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Abstract The mobile forms of heavy metals are the ex-
changeable phases of these metals that represent the bioavail-
able toxic hazards in the marine environment. The exchange-
able forms of Fe, Zn, Cu, Mn, and Pb were measured using
atomic absorption spectrophotometry in the inshore sediments
at five locations along the Red Sea coast in areas under natural
and anthropogenic discharges. The fine sediment group (FSG)
reached the average of 51.29 % representing the controlling
and vital factor in the different geochemical processes that
occur in seabed sediments. Hamrawin Bay recorded the
highest averages of Mn (283.55 μg/g), Zn (99.63 μg/g), and
Pb (73.35 μg/g). Abu Dabab recorded the highest average of
Fe (1336.41μg/g), Shalateen exhibited the highest Cu average
(35.62 μg/g) and the lowest averages of Mn, Zn, and Pb
(50.18, 24.28, and 18.44 μg/g), and Qula’an showed the low-
est averages of Fe and Cu (944.61 and 17.39 μg/g). The esti-
mated results indicated that the exchanges from one phase to
another were active in all locations due to the continuous
reworking processes in the surface sediments. Under the oxic
conditions, oxides, hydroxides, and carbonates of Fe, Mn, and
Zn were expected to be the dominant metal forms associated
with the sand fraction at the different locations. Under the
reducing environments (anoxic conditions), sulfide forms of
Fe, Pb, Mn, and Cu were associated with fine sediment frac-
tions (very fine sand, silt, and mud) were dominant. Ionic
exchanges were active in the near bottom and the interstitial
water during the transformation operations from one phase to
another at the different locations. The continuity of the forms

transformation in the marine ecosystem at the studied loca-
tions provide the favorable environment for benthos growing
up.

Keywords Mobile forms . Exchangeable phases . Heavy
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Introduction

Marine sediments in the shallow and sheltered areas often act
as efficient reservoirs of the different types of heavy metals.
This is because various hydrodynamic features of these areas
result in long residence times of material deposited there
(Duinker 1989). The marine dynamics include winds, cur-
rents, waves, and water masses as well as biological activities
that affect the state or form of the metals contained in the
sediments and, therefore, their mobility and bioavailability
(Furness and Rainbow 1990). Within the marine ecosystem,
heavy metal contaminants were partitioning between aqueous
(pore water, overlying water) and solid phases (sediment,
suspended particulate matter, and biota) (Luoma 1983). The
enrichment of sediments with heavy metals may be from an-
thropogenic and/or natural incomings, from precipitation and
adsorption processes as well as from the biogeochemical log-
ical processes.

Resuspension energies by wave surges, wind-induced
waves, longshore and eddy currents, burrowing by organisms,
and biological activities can vary greatly over time, with par-
ticle dynamics influenced by the changing environmental
forces and quantity of sediment resuspended. These variables
alter the settling velocities and ultimately the residence time of
contaminants in the water column (Whalley and Aldridge
2000). The variable binding surfaces of some metal oxides/
hydroxides can result in a variation in the stability of the
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chemical compounds. Competitive interactions of cations for
adsorption sites can also influence the adsorption capacity of
metals. Dissolved ligands may compete with metal ions for
binding sites on a solid phase, either reducing or enhancing
adsorption of the metals (Tessier and Campbell 1987).

Heavy metals can exist in different forms in the envi-
ronment, where they may be transformed from one form to
another or exist in different forms simultaneously. The
form or Bchemical speciation^ of metals varies widely de-
pending on the environmental conditions. Such differences
in chemical speciation affect the environmental fate, bio-
availability, and environmental risk of the metals
(Martínez-Sánchez et al. 2008). Depending on the sedi-
ment structure and chemistry, metal reactions affect the
solubility, mobility, and chemical forms of heavy metal
toxicity and leaching (Garcia et al. 2007). Metals may be
distributed among many components of soil solids and
may be associated with them in different ways such as
ion exchange, adsorption, precipitation, complexation, or
presence in the structure of minerals (Olaniran et al. 2013).
These chemical species eventually control the bioavailabil-
ity of metals with which they may become associated
(Luoma 1983; Perin et al. 1997). Mobile and potentially
mobile forms of heavy metals are probably of the most
important toxic hazards in the marine environment. Leach-
ability and erodibility of heavy metals from sediments,
their bioavailability, mobility, the partitioning behavior,
and spatial distribution as well as toxicity of metals are
controlled and dependent upon the biogeochemical pro-
cesses, the environmental conditions, sediment properties
that affect metal interaction (e.g., texture), and hydrody-
namic and metal nature (e.g., soluble or particulate, con-
tinuous input or point source emission) (Ergin et al. 1993;
Garcia et al. 2007). Also, they were affected by the pro-
cesses of metal extract ion from the water column, water
phase redox, physicochemical conditions (Blowes and
Jambor 1990; Johnson et al. 2000; Jung 2001; Marín-
Guirao et al. 2005), and the composition of bottom sedi-
ments of the individual system (Dobrowolski and
Skowrońska 2001; Saulnier and Mucci 2000; Cantwell
et al. 2002). Organic matter contents, quality of sediment,
pH, the percentage of clay fraction, iron, and manganese
oxides are playing very important role in the evaluation of
heavy metal behavior in the environment (Barančíková and
Makovníková 2003).

