuna, India. Water Res. 38, 569—578, http://dx.doi.org/10.
1016/j.watres.2003.10.042.

Kennedy, V.H., Sanchez, A.L., Oughton, D.H., Rowland, A.P., 1997.
Use of single and sequential chemical extractants to assess
radionuclide and heavy metal availability from soils for root
uptake. Analyst 122, 89—100, http://dx.doi.org/10.1039/
A704133K.

Li, X., Shen, Z., Wai, O.W.H., Li, Y., 2000. Chemical partitioning of
heavymetal contaminants in sediments of the Pearl River Estuary.
Chem. Spec. Bioavailab. 12 (1), 17—25, http://dx.doi.org/10.
3184/095422900782775607.

Mansour, A.M., Askalany, M.S., Madkour, H.A., Assran, B.B., 2013.
Assessment and comparison of heavy-metal concentrations in
marine sediments in view of tourism activities in Hurghada area,
northern Red Sea, Egypt. Egypt. J. Aquat. Res. 39, 91—103,
http://dx.doi.org/10.1016/j.ejar.2013.07.004.

Masoud, M.S., Said, T.O., El-Zokm, G., Shreadah, M.A., 2010. Speci-
ation of Fe, Mn and Zn along the Egyptian Red Sea Coasts. Chem.
Spec. Bioavailab. 22 (4), 257—269, http://dx.doi.org/10.3184/
095422910X12894975123773.

Molina, B.F., 1974. A rapid and accurate method for the analysis of
calcium carbonate in small samples. J. Sediment. Petrol. 44 (2),
589—590, http://dx.doi.org/10.1306/74D72A9F-2B21-11D7-
8648000102C1865D.

Mora, S.D., Sheikholeslami, M.R., 2002. ASTP: Contaminant Screen-
ing Program. Final Report: Interpretation of Caspian Sea sediment
data. Caspian Environ. Program (CEP) 27, 227—251, http://dx.
doi.org/10.1007/978-94-007-0967-6_9.

Moufaddal, W.M., 2002. Assessment of anthropogenic and natural
changes along the Red Sea coastal zone between Ras Gemsha and
Safaga, Egypt, using multidata satellite data. PhD Thesis. Saint
Petersburg State Univ.

Nemati, K., Abu Bakar, N.K., Sonhanzadeh, E., Abas, M.R., 2009. A
modification of the BCR sequential extraction procedure to in-
vestigate the potential mobility of copper and zinc in shrimp
aquaculture sludge. Microchem. J. 92, 165—169, http://dx.doi.
org/10.1016/j.microc.2009.03.002.

Okbah, M.A., Shata, M.A., Shridah, M.A., 2005. Geochemical
forms of trace metals in mangrove sediments — Red Sea (Egypt).
Chem. Ecol. 21 (1), 23—36, http://dx.doi.org/10.1080/
02757540512331323953.
Oregioni, B., Aston, S.R., 1984. The Determination of Selected Trace
Metals in Marine Sediments by Flame Atomic Absorption Spectro-
photometry. UNEP reference methods for marine pollution stud-
ies No 38, Internal Report. IAEA Monaco Laboratory, Monaco City.

Oyeyiola, A.O., Olayinka, K.O., Alo, B.I., 2011. Comparison of three
sequential extraction protocols for the fractionation of poten-
tially toxic metals in coastal sediments. Environ. Monit. Assess.
172 (1—4), 319—327, http://dx.doi.org/10.1007/s10661-010-
1336-4.

Rattan, R.K., Datta, S.P., Chhonkar, P.K., Saribatu, K., Singh, A.K.,
2005. Long-term impact of irrigation with sewage effluent on
heavy metal content in soils, crops and ground water — a case
study. Agric. Ecosyst. Environ. 109 (3—4), 310—322, http://dx.
doi.org/10.1016/j.agee.2005.02.025.

Rodríguez-Barroso, R.M., Benhamou, Y., El Moumni, B., El Hatimi, I.,
García-Morales, J.L., 2009. Evaluation of metal contamination in
sediments from north of Morocco: geochemical and statistical
approaches. Environ. Monit. Assess. 159 (1—4), 169—181, http://
dx.doi.org/10.1007/s10661-008-0620-z.

Rowell, D.L., 1994. Soil Science: Methods and Applications. Longman
Sci. Tech., Harlow, Essex, 350 pp., http://dx.doi.org/10.1002/
jsfa.2740660423.

Sadhana Pradhanang, 2014. Distribution and fractionation of heavy
metals in sediments of Karra River, Hetauda, Nepal. Technology
19 (2), 123—128, http://dx.doi.org/10.3126/jist.v19i2.13865.

Salem, D.M.S.A., Khaled, A., El Nemr, A., El-Sikaily, A., 2014. Com-
prehensive risk assessment of heavy metals in surface sediments
along the Egyptian Red Sea coast. Egypt. J. Aquat. Res. 40, 349—
362, http://dx.doi.org/10.1016/j.ejar.2014.11.004.

Singh, K.P., Mohan, D., Singh, V.K., Malik, A., 2005. Studies on
distribution and fractionation of heavy metals in Gomti river
sediments–—a tributary of the Ganges. India. J. Hydrol. 312,
14—27, http://dx.doi.org/10.1016/j.jhydrol.2005.01.021.

