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The heavymetals andmetalloids released by the oil refineries accumulated in the natural lakes may severely en-
danger the aquatic life. For this purpose the present study was carried out to explore the potential risk posed by
the heavy metals and metalloids in the drainage ditch of a large oil refinery located at the southwest of Lake
Pontchartrain, Norco, St. Charles Parish, Louisiana, USA. The concentration and enrichment of 24 heavy metals
and metalloids (Al, As, B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Sb, Se, Ti, V, and Zn) were
determined in sediments at a distance of 5 km from an oil refinery to the Lake Pontchartrain. The results showed
that the concentration of 24 metals and metalloids declined gradually with the distance from the refinery to the
lake, suggesting the oil refinery as a potential source. The enrichment factors (EFs) for Cd, Sb, V, As, and Se
indicated that they were heavily accumulated in the sediments but were insignificant for Zn, Be, Ni, Pb, Co, Cu,
and Cr. The results of EDTA and BCR extraction demonstrated that Zn, Cd, Co, Cu, Ni, Be and Pb were the most
bioavailable elements in the sediments and would cause potential hazards to the environment. Based on our
results, the oil refinery can be presumed as one of the sources responsible for the trace metal pollution of Lake
Pontchartrain.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Petroleum or oil refining is an important industry along the Louisiana
Gulf Coast. Petrochemical industries are a potential source of environ-
mental pollution, generating wastewater and solid waste that are heavily
contaminated with organic compounds and heavy metals, both of which
pose a potentially high threat to human life and the environment
(Aloulou et al., 2011; Wake, 2005). Sediments are an important sink
and source for heavymetals and play an important role in the remobiliza-
tion of metals to the aquatic environment (Sprovieri et al., 2007). The
transfer of metals from sediments to organisms has been reported as an
important metal source for many species (Rosales-Hoz et al., 2003). Sed-
iment quality guidelines developed by Long et al. (1995) are used to as-
sess sediment ecological toxicity to aquatic organisms. These guidelines
are based upon a biological effects database for sediments (BEDS)
containing the concentrations of contaminants at which adverse biologi-
cal effects occur. The guidelines refer to contaminant effects range-low
(ERL) and effects range-median (ERM). They also describe concentrations
at which adverse biological effects occur rarely (bERL), occasionally
(ERL-ERM), or frequently (NERM). Below the ERL level is not considered
s and Environment, Northwest

avy metals and metalloids co
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toxic because the adverse effects to organisms occurred in less than 10%
of studies that used the database, where concentrations were below the
respective ERL values. Above the ERM level is considered toxic because
adverse effects to organisms occurred in more than 75% of studies in
which concentrations exceeded the respective ERMvalues. To assess sed-
iments contamination, we employed enrichment factors (EFs) estimated
against local preindustrial sediments. The use of EFs is a popularmeans of
identifying and quantifying the anthropogenic origin of certain elements
(Delaune et al., 2008; Karageorgis et al., 2009; Kaushik et al., 2009). For
detecting the bioavailable form of heavy metals in sediments the one
step EDTA extraction method was used (Arain et al., 2008). To get more
information about the heavy metals fractionation and bioavailability in
sediments, we also used the European Community Bureau of Reference
(BCR) sequential extraction process (Rauret et al., 1999), which is the
most acceptable technique. It standardizes not only the diversity of dif-
ferent methods, such as the Tessier method (Tessier et al., 1979), Sposito
method (Sposito et al., 1982), and Kersten and Förstner method (Kersten
and Förstner, 1986), but also the heterogeneity of the different protocols
of previous procedures to probe the speciation of trace elements because
the total concentration is not a good parameter for assessing bioavailabil-
ity (Dundar et al., 2012).

Leakage and insufficient maintenance of petroleum installations
may lead to accidental oil spills, which contaminate the environment
by organic components as well as heavy metals such as V, Ni, Ba, Cr,
ntent and enrichment in Gulf Coast sediments in the vicinity of an oil
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Pb, and Cd (Fiedler et al., 2009). Apart from V and Ni, which are at
highest concentration in crude oil and residual fuel oils, As, Fe, Mn,
Mo, Zn are also encountered. In addition, organometallics of Ba, Ca,
Mn, Fe, Mn, MnO, Mg, MgO, MgO2, and Al2O3 are used as combustion
catalysts/deposit modifiers (Karageorgis et al., 2009). Although, the lit-
erature has reported oil refineries a source of heavy metals pollution
in water and soil, but less information is reported about the effects on
natural lakes (Karageorgis et al., 2009). Lake Pontchartrain is one of
the largest lagoons in southeastern Louisiana, and it is reported that
the lake has been moderately polluted by some of the trace metals
such as Cu (Delaune et al., 2009). To explore the source and impact of
selected elements in drainage sediments, drain ditch sediments samples
of a large oil refinery located at the southwest of Lake Pontchartrain,
Norco, St. Charles Parish, Louisiana, USA, were collected and analyzed.
The concentrations of heavy metals were also normalized using Al
as conservative element. In addition, the EFs were estimated for the
elements. The bioavailability of each trace element was evaluated by
ethylene diamine tetra acetic acid disodium salt (EDTA) and the BCR
sequential extraction process.
2. Materials and methods