Exchangeable processes explain the heavy metal reten-
tion in the seabed sediments and bioavailability to the ma-
rine organisms as well as how these mobile phases are
released to the overlying water layer and/or accumulated
within the living biota organs. Consequently, the present
study aims to investigate the geochemical and exchange-
able cycles of the exchangeable phases of heavy metals in
inshore sediments at some locations under the variable

oceanographic conditions as well as to illustrate the condi-
tions that allow the toxic forms to be released.

Materials and methods

Geomorphic and environmental settings

The study area is extending for about 500 km along the Red
Sea involving five sites with different geomorphic and envi-
ronmental settings as well as different natural and anthropo-
genic runoffs: Hamrawin Bay, Sharm Elbahari, Abu Dabab,
Qula’an, and Shalateen (Fig. 1a). Hamrawin is located about
60 km southern of Safaga, 20 km northern of Qusier City, and
about 120 km south of Hurghada. Hamrawin Harbor lies di-
rectly on a small embayment to the south at the downstream of
Wadi Hamrawin (Fig. 1b). Hamrawin contains a big factory
for crushing and grinding the raw boulders and the big stones
of phosphates for shipping. These grinded raw materials con-
tain a mixture of all size grains beginning from cobbles and
pebbles to dust size. During the shipment operations, the
transferred materials are exposed in most days to intensive
winds, and subsequently, the dust size particles are volatilized
then falls down to sea. In the reverse wind days, the amount of
volatized materials geminates to more than four or five folders
due to the generated eddy winds (Dar 2005).

Sharm Elbahari is located 33 km south of Quseir City at the
end of SharmElbahari Valley downstream (Fig. 1c). The tidal flat
of the locality is divided to two parts: the southern part occupies
the downstream of the valley and is exposed continuously to
intensive wave action that is responsible for the high erosion rate
in the locality and contains small shrubs ofmangrove stands. The
northern part is protected from the intensive wave action by
submersible terrace and from flood streams by elevated hills
surrounded by mangrove stands. The seaside of Sharm Elbahari
was exploited by many tourist activities such as diving site, fish-
ing port, Safari marina, desalination station, and many tourist
hotels that may responsible for the human inputs in the locality.

Abu Dabab is located at the downstream ofWadi Abu Dabab
that formed a small crevicewithin the submersible coastal terrace
of the Red Sea. It is about 30 km northern of Marsa Alam City
and 100 km south of Quseir City (Fig. 1d). This crevice has a
crescent shape that was bounded by raised Quaternary coral reef
terrace from north, west, and southward. The marine area is
characterized by diverse and productive coral communities
which were intensively exploited as diving sites that increases
the anthropogenic stress in themarine constituents of the locality.

Qula’an area is located at about 100 km south of Mersa
Alam City (Fig. 1e) along the Red Sea coast. The human
activities in the locality were restricted only in the small Bed-
ouin village. The village is located in the downstream ofWadi
Qula’an and was delineated from south and north by small
elevated coastal terraces. The marine area was isolated from
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the terrigenous inputs by mangrove forest that occupies the
shallow zone of the tidal flat. The northern part of the land-
ward tidal zone was inhabited by high mangrove stands. The
tidal flat was very wide with a very gentle slope, whereas the
water column in most of the tidal flat does not exceed 0.75 m
and is only disrupted by slightly deep lagoons to the south and
north which are rich in biological diversity of seagrass carpets,
macroalgae, crustaceans, molluscs, and foraminifera.

Shalateen is located at 700 km south of Hurghada near the
Sudanese boarders (Fig. 1f). The tidal flat of the locality was
very wide, shallow, and completely exposed in the low tide
time. It is composed of submersible coral terrace of Quaterna-
ry covered with a thin layer of terrestrial and marine sediment
increase in thickness landward. The studied area involves a
small fishing port, a shipyard, and the outlet pipeline of
Shalateen Desalination Station (10,000 m3/day of freshwater).
This pipeline discharges about 20,000 m3/day of brine water
in tidal flat and the nearest reef back zone, which causes in-
tensive erosion and high turbidity rates in tidal flat zone and
the nearest back reef zone.

