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The present study aimed to geochemical speciation of metals in the surface sediments of the northern Persian Gulf.
Metal contents in the sediment were observed in the order: Al N Fe N Cr N Ni N V N Zn N Cu N Co N As N Pb N Cd. The
results of sequential extraction procedure revealed that all metals were predominantly associated with the residual
fraction. Among the metals, Cu and As exhibited higher bioavailability. The risk assessment code (RAC) indicated
that Cu, As and Cd had medium environmental risk at some sampling sites. Based on enrichment factor (EF), Cd
and As had moderate to significant enrichment.
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Heavy metals are ubiquitous environmental contaminants derived
mainly both natural (physical and chemical weathering of parent
rocks) and anthropogenic sources (Callender, 2005; Bastami et al.,
2015). Complex processes including anthropogenic activities or natural
processes including riverine or atmospheric inputs, floor erosion, bio-
logical activities, water drainage and discharge of urban and industrial
wastewater are important parameters controlling the distribution of
metals within the aquatic environments (Xia et al., 2011; Wei and
Yang, 2010).

A minor fraction of metals remain dissolved in water whereas large
quantities of free metal ions are stored in sediments. Therefore, sedi-
ments in aquatic environments can either retain metals or release
them to the water column by various remobilization (biological and
chemical) processes. Sediment parameters (mineralogy, texture),
metal characteristics, pH, organic matter and oxidation–reduction po-
tential are important parameters controlling the accumulation and the
availability of heavy metals in the sediment (Buccolieri et al., 2006;
ElNemr et al., 2007; Bastami et al., 2012, 2015).

Heavy metals in sediments are mainly associated with silicates and
primary minerals and therefore have limited mobility. However, the
metals introduced by human activities show greater mobility and are
associated with other sediment phases, such as, carbonates, oxides, hy-
droxides and sulfides (Passos et al., 2010; Heltai et al., 2005).

Total heavy metal concentrations are often used to assess heavy
metal pollution in sediments, but the total concentration provides inad-
equate information about the mobility and bioavailability of the heavy
metals (Nemati et al., 2011).

Investigations on chemical partitioning of metals in sediment are
important to distinguish the bioavailable fraction. Among the metal
fractions, exchangeable and carbonate bound fractions are considered
to be bioavailable, and it determines the bioaccumulation and
biomagnification in aquatic food web (Tessier and Campbell, 1987;
Sundaray et al., 2011; Dhanakumar et al., 2015).

The Persian Gulf is a semi-enclosed and shallow basin which is con-
nected to Gulf of Oman through Strait of Hormuz. The circulation in the
Persian Gulf is driven by wind-stress, surface buoyancy fluxes, fresh
water runoff, water exchange through the Strait of Hormuz and tides.
The Persian Gulf area has about two-thirds of the world's oil sources
therefore problems associated with oil pollution appear to be of greater
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significance in the Persian Gulf compared with other regions. Conse-
quently, a combination of tanker traffic, accidental spills, Urbanization,
industrialization, port areas and refineries aremajor sources of pollution
in the marine environment.

The objectives of the present work were (i) to assess the dynamics
and mobility of heavy metals in different geochemical fractions in the
sediments and (ii) to identify the bioavailability and ecological risk of
these metals in the surface sediment of the northern Persian Gulf.

Surface sediment samples from six different sites in the northern
parts of Persian Gulf were collected using Van-Veen grab for heavy
metals analysis during autumn (November) 2015 (Fig. 1). Then, sam-
ples were packed and carried to the laboratory in iced-boxes and stored
at−4 °C until analysis. After drying in an oven, sediment samples were
ground by using a hand mortar followed by screening with a 0.5 mm
sieve to remove large particles.

For chemical partitioning of metals, sediment samples were ana-
lyzed using Tessier sequential chemical extraction procedure (Tessier
et al., 1979). The sequential extraction procedure was divided into five
operationally defined chemical fractions: (F1) the exchangeable frac-
tion: readily soluble and exchangeable; (F2) the carbonate bound and
specifically adsorbed fraction: carbonate-bound, specifically adsorbed
andweak organic and inorganic complexes; (F3) the Fe–Mnoxides frac-
tion: bound to iron andmanganese oxides (Fe–Mn oxides); (F4) the or-
ganic/sulphide fraction: bound to stable organic and/or sulphide
(organic) complexes; and (F5) the residual fraction: held in primary
and secondaryminerals within their crystal structure. The detailed geo-
chemical fractionation procedure of sediment is presented in Table 1a.
After each successive extraction, samples were centrifuged at
5000 rpm for 30 min to separate the extract from sediments. For total
heavy metal contents, the sediments were digested using a mixed

solution of HF–HCl–HNO3–HClO4 according to the ASTM standard prac-
tice D5258-92 (ASTM, 2013).