2.1. Sampling and pre-treatment

Eight sampling sites were established along a ditch at a distance
extending to 5 km from an oil refinery (in operation since the 1920s)
to the Lake Pontchartrain (Fig. 1). The bold lines marked with 10 stands
for the Interstate 10 highway near Lake Pontchartrain. The drainage
Fig. 1. Sampling stations in the draina

Please cite this article as: Zhang, Z., et al., Heavy metals and metalloids co
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ditch, located on the right side of the Lower Guide Levee Road of the
Carré Spillway in Louisiana, carries oil refinery wastewater.

The sediments samples were collected in July 2009 at 8 stations
using a dipper. All collected sediments samples were stored in an insu-
lated cooler containing ice, were delivered to the laboratory on the same
day, and were kept at 4 °C before further processing.

Approximately 80 g of the sediments were transferred to a 100-mL
plastic beaker, and the beaker was then covered with two layers of
gauze and placed in a freezer at −40 °C for 48 h. The frozen beaker
was then moved to the Advantage Freeze Dryer (The VirTis Company),
and its contentswere pulverizedmanuallywith amortar and pestle and
then sieved through a 75-μm stainless steel sieve. The powder was
stored in polyethylene bottles for trace element analysis.

 

 

2.2. Trace element determinations

The sediments samples were prepared for metal analysis by acid di-
gestion (U.S. EPA, Method 3050) using the automated sample digestion
system DEENA (Thomas Cain, Inc.). In brief, 0.50 g solid sample was
transferred to a 50-mL disposable digestion vial (SCP Science), which
was then placed in the DEENA rack. The block temperature was preset
at 120 °C, which is a high value that ensured that the sample would
achieve the desired temperature (95 °C) in the allotted time. The
reagents used were deionized (DI) water, concentrated nitric acid
(HNO3), concentrated hydrochloric acid (HCl), and hydrogen peroxide
(H2O2) (30%). HNO3 andH2O2were added drop-wise to avoid excessive
foaming. The final sample volume was ~40 mL. Samples were then
filtered with a 0.45-μm filter membrane and diluted to 80.0 mL for
ge ditch near Lake Pontchartrain.
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measurement with an inductively-coupled plasma-optical emission
spectrometer (ICP-OES, SPECTRO Ciros-CCD, SPECTRO Analytical
Instruments GmbH).

2.3. EDTA extraction

One gram of predetermined sediment sample was transferred to a
200-mL polypropylene bottle, to which 50 mL of 0.05 mol L−1 EDTA
was added. The bottle was then put in a mechanical rotary tumbler
shaker at 30 rpm for 1 h at room temperature. The suspension was cen-
trifuged at 3000 rpm for 30min. The supernatant liquidwasfiltered and
stored in polyethylene bottles at 4 °C before analysis by ICP-OES.

2.4. Modified BCR extraction methods

A modified BCR sequential extraction procedure was used to extract
trace elements with different speciation. The procedure is described as
follows:

Step 1 (I: Exchangeable): 0.5 g sediment was mixed with 20 mL of
0.11 mol L−1 acetic acid (pH 2.85) overnight (16 h). The mixture
was then centrifuged to separate the extractant for measurement.
Step 2 (II: Reducible): 20 mL of 0.5 mol L−1 of hydroxyl ammonium
chloride, pre-adjusted to pH 1.5 with nitric acid, was added to the
residue from step 1 and extraction was performed as above.
Step 3 (III: Oxidizable): the residue from step 2 was heated at 85 °C
with 5.0 mL of 8.8 mol L−1 H2O2 for 2 h. Then, 25 mL of 1.0 mol L−1

ammoniumacetate, pre-adjusted to pH 2with nitric acid,was added
and digested for 16 h.
Step 4 (IV: Residual): the remaining solid after 3 steps of extraction
was digested in 10 mL aqua regia on a hot plate nearly to dryness.
Then, the mixture was transferred to a 25.0-mL volumetric flask,
and DI water was added to the mark for analysis.