Sediment size analyses

Sixty-four sediment samples were collected from the upper-
most layer of the seafloor sediments (0–20 cm) using grab
sampler at the inshore zone at the selected five sites along

the Red Sea Coast. The samples were air-dried, disaggregated,
and then sieved through a stainless steel mesh in order to
differentiate the particle size fractions. The air-drying process
helps to preserve the heavy metal forms as collected. Grain
size analysis of sediments was performed by dry method, each
one phi interval (Folk 1974). Seven fractions were obtained:
gravel (Ø−1 > 2.00 mm), very coarse sand (Ø0 = 2.00:
1.00 mm), coarse sand (Ø1 = 1.00: 0.50 mm), medium sand
(Ø2 = 0.50: 0.250 mm), fine sand (Ø3 = 0.250: 0.125 mm),
very fine sand (Ø4 = 0.125: 0.063 mm), and silt and clay
(Ø5 < 0.063 mm). To determine the accumulation tendency
of mobile heavy metals in the different sediment sizes, the
obtained fractions of the samples were divided into three main
categories: coarse sediments group (CSG) involves Ø−1 and
Ø0, medium sediments group (MSG) includes Ø1 and Ø2,
while Ø3, Ø4, and Ø5 were categorized as the fine sediments
group (FSG).

Geochemical analyses

A. Determination of the mobile forms of heavy metals

The bulk samples and the different size fractions of each sam-
ple were intended to the geochemical analyses to determine
the heavy metal contents of Fe, Mn, Zn, Cu, and Pb. Five
grams of the bulk samples was grinded using an agate mortar
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Fig. 1 Location map shows the different studied sites along the Red Sea
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to less than 80 mesh. To measure the mobile or the exchange-
able forms (oxides, hydroxides, carbonates, and sulfides) of the
selected heavy metals in the bulk sediments and the different
fractions, 0.5 g of each of the powdered bulk samples and their
fractions were digested with a mixture of HNO3 and HClO3 to
near dryness (Chester et al. 1994). The digested samples were
filtered to remove insoluble residuals then diluted with DDW to
25 ml. The total mobile forms were determined in the sample
extracts using flame atomic absorption spectrophotometer
(AAS, GBC-932) at National Institute of Oceanography and
Fisheries, Red Sea Branch, Hurghada. To ensure that the max-
imum accuracies were obtained, three replicates of each mea-
surement were applied with differences less than 3 %. The
resultant data were expressed as micrograms per gram.

B. Carbonate contents and total organic matter determination

The total carbonate contents were determined by treating 1 g
of each subsample (bulk or fraction) with 1 N HCL acid. The
remaining insoluble residue after acid washing was deter-
mined, and the carbonate percentages were calculated
(Madkour et al. 2014) according to the following formula:

CO3% ¼ wt:of sample−wt: of residue

wt:of sample
x 100

Determination of organic matter contents were made by
sequential weight loss at 550 °C (Dean 1974) according to
the following formula:

TOM% ¼¼ wt:of sample−wt: of ash

wt:of sample
x 100

C. Statistical analyses

Correlation coefficient relationships between the studied
metals in the different sediment fractions at the studied loca-
tions were estimated using Excel 2007 and illustrated in fig-
ures using uncertainty WinGraph Prism ver. 6.0.

Results and discussion

Sediment distribution patterns

In the marine environment, sediments act as an important
reservoir for heavy metals, which lead to metal uptake to the
living organisms. The capacity of marine sediments to act as a
sink for pollutant and, in particular, heavy metals is related to
the anaerobic conditions generally found in the fine and very
fine sediment layers. Daily tidal currents, wind energies, and
storms in coastal systems can cause periodical remobilization
of surface sediments (Calmano et al. 1993). More turbulent

flow conditions can expose anoxic sediment to oxic condi-
tions. Bioturbation, due to the feeding, movement, and burrow
formation by benthic animals, can also introduce oxygenated
water to deeper anoxic sediments (Simpson et al. 1998). Fi-
nally, human activities, including maintenance, landfilling,
and dredging operations, and the disposal of contaminated
sediments resulted in major sediment disturbances (Eggleton
and Thomas 2004).

In the studied localities, sand is the dominant category
followed by gravel. The average percentages of sand were
86.43, 86.60, 93.47, 97.44, and 88.15 % at Hamrawin Bay,
Sharm Elbahary, Abu Dabab, Qula’an, and Shalateen, respec-
tively (Table 1). According to Visher (1969), the effect of wave
winnowing and nearshore currents on the different sediment
sizes result in three modes of transportation: suspension, salta-
tion, and surface creep or bedload transport. Surface creep
transport involves the coarse-grained sediments with different
degrees of sorting. Saltation mode includes grains sizes be-
tween 0.75 and 1.00 mm, while true suspension involves the
fine, very fine, and all the particle sizes that may be held in
suspension depending upon turbulence. The average of CSG
was fluctuated between 8.67 % at Qula’an and 21.21 % at
Hamrawin Bay, MSG varied between 24.96 % at Hamrawin
Bay and 52.65 % at Qula’an, while FSG was increased from
38.66 % at Qula’an to 57.49 % at Abu Dabab (Table 1, Fig. 2).
It is clear that FSG has strong representation in the studied
locations; subsequently, it considered the controlling and vital
factor in the different geochemical processes tha occur in sea-
bed sediments. This group has a great ability to transport for
long distances with the water masses to the redepositional areas
(Dar 2005; Dar and El-Saharty 2006). The redeposition process
occurs during the period of near slack high tide when the tur-
bulence vanishes (Visher 1969). Most heavy metals are bound
in the fine-grained fraction (<63 μm) because of its high sur-
face area grain size ratio and humic substance content (Moore
et al. 1989). The fine-grained fractions have a potentially great-
er biological availability than those in the larger sediment frac-
tions (Bryan and Langston 1992; Everaat and Fischer 1992).