Concentration of Al, Fe, Cd, As, Cu, Ni, Pb, Co, Cr, V and Znwere deter-
mined by using Inductively coupled plasma-optical emission spectrom-
etry (ICP-OES; Varian VISTA-MPX). The precision and accuracy of the
methodswere systematically and routinely checked using standard ref-
erence materials. Accepted recoveries range from 94% to 110%.

The recovery rates of the metals, obtained by sequential extraction
procedure, were judged by comparing the sum of the five fractions
with the total metal concentration (Table 1b).

Also, major element contents (SiO2, CaO, Fe2O3, AL2O3, MgO, K2O,
Na2O, TiO2, P2O5 and MnO2) were measured by using X-ray fluores-
cence spectrometer (Bruker Model). For determination of total organic
matter, sediment samples were dried at 70 °C for 24 h and then
combusted in the electrical furnace at 550 °C for 4 h. Total organic mat-
ter, as described by Abrantes et al. (1999), wasmeasured by the follow-
ing equation:

Total organic matter TOM;%ð Þ ¼ B−Cð Þ=B½ � � 100 ð1Þ

where B and C: are the weights of dried sediment before and after
combusting in the oven, respectively.

Grain size analysis was performed by air drying and then passing
samples through a 63 μm mesh (equivalent to a No. 230 sieve, ASTM
E-11).

Enrichment factor is used to determine sedimentary metals source
produced by anthropogenic events or natural origin, normalizes metals
concentrations according to the sediment texture properties (Selvaraj
et al., 2004; Vald'es et al., 2005; Bastami et al., 2014). In this study, Fe
has been as a conservative tracer to differentiate natural from anthropo-
genic components. The formula to calculate the enrichment factor (EF)
is:

Enrichment Factor ¼ Hs=Fesð Þ= Hc=Fecð Þ ð2Þ

Where Hs and Hc: are heavy metal concentrations in sample and
background reference, respectively. Fes and Fec: are the iron contents
in sample and background reference, respectively. In this study, we
used background concentrations ofmetals in sediment from Iranianwa-
ters of the Caspian Sea which are 5.0.16 ,150, 10, 26, 64, 53.64, 20,
102.73 ppm and 2.4% for As, Cd, Ni, Pb, Cu, Zn, V, Co, Cr and Fe, respec-
tively (Agah et al., 2012).

To assess the sediment environmental quality, an integrated pollu-
tion load index of eight metals was calculated as suggested by Suresh
et al. (2011).

PLI ¼ CF1 � CF2 � CF3 �……:CFnð Þ1=n ð3Þ

where CF metals is the ratio between the content of each metal to the
background values,

CFmetals ¼ CHmetal=CHback ð4Þ

Fig 1. The locations of the sampling sites at the northern Persian Gulf.

Table 1
(a) Sequential extraction scheme of Tessier et al. (1979). (b) Recovery rates of metals obtained from sequential extraction.

Step Fraction Extraction reagents/conditions

(a)
1 Exchangeable — (F1) 8 ml MgCl2 (1 M), pH 7, 1 h, room temperature, continuous agitation
2 Acid-soluble (carbonates) — (F2) 8 ml NaOAc (1 M), pH 5, 5 h, room temperature, continuous agitation
3 Reducible (Fe\\Mn oxide bound) — (F3) 20 ml of 0.04 M NH2OH·HCl in 25% (V/V) HOAc, 6 h, 96 ± 3°C, occasional agitation
4 Oxidizable (organically bound +

sulphide bound) — (F4)
3 ml of 0.02 MHNO3 + 5 ml of 30% H2O2, pH 2, 2 h, 85 ± 2_C, occasional agitation. Add 3 ml of 30% H2O2, repeat 3 h, cool and
then add 5 ml of 3.2 M NH4OAc in 20% (v/v) HNO3, 0.5 h, room temperature, continuous agitation

5 Residual — (F5) HF:HNO3:HClO4 = 7:3:1, dryness, again HF:HNO3:HClO4, 1 h, 2 ml conc. HCl, dryness, 10 ml 50% HNO3, make up to 50 ml with
distilled water

Elements As Cd Co Cr Cu Ni Pb V Zn
(b) Recovery (%) 83.45–107.13 88.31–110.40 76.59–90.86 89.22–96.60 82.71–93.88 91.45–100.33 78.24–92.68 90.09–97.21 89.90–100.59
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