Details of the experimental protocol are available elsewhere
(Dundar et al., 2012). The trace elements in the extractant in each step
obtained from the BCR procedure were determined using ICP-OES.
Table 1
Analytical results of certified reference materials.

Element Buffalo river sediment

SRM 8704 (mg kg−1)

Certified values Observed values Recovery (%

Al 61,000 ± 1800 63,200 ± 1600 104
As – 21.6 ± 0.8 –
B – 8.11 ± 0.25 –
Ba 413 ± 13 420 ± 8.0 102
Be – 0.697 ± 0.15 –
Ca 26,410 ± 830 26,320 ± 850 99.6
Cd 2.94 ± 0.29 2.89 ± 0.04 98.3
Co 13.57 ± 0.43 13.46 ± 0.09 99.2
Cr 121.9 ± 3.8 162.3 ± 2.6 133.2
Cu – 83.4 ± 1.2 –
Fe 39,700 ± 1000 38,600 ± 1200 97.2
K 20,010 ± 410 19,850 ± 450 99.2
Li – 45.8 ± 5.0 –
Mg 12,000 ± 180 12,230 ± 200 102
Mn 544 ± 21 548 ± 23 101
Mo – 1.97 ± 0.25 –
Na 5530 ± 150 5620 ± 160 102
Ni 42.9 ± 3.7 43.6 ± 0.7 101.7
Pb 150 ± 17 147.8 ± 2.5 98.5
Se – 1.07 ± 0.05 –
Sb 3.07 ± 0.32 3.04 ± 0.43 99.0
Ti 4570 ± 200 4560 ± 210 99.7
V 94.6 ± 4.0 93.8 ± 5.4 99.2
Zn 408 ± 15 399.0 ± 7.2 97.8

Please cite this article as: Zhang, Z., et al., Heavy metals and metalloids co
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2.5. Quality control

For quality control, analytical blanks and certified samples with
known concentrations of elements were analyzed using the same pro-
cedures and reagents. The accuracy of themeasured total acid digestion
of the sediments was confirmed by using two certified reference mate-
rials from the National Institute of Standards & Technology (NIST), 8704
and 2704. The obtained results shown in Table 1, indicated that our de-
terminationwas acceptable except for Cr. The high recoveries of Cr need
correction in data.

2.6. Enrichment factor

Enrichment factor (EF) is a useful tool to determine the degree of
heavy metals pollution (Nemati et al., 2011). Here we selected Al as
the normalize reference element for calculation of the heavy metals
enrichment factor, because Al is present in higher concentrations and
stable in the environment. The EF values were interpreted as: EF b 1
indicates no enrichment; EF 1–3minor enrichment; EF 3–5moderate en-
richment; EF 5–10 moderately severe enrichment; EF 10–25 severe en-
richment; 25–50 very severe enrichment; and EF N 50 extremely severe
enrichment (Sakan et al., 2009). EF value is calculated as below:

EF i ¼ Cx=CAlð Þsediment= Cx=CAlð Þbackground:

Where: (Cx/CAl)sediment is the ratio of concentration of an element X
in mg kg−1 in the analyzed sample and (Cx/CAl)background is the same
ratio in the background material (Alomary and Belhadj, 2007).

The data were statistically analyzed to test the significance of dif-
ferences using a t-test, and correlation coefficients were determined
using the SPSS8.0 software package.

3. Results and discussion

3.1. Total trace elements in the sediments

The total concentrations of 24 elements (i.e., Al, As, B, Ba, Be, Ca, Cd,
Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Sb, Se, Ti, V, and Zn) in the

 

 

Buffalo river sediment

SRM 2704 (mg kg−1)

) Certified values Observed values Recovery (%)