Concentrations of trace elements were highly variable and
appeared to be related to the grain size and the mineralogical
composition. The distribution of the large size sediments in
the different localities is explained by the active waves
winnowing and high longshore current velocities which trans-
port the fine and particulate sediments toward the open sea.
The fine-grained bottom sediments tend to accumulate con-
taminants due to their sorptive nature and thus act as an im-
portant reservoir by reducing the toxicity potential to the
aquatic organisms (Van den Berg et al. 2001; Zoumis et al.
2001; Fan et al. 2002). These fine-grained sediments and
suspended matters are the most important media for
transportingmetals andmay be deposited to form contaminant
sinks. Heavy metals associated with sinking sediment parti-
cles become bound to inorganic or organic matrices by
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adsorption processes. The main adsorption processes are
coprecipitation and coreaction with oxides and hydroxides
of manganese and iron, humic, clay structures, and sulfide
(Yunus and Chuan 2009).

Carbonates and total organic matter contents

The major mineralogical constituents of carbonate sediments
are calcite and aragonite. The high percentages (CO3%) in the
marine environment indicate high carbonate productivity un-
der the oxidizing conditions, while the high total organic mat-
ter (TOM) contents indicating high organic material decom-
position that produce reducing conditions. The calcareous
constituent of sediment affects greatly the concentrations of
total carbonate, calcium, barium, strontium, and cadmium
(Rifaat and El-Mamoney 2001). The average CO3% in the
studied locations was varied between 42.42 % at Sharm
Elbahary and 75.49 % at Qula’an locality (Table 1). Madkour
et al. (2012) reported that the average content of carbonates at
Hamrawin Harbor was 49.55 %. The low carbonate contents
in Hamrawin Bay were attributed to the terrestrial inputs from
Wadi Hamrawin (Madkour et al. 2012) and the fall down
phosphate raw materials.

TOM was fluctuated between 3.59 % at Shalateen and
4.82 % at Hamrawin Bay with an average of 4.59 % (Table 1).
Madkour et al. (2012) found TOM average of 3.80 % at
Hamrawin. The deposit of fine sediments with high organic
matter content produces anoxic environment with abundant sul-
fate which tends to become sulfides (Barbosa et al. 2001). Or-
ganic matter plays an important role not only in forming com-
plexes but also in retaining heavy metals in exchangeable form
(Barančíková and Makovníková 2003). Praveena et al. (2015)
concluded that the organic matter and granulometric fractions
also control the heavy metals in the surface soil.

Heavy metal mobilization

Changes in sediment chemistry, due to seabed disturbance,
can result in contaminant remobilization. Subsequently, the

exposure to a different chemical environment could result
in desorption and transformation of contaminants into
more bioavailable or toxic chemical forms (Zhuang et al.
1994). The bioavailable fraction of heavy metals, the key
factor in risk assessment analysis, varies with speciation,
nature of applied metal salt, medium components/soil type,
pH, redox potential, and other environmental variables
(Olaniran et al. 2013). Remobilization of sediment-
associated contaminants can occur during natural events,
such as tidal movement and storms, or during human ac-
tivities, such as dredging, dredge disposal, and fishing.
Natural and anthropogenic activities have the capacity to
remobilize contaminated sediments and release anthropo-
genic heavy metals from sediment to sediment pore water
and water column. The mobile forms (exchangeable) of
metals are oxides and hydroxides, carbonates, sulfides as
well as the ionic forms soluble in the seawater. The occur-
rence, distribution, and dominancy of any form in the in-
shore sediments were controlled by biogeochemical pro-
cesses, type and quantities of organic matter, oxic and an-
oxic conditions, the oceanographic conditions, grain size,
cation exchange capacity, and mineral constituents (Tam

Table 1 The average percentages of the sediment constituents, carbonate contents, and total organic matter (TOM) in the studied localities

Locality Gravel% Sand% Mud% Coarse sediments
(Ø−1 + Ø0)

Medium sediments
(Ø1 + Ø2)

Fine sediments
(Ø3 + Ø4 + Ø5)