Tessier, A., Campbell, P.G.C., Bisson, M., 1979. Sequential extraction
procedure for the speciation of particulate trace metals.
Anal. Chem. 51, 844—851, http://dx.doi.org/10.1021/
ac50043a017.

Topcuoglu, S., Kirbasoglu, C., Gungor, N., 2002. Heavy metals in
organisms and sediments from Turkish Coast of the Black Sea.
Environ. Int. 27, 521—526, http://dx.doi.org/10.1016/
S0160-4120(01)00099-X.

Youssef, M., El-Sorogy, A.S., Al-Kahtany, K.H., Al-Otaibi, N., 2015.
Environmental assessment of coastal surface sediments Tarut
Island, Arabian Gulf (Saudi Arabia). Mar. Pollut. Bull. 96, 424—
433, http://dx.doi.org/10.1016/j.marpolbul.2015.05.010.

Yuan, C.G., Shi, J.B., He, B., Liu, J.F., Liang, L.N., Jiang, G.B., 2004.
Speciation of heavy metals in marine sediments from the East
China Sea by ICP-MS with sequential extraction. Environ. Int. 30,
769—783, http://dx.doi.org/10.1016/j.envint.2004.01.001.

http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0095
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0095
http://dx.doi.org/10.4197/mar.15-1.3</No-break-link>
http://dx.doi.org/10.4197/mar.15-1.3</No-break-link>
http://dx.doi.org/10.1016/j.watres.2003.10.042</No-break-link>
http://dx.doi.org/10.1016/j.watres.2003.10.042</No-break-link>
http://dx.doi.org/10.1039/A704133K</No-break-link>
http://dx.doi.org/10.1039/A704133K</No-break-link>
http://dx.doi.org/10.3184/095422900782775607</No-break-link>
http://dx.doi.org/10.3184/095422900782775607</No-break-link>
http://dx.doi.org/10.1016/j.ejar.2013.07.004</No-break-link>
http://dx.doi.org/10.3184/095422910X12894975123773</No-break-link>
http://dx.doi.org/10.3184/095422910X12894975123773</No-break-link>
http://dx.doi.org/10.1306/74D72A9F-2B21-11D7- 8648000102C1865D</No-break-link>
http://dx.doi.org/10.1306/74D72A9F-2B21-11D7- 8648000102C1865D</No-break-link>
http://dx.doi.org/10.1007/978-94-007-0967-6_9</No-break-link>
http://dx.doi.org/10.1007/978-94-007-0967-6_9</No-break-link>
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0140
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0140
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0140
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0140
http://dx.doi.org/10.1016/j.microc.2009.03.002</No-break-link>
http://dx.doi.org/10.1016/j.microc.2009.03.002</No-break-link>
http://dx.doi.org/10.1080/02757540512331323953</No-break-link>
http://dx.doi.org/10.1080/02757540512331323953</No-break-link>
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0155
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0155
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0155
http://refhub.elsevier.com/S0078-3234(19)30062-4/sbref0155
http://dx.doi.org/10.1007/<?A3B2 twbch=
http://dx.doi.org/10.1007/<?A3B2 twbch=
http://dx.doi.org/10.1016/j.agee.2005.02.025</No-break-link>
http://dx.doi.org/10.1016/j.agee.2005.02.025</No-break-link>
http://dx.doi.org/10.1007/s10661-008-0620-z</No-break-link>
http://dx.doi.org/10.1007/s10661-008-0620-z</No-break-link>
http://dx.doi.org/10.1002/jsfa.2740660423</No-break-link>
http://dx.doi.org/10.1002/jsfa.2740660423</No-break-link>
http://dx.doi.org/10.3126/jist.v19i2.13865</No-break-link>
http://dx.doi.org/10.1016/j.ejar.2014.11.004</No-break-link>
http://dx.doi.org/10.1016/j.jhydrol.2005.01.021</No-break-link>
http://dx.doi.org/10.1021/ac50043a017</No-break-link>
http://dx.doi.org/10.1021/ac50043a017</No-break-link>
http://dx.doi.org/10.1016/S0160-4120(01)00099-X</No-break-link>
http://dx.doi.org/10.1016/S0160-4120(01)00099-X</No-break-link>
http://dx.doi.org/10.1016/j.marpolbul.2015.05.010</No-break-link>
http://dx.doi.org/10.1016/j.envint.2004.01.001</No-break-link>

	Geochemical fractionation of heavy metals in sediments of the Red Sea, Saudi Arabia
	1 Introduction
	2 Material and methods
	2.1 Sample location
	2.2 Sample collection and preservation
	2.3 Geochemical analysis
	2.4 Sequential extraction procedure
	2.5 Quality control

	3 Results and discussion
	3.1 Carbonates, total organic matter (TOM) and grain size distribution
	3.2 Distribution of total heavy metals
	3.3 Fractionation of heavy metals
	3.3.1 Exchangeable fraction (F1)
	3.3.2 Carbonate-bound metals fraction (F2)
	3.3.3 Reducible fraction (F3)
	3.3.4 Oxidizable fraction (F4)
	3.3.5 Residual fraction (F5)

	3.4 Bioavailability factor (BF)
	3.5 Risk assessment code (RAC)
	3.6 Statistical analyses

	4 Conclusion
	Acknowledgments
	References