61,100 ± 1600 63,500 ± 1800 104
23.4 ± 0.8 24.3 ± 0.6 104
– 8.18 ± 0.23 –
414 ± 5.0 421 ± 6.5 102
– 0.720 ± 0.16 –
26,000 ± 1200 25,800 ± 1300 99.2
3.45 ± 0.22 3.35 ± 0.05 97.1
– 14.01 ± 0.12 –
135 ± 5 192.0 ± 2.0 142
98.6 ± 5.0 93.1 ± 1.2 94.5
41,100 ± 1000 40,200 ± 1200 97.8
20,000 ± 120 19,800 ± 130 99.0
47.5 ± 4.1 52.3 ± 2.3 110
12,000 ± 1100 12,200 ± 1200 102
555 ± 19 561 ± 18 101
– 2.16 ± 0.24 –
5470 ± 160 5570 ± 150 102
44.1 ± 3.0 45.0 ± 0.4 102
161 ± 17 161.2 ± 5.5 100
– 1.13 ± 0.06 –
3.79 ± 0.23 3.65 ± 0.24 96.3
4570 ± 180 4540 ± 160 99.3
95.0 ± 4.0 92.5 ± 3.0 97.4
438 ± 12 448.6 ± 5.0 102.4
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sediments were determined. All the metals and metalloids were ob-
served to be at their highest concentration in the location near the oil re-
finery. These concentrations decreased gradually along the drainage
ditch to the inlet of the lake, clearly demonstrating that they originated
from the oil refinery discharge. The enrichment of these elements in the
ditch sediments near the oil refinery poses potential risks to the biota
(Tiwari et al., 2011). The biota will also transfer the contaminants
downstreamwith thewater and impact thewhole ditch ecosystem. Dif-
ferent elements pose different risks to the environment. Some elements
may benefit rather than be toxic to biota. The 24 metals and metalloids
for the studywere categorized into less toxic and toxic (12metals each).
We selected for 12 elements (Al, B, Ba, Ca, Fe, K, Li, Mg, Mn, Mo, Na, and
Ti) with relatively low toxicity to the environment. Their average, max-
imum, minimum, and background values are shown in Table 2.

Table 2 shows that the content of B and Mg are higher than their
background levels, especially B, clearly indicating that enrichment oc-
curred. The average values of Mo, Mn, and Li were found to be similar
to their background level values (Shacklette and Boerngen, 1984),
showing that no enrichment had occurred. In contrast, the average
values of Al, Ba, Ca, Fe, Na, and Ti were far below their background
level values, showing that some of the elements in the sediments
were removed by the oil refinery before discharge by some special
mechanism that requires further study. According to a comparison of
their background level values and their ecological toxicity, the 12 ele-
ments mentioned above are of no concern to the environment. We
focus the rest of our discussion on the other 12 common contaminant el-
ements (As, Be, Cd, Co, Cr, Cu, Ni, Pb, Sb, Se, V, and Zn), which are highly
toxic and endangers the environment. The parameters of total, average,
maximum, minimum, background values (Shacklette and Boerngen,
1984), ERL, and ERM values (Long et al., 1995) are shown in Table 3.

The average values for Be, Cr, Co, and V were lower than their
background values, indicating that they had not been enriched in the
sediments, although they were present in the oil refinery discharge
(Khaitan et al., 2005). The average values of Cd, Cu, Ni, Pb, and Zn
were higher than their background levels but 4 times less than those
values, showingmoderate enrichment in the sediments. The sediments
concentrations of Cd at all sample locations were higher than the ERL
but lower than the ERM. The sediments concentrations of Cu at 2 sample
locations were higher than the ERL but lower than the ERM. Four sam-
ples each for Ni and Pb were higher than the ERL but lower than the
ERM. Four samples for Zn were higher than the ERL, and 1 sample
level was higher than the ERM. Accordingly, we conclude that these
five elements showed moderate contamination in the sediments and
may be a potential risk to biota in the ditch. The average values of As,
Sb, and Se were higher, with values 7.55, 38, and 395.5 times greater
than their background, respectively, demonstrating that their enrich-
ment was severe. The enrichment of these elements may pose environ-
mental hazards. The concentrations of all samples for As were higher
than the ERL and lower than the ERM, indicating moderate contamina-
tion of this element in sediments. The concentrations of all samples for
Sb were higher than the ERM, indicating high toxicity of this element in
sediments. The concentration of Se in all sediments samples is very high
Table 2
The concentrations and standard deviations of different elements in the sediment (mg kg−1).

Al B Ba Ca Fe K

Average 46,540 99.2 203 3719 19,005 11
MAX 75,072 126 352 5063 33,230 15
MIN 15,664 71.1 120 1632 6169 7
STDEV 21,852 19.2 79.5 1303 9767 2
BGV 72,000 20 580 24,000 26,000 15
LOD (μg L−1) 0.04 0.45 0.03 1.2 0.20

Note: (1) these elements are not toxic, even at high concentrations;
(2) MAX—maximum value, MIN—minimum value, STDEV—standard deviation, BGV—backgrou
(3) the background value comes from reference of Shacklette and Boerngen (1984).
(4) LOD means the Limits of Detections.