CO3% TOM%

Hamrawin Bay 11.57 86.43 2.52 21.21 24.96 51.82 53.57 4.82

Sharm Elbahary 9.53 86.60 3.91 19.39 26.73 53.88 42.42 4.00

Abu Dabab 3.07 93.47 3.43 13.50 29.02 57.49 56.83 4.71

Qula’an 1.40 97.44 1.19 8.67 52.65 38.66 75.49 4.39

Shalateen 3.16 88.15 8.02 16.55 28.78 54.60 48.95 3.59

Averages 5.75 90.42 3.81 15.86 32.43 51.29 55.45 4.59

TOM total organic matter
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and Wong 1995). In addition to the influx of dissolved
oxygen (DO) that results in a positive change in the redox
potential (Eh), the biological processes, the ability of metal
to change from one phase to another as well as sediment
characteristics, distribution, and properties. Praveena et al.
(2015) added that the bioavailability of heavy metal de-
pends on its chemical behavior, soil properties, and the
individual characteristics of the receptor (organism or
plant). Sediment disturbance leads to changes in the chem-
ical properties of sediments; oxidation of anoxic sediment
leads to increases in microbial (thiobacteria) activity and
decreases in sediment pH (mainly due to the oxidation of
sulfide) (Petersen et al. 1997; Simpson et al. 1998). The
extent of pH reduction depends on the amount of sulfide in
the sediment and how much is oxidized (Delaune and
Smith 1985). A change in the chemical properties of the
sediment–contaminant complexes causes mobilization and
transfer of metals, principally from sulfide-bound com-
plexes (Fes/MnS) (Calmano et al. 1993). In situations
where Eh and pH do not change dramatically (i.e., in par-
tially oxidized sediments), the releasing of metals is negli-
gible (Forstner et al. 1989).

Hamrawin Bay

At Hamrawin Bay, the marine area was highly affected by the
terrestrial runoff due to phosphate shipment activities that pro-
duce the high percentage of fine sediments (51.84 %). The
mobile Fe was varied between 794.16 and 1488.84 μg/g with
an average of 1270.13 μg/g in the bulk samples. Significant
increasing was observed in the coarse CSG (1576.90 μg/g)
reaching twofold in the FSG (3476.43 μg/g) (Table 2). Fe in
the marine environment is mostly having terrestrial origin
from both natural and anthropogenic inputs that may intro-
duce the marine environment in the forms of oxides,
oxyhydroxides, and silicate chains. The marine origin of Fe
is the chemically formed minerals due to the change from one
phase to another as iron carbonate (siderite) in the oxic
conditions and iron sulfide in the highly anoxic conditions.
Dar (2004) recorded that the high landfilling changes the bot-
tom sediment characteristics. He added that the areas that were
covered with fine-grained sediments are characterized by high
reducing nature (low Eh). On the other hand, the areas that
were covered with coarser sediments (mixture of gravel, sand,
and mud) are more oxidizing (high Eh).

Table 2 The average contents of
the mobile metals in the bulk
samples and the different
sediment groups at the studied
localities

Locality Fe Mn Zn Pb Cu

Hamrawin Bay Bulk samples 1270.13 283.55 99.63 73.35 20.11

C. sediments (Ø−1 + Ø0) 1576.90 256.19 162.50 158.32 24.08

M. sediments (Ø1 + Ø2) 2556.45 325.50 102.01 140.73 31.00

F. sediments (Ø3 + Ø4 + Ø5) 3467.43 1138.85 359.49 150.60 68.45

Sharm Elbahary Bulk samples 1156.52 123.70 36.82 42.10 21.86

C. sediments (Ø−1 + Ø0) 1146.67 99.20 23.07 27.57 15.72

M. sediments (Ø1 + Ø2) 2278.24 178.02 41.41 134.36 25.36

F. sediments (Ø3 + Ø4 + Ø5) 3725.19 479.41 159.44 96.49 91.76

Abu Dabab Bulk samples 1336.41 150.26 43.72 51.49 18.32

C. sediments (Ø−1 + Ø0) 1516.16 113.17 54.18 71.36 20.46

M. sediments (Ø1 + Ø2) 2725.88 208.48 72.31 89.63 30.74

F. sediments (Ø3 + Ø4 + Ø5) 3109.76 491.53 122.45 124.79 49.41

Qula’an Bulk samples 944.61 82.27 36.20 22.91 17.39

C. sediments (Ø−1 + Ø0) 1665.75 111.61 58.40 42.80 24.16

M. sediments (Ø1 + Ø2) 1686.49 109.24 47.67 55.85 29.46

F. sediments (Ø3 + Ø4 + Ø5) 2950.69 321.50 135.13 54.63 47.47

Shalateen Bulk samples 996.71 50.18 24.28 18.44 35.62

C. sediments (Ø−1 + Ø0) 1904.58 89.84 55.33 40.65 49.43

M. sediments (Ø1 + Ø2) 1976.24 88.06 35.42 43.23 45.55

F. sediments (Ø3 + Ø4 + Ø5) 3096.50 173.32 79.20 45.16 154.37

Averages Bulk samples 1140.876 137.866 48.13 41.658 22.66

C. sediments (Ø−1 + Ø0) 1562.012 132.206 70.696 68.194 26.77

M. sediments (Ø1 + Ø2) 2244.66 181.86 59.764 92.76 32.418

F. sediments (Ø3 + Ø4 + Ø5) 3269.91 520.92 171.14 94.23 82.29
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The mobile Fe shows strong negative relationships with Cu
and Mn (Table 3; Fig. 3a, b). The results of correlation indicate
more than one form of Fe in the locality. Iron sulfides (pyrite)
that associated with the fine-grain sediments may be the domi-
nant forms of Fe in the locality followed by oxides and hydrox-
ides. Also, these results indicate that the chemical change from
one form to another is active in the locality due to the continuous
changes in the oceanographic conditions (waves, currents, and
water masses) that led to the sediment transformation between
oxidizing and reducing states. Remobilization of trace metals
from anoxic sediments is predominantly caused by microbial
oxidation of pyrite and other iron sulfides (Singer and Stumm
1970), while the long particle residence time probably causes a
stronger remobilization of the Fe sulfides from the sediments
(Forstner et al. 1989). The changing of Fe solubility and the
associated metals indicate that considerable metal release may
occur as contaminated sediment is transported from a near-
neutral pH, reducing environment to oxidizing environment
(Lu and Chen 1977).

Mn is mainly associated with Fe in its terrestrial source,
nature, ways of accumulation, and also cooperated with Fe in
the oxide and oxyhydroxide forms. Hamrawin Bay recorded
the highest mobile Mn values among the different localities. It
was varied between 130.61 and 607.87 μg/g with an average
of 283.55 μg/g. The high Mn concentrations were correlated
with the high proportion of the FSG and the low carbonate
contents. The recorded average of Mn in the FSG was
1138.85 μg/g, which was four times of that in CSG
(283.55 μg/g).

The mobile Mn in Hamrawin Bay was strongly positively
correlated with Zn and Cu (Table 3, Fig. 3c, d). These corre-
lations indicate that Mn has the tendency to accumulate in the
sand-grade sediments much more than in gravel and mud
under oxidizing conditions; subsequently, Mn may accumu-
late as oxide and oxyhydroxide much more as carbonates or
sulfides. The oxidation of anoxic sediments is the most effi-
cient factor in theMnmobilization in the marine environment.
After oxidation of the sediment suspension, all dissolved met-
al concentrations are distinctly increased (Forstner et al.
1989). Also, under oxidizing conditions, the solid forms tend
to change gradually from metallic sulfides to oxyhydroxides
and/or oxides. Allen et al. (1993), Simpson et al. (1998), and
Caetano et al. (2002) illustrated that metals coprecipitated
with or adsorbed to FeS andMnS are rapidly oxidized follow-
ing sediment resuspension, due to their relative solubility in
oxic conditions.

In most cases, Zn shows a correspondence with Fe, Mn
oxide/hydroxide compounds, and to lesser extent, clay and
organic matter/sulfides in the sediments dealing with the
sources of Zn is closely associated with Fe, Mn, and organic
matter in the fine-grade fractions of sediments (Ergin et al.
1993) and with considerable form in the carbonate phase
(Segarra et al. 2007). The mobility and migration capacity of T
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Zn was more different according to the sediment type, seawa-
ter influence, and with physicochemical conditions (Garcia
et al. 2007). The leachable Zn at Hamrawin Bay was varied
between 37.41 and 189.35μg/g with an average of 99.63 μg/g
in the bulk samples. Zinc recorded significant increasing as

the grain size decreased from 99.63 μg/g in the CSG to
359.49 μg/g in the FSG.

Correlation coefficient illustrated that Zn is positively cor-
related with Cu and Pb (Table 3; Fig. 3e, f). These illustrations
indicate that Zn tends to accumulate with Mn, Cu, and Pb in

Fig. 3 The linear regression
relationships of Fe with Mn (a)
and Cu (b), Mn with Zn (c) and
Cu (d) and of Zn with Cu (e) and
Pb (f) at Hamrawin Bay
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particulate form and/or sorbed over the sediment particles as
oxides, hydroxides, and carbonates in the oxidizable condi-
tions and with TOM in the anoxic conditions.

Pb in the marine sediments is predominantly associated
with oxides, carbonates, and exchangeable fractions
(Segarra et al. 2007). Mobile Pb was varied between
26.25 and 265.19 μg/g with an average of 73.35 μg/g,
while the mobile Cu was changed between 12.3 and
44.75 μg/g with an average of 12.37 μg/g in the bulk sam-
ples at Hamrawin Bay. Lead was nearly equal in the dif-
ferent sediment groups indicating independent occurrences
of the metal. Cu was slightly increasing with grain size
decreasing which means that Cu tends to associate with
organic compounds or/and sulfide forms much more than
Fe/Mn oxides/hydroxides, carbonates, and exchangeable
phases as mentioned by Segarra et al. (2007). The resus-
pension of anoxic sediment results in variable desorption
rates of metals adsorbed to sulfides, e.g., Pb and Cu are
released more rapidly than Zn (Caille et al. 2003). Lead
tends to accumulate in oxide form and as adsorbed metal
over the sediment grains.

Sharm Elbahary

In the bulk samples, Fe was changed between 872.50 and
1359.73 μg/g with an average of 1156.52 μg/g, Zn varied
between 18.54 and 93.69 μg/g with an average of 36.82 μg/
g, Pb between 10.73 and 189.37 μg/g an average of 42.10 μg/
g, Cu changed from 13.79 to 35.40 μg/g with an average of
21.86 μg/g, and Mn is fluctuated between 21.99 and
276.00 μg/g with an average of 123.86 μg/g. The exchange-
able forms of Fe, Mn, Zn, and Cu showed significant increas-
ing with grain size decreasing, while Pb was essentially accu-
mulated in the medium sediment group (Table 2). This situa-
tion may indicate similarity in accumulation forms under the
same local conditions. Labile Fe is positively correlated with
Mn indicating that the oxide, oxyhydroxide are main Fe forms
in association with Mn. The concentrations of metals in sed-
iments of Sharm Elbahary are controlled by four factors,
namely coral debris–detrital sand factor, sorting factor, feld-
spar factor, and textural factor (Rifaat and El-Mamoney 2001).

Manganese has positive correlation with Fe and Zn and
negative correlations with CO3% and TOM% (Fig. 4a, b, c,

Fig. 4 Relationships of Mn at
95 % confidence with Fe (a), Zn
(b), TOM% (c) and CO3% (d) at
Sharm Elbahary
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d) indicating that the essential form of Mn is in the oxidizable
state more than sulfides and carbonates. Zinc and Cu may
accumulate under the same conditions as oxides or readsorb
to particles upon oxidation (Slotton and Reuter (1995) with Fe
and Mn rather than carbonates and sulfides. Kabata-Pendias
(1993) and Chlopecka et al. (1996) recorded that Zn, Cu, and
Pb were enriched in the surface sediments, presumably being
to some extent of anthropogenic origin because most heavy
metals of anthropogenic origin are typically exchangeable.
The enhanced Cu concentration found in the surface
sediments reflected the increase of concentration in the
exchangeable fraction. The sources of anthropogenic Cu in
sediment are ballast water, boat engine corrosion, and the
usage of leaded gasoline in boats. Zoumis et al. (2001) report-
ed that during sediment oxidation, the binding forms of Zn
changed from stronger bound oxidizable fractions to weaker
bound carbonate fractions. Some divalent metals (Zn, Pb, and
Cu) may also displace Fe/Mn monosulfides within the anoxic
layer, forming more insoluble sulfide precipitates. In this sit-
uation, the metals may not desorb during a resuspension event
(Di Toro et al. 1990; Allen et al. 1993). Pb may accumulate in
three essential forms in the locality: sorbed over the coarse
grains as particulates, associated in the carbonate lattice from

the ionic form in the oxidation state, or accumulated in the
reducing conditions with TOM.

Abu Dabab

Heavy metal contents in the marine sediments of Abu Dabab
are slightly higher than Sharm Elbahary and significantly low-
er than Hamrawin Bay. The mobile Fe was varied between
849.91 and 1573.44 μg/g with an average of 1336.41 μg/g,
Mn from 38.78 to 252.62 μg/g and the an average 150.26 μg/
g, Zn changed from 13.81 to 86.75 μg/g with an average of
43.72 μg/g, Pb from 16.69 to 129.74 μg/g and an average of
51.49 μg/g, and Cu was fluctuated between 12.28 and
36.43 μg/g with an average of 18.32 μg/g in the bulk samples.
The different metals show significant increasing with grain
size decreasing (Table 2). Subsequently, the vital forms of
metals were associated with FSG due to the high percentages
of this group in the locality (57.49 %).

Fe recorded positive correlation with sand%, Mn (Fig. 5a,
b), and negative with gravel percentage (Table 3). Manganese
shows positive relationship with Pb and negative with CO3%
(Fig. 5C) which means that the mobile Fe tend to accumulate
in the oxide and oxyhydroxide forms in the sand fractions in

Fig. 5 Linear regression
relationships at 95 % confidences
of Fe with Mn (a) and sand% (b)
and Mn with CO3% (c) at Abu
Dabab
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association essentially with Mn and partially with Cu, Pb, and
Zn. This also indicates continuous reworking processes in the
surface sediments by the waves, currents, and biological ac-
tivities in the locality. These correlations assure that Mn and
Fe tend to accumulate in oxide and oxyhydroxide forms in
highly reworked and oxidized conditions.

Qula’an

The marine area of Qula’an recorded the highest carbonate
content among the different localities, and it varies between
67.70 and 88.47 % with an average of 75.49 %, which means
that the biological activities in the locality reached the opti-
mum case, and the terrigenous inputs were low. MSG was the
dominant category with an average percentage of 52.65 %
followed by the FSG (38.66 %). This situation was reflected
significantly on the accumulation phases of heavy metals. The
locality recorded the lowest averages of Fe and Cu. The mo-
bile Fe was varied between 818.357 and 1023.557 μg/g with
an average of 944.611 μg/g; Mn changed from 42.024 to
179.738 μg/g, and the average was 82.271 μg/g; Zn from
26.231 to 55.893 μg/g with an average of 36.202 μg/g; Pb
fluctuated between 19.156 and 28.682 μg/g with an average

of 22.908 μg/g; and the leachable Cu was changed from 12.07
to 22.155 μg/g, and the average is 17.389 μg/g. Heavy metal
contents were nearly equal in coarse and medium sediment
fractions, but the fine fractions recorded significantly high Fe,
Mn, Zn, and Cu contents (Table 2).

Mobile Fe shows negative correlations with CO3% and Pb
(Fig. 6a, b), Mn recorded positive correlation with Fe and
negative correlation with Pb (Fig. 6c, d), Cu recorded positive
correlation with Zn and sand percentage, while Pb was signif-
icantly positive with CO3% (Table 3). These correlations in-
dicated that Fe was associated strongly with Mn in the oxide
and oxyhydroxide forms in the fine-grade sediments, and the
preferable accumulation form of Zn, Cu, and Pb in the locality
is carbonates much more than the other phases may be due to
the highly oxidized conditions as well as the Ca++ and CO2

abundance in the locality.

Shalateen

Shalateen recorded the lowest average contents of the mobile
Mn, Zn, and Pb and the highest mobile Cu in the bulk sam-
ples. Fe was changed from 898.019 to 1152.458 μg/g with an
average of 996.71 μg/g; Mn from 29.10 to 92.65 μg/g and an

Fig. 6 The relationships at 95 %
confidences of Fe with CO3% (a)
and Pb (b) andMnwith Fe (c) and
Pb (d) at Qula’an
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average of 50.18 μg/g; Zn varied from 10.65 to 102.30 μg/g
with an average of 24.28 μg/g; Pb fluctuated between 9.89
and 38.59 μg/g with an average of 18.44 μg/g; and Cu was
changed from 17.62 to 98.49 μg/g, and the average is
35.62 μg/g. The fine sediments group was the dominant con-
stituent in the locality with an average percentage of about
54.60 % (Table 2). The mobile metal behaviors were similar
to those at Qula’an. The FSG group recorded significantly
high Fe, Mn, Zn, and Cu, while Pb recorded nearly equal
values in the different groups.

Exchangeable Fe showed positive correlation with sand%
(Table 3), Cu has positive correlation with Zn and Pb
(Figs. 7a, b), while Pb was positively correlated with CO3%
and mud% (Fig. 7c, d) and negatively correlated with gravel
percentage (r = −0.66). It is clear that Zn has a tendency to
accumulate with Cu and Pb in the same mobile form rather
than to accumulate with Fe and Mn as carbonates or sulfides
adsorbed over the sediment particles.

Mobile heavy metals and sediment size interactions

As shown in Table 2, most of the mobile heavy metals were
associated with the MSG and FSG much more than the CSG.

The average of Fe in FSG is higher than in theMSG and about
two times its average in the CSG. The averages of exchange-
able Mn, Zn, and Cu were higher in the fine sediments group
than in the coarse and medium groups with ratios between
three to four times. The average of exchangeable Pb shows
slight variation between the different groups. Because the
FSG was the dominant sediment category in the studied local-
ities, it was considered the essential metal carrier. Consequent-
ly, the exchangeable processes arose or declined with increas-
ing or decreasing FSG percentages at all localities.

Conclusion

The mobile (exchangeable) forms of heavy metals were stud-
ied in the inshore sediments at five locations under different
oceanographic, natural, and anthropogenic conditions along
the Red Sea coast namely Hamrawin Bay, Sharm Elbahari,
Abu Dabab, Qula’an, and Shalateen. The granulometric anal-
yses of the sediment samples show strong representation for
the fine sediment group in all locations followed by the medi-
um sediments group. These FSG and suspended matters are
the most important media for transporting metals and may be

Fig. 7 Linear regression
relationships at 95 % confidences
of Cu with Zn (a) and Pb (b) as
well as Pb with CO3% (c) and
mud% (d) at Shalateen
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deposited to form contaminant sinks. The occurrence and the
distribution of the mobile heavy metal forms in the tidal flat
sediments were controlled by the local conditions in each
locality including sediment composition and texture, the re-
gime hydrodynamics of the oceanographic parameters (winds,
waves, longshore and eddy currents, and water masses move-
ment), pH, the influx of dissolved oxygen (DO), organic mat-
ter content, mud content, iron and manganese oxides/
hydroxide content, the chemical interaction between metals,
the interaction with overlying seawater, and the biological
processes within the sediment layer. The results of correlation
coefficient indicate that the chemical changes from one phase
to another is active due to the continuous changes in the
oceanographic conditions (waves, currents, and water masses)
that led to the sediment transformation between oxidizing and
reducing states. Fe tends to accumulate in the oxide and
oxyhydroxide forms in the sand fractions in association essen-
tially with Mn and partially with Cu, Pb, and Zn much more
than the other leachable forms due to continuous reworking
processes in the surface sediment layer. Many of the studied
metals were enriched in the surface sediments because most of
anthropogenic origin metals are typically exchangeable.
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