Please cite this article as: Zhang, Z., et al., Heavy metals and metalloids co
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compared to its background value. Although, selenium is an essential
nutrient with diverse physiological and metabolic actions (Fernández-
Martínez and Charlet, 2009). A deficiency or overabundance of Se may
result in serious health problems, including cancer (Clark et al., 1996;
Hartikainen, 2005).

3.2. Trace element enrichment factors

Twelve toxic elements (As, Be, Cd, Co, Cr, Cu, Ni, Pb, Sb, Se, V, and Zn)
were selected to assess their potential contamination in the sediments
by means of EFs.

As illustrated in Fig. 2, all of the 12 trace elements show enrichment
to some degree. The average EFs decreased in the order of Cd N

Sb N V N As N Se N Zn N Be N Ni N Pb N Co N Cu N Cr. Among the 12 ele-
ments, the EFs values for Cd, Sb, V, As, and Se are higher than 10, espe-
cially for Cd and As ranging from 77.3–177 and 9.23–22.4, respectively.
All the remaining elements showed relatively low enrichment (b10).
Due to the high EFs value as well as high risk to biota, much attention
should be paid to Cd and As accumulation in sediments. Sb, V, and Se
may endanger the aquatic organisms due to their high EFs, even though
their low toxicity (Sprovieri et al., 2007). For As, Be, Cd, Co, and Sb,
higher EF values were observed at the location closer to the inlet of
lake, which indicates the possible accumulation of these metals in the
lake. In contrary, the EFs value of Cr, Cu, Pb, V and Zn showed a decreas-
ing trend with respect to the distance, which showed the accumulation
of these elements close to the oil refinery.Whereas, the EFs values of Ni
and Se showed very close differenceswith respect the distance from the
oil refinery to lake.

3.3. EDTA-extractable (bioavailable) trace elements in sediments

EDTA is a popular extractant for assessing the bioavailability of trace
elements in sediments (Arain et al., 2008). The percentage of EDTA-
extractable elements with respect to the total number of elements in
the sediments samples at the eight locations is shown in Table 4.

There was no direct relationship between the total concentrations
and the bioavailable concentrations for trace elements because metal
bioavailability is related to metal solubility and the extractable metal
concentration. The order of the EDTA-extractable metal concentration
rankings was not the same as the order of the total metal concentra-
tions. This means that the extractable fraction was better for assessing
an element's ecological toxicity, not its total concentration.

The average concentration of EDTA extraction for the 12 trace
elements decreased in the order of Zn (95.45 mg kg−1) N Se
(37.20 mg kg−1) N Pb (22.28 mg kg−1) N V (7.710 mg kg−1) N Sb
(7.113 mg kg−1) N Cu (6.712 mg kg−1) N Ni (5.588 mg kg−1) N As
(3.823 mg kg−1) N Co (2.110 mg kg−1) N Cd (0.664 mg kg−1) N Be
(0.050 mg kg−1) N Cr (0 mg kg−1). Among these elements, the EDTA-
extractable portion was high for most of the trace elements, except for
Be and Cr. No EDTA-extractable Crwas detected, probably due to the ex-
istence of Cr as Cr2O7

2−/CrO4
2−, which has a negative charge and is thus

not easily extracted by the negative EDTA. It is well known that Cr (VI)

 

 

Li Mg Mn Mo Na Ti

,552 17.6 12,138 564 0.993 6766 139
,037 21.8 16,488 881 6.56 10,805 152
167 10.8 7899 368 0.023 4067 127
521 3.90 2926 156 2.26 2399 9.95
,000 24 9000 600 0.98 12,000 2900

0.60 0.02 0.01 0.02 0.47 0.08 0.15

nd value; and

ntent and enrichment in Gulf Coast sediments in the vicinity of an oil
15.08.008

 

http://dx.doi.org/10.1016/j.gexplo.2015.08.008


Table 3
The total trace elements concentration in sediment at different sites (mg kg−1).

Sampling site As Be Cd Cr Co Cu Ni Pb Sb Se V Zn

1 69.3 1.08 2.22 109 9.98 50.6 32.0 71.4 48.3 199 87.3 428
2 66.2 1.00 1.94 87.8 8.60 35.7 30.3 70.4 46.0 195 80.2 333
3 63.4 0.981 1.87 53.5 8.29 33.2 29.1 64.2 39.5 167 78.2 323
4 58.7 0.926 1.73 46.2 8.13 23.7 20.9 51.0 39.2 163 75.2 158
5 52.0 0.919 1.50 39.4 7.67 20.8 20.1 42.8 38.5 163 72.4 102
6 48.7 0.821 1.36 30.0 7.08 19.2 19.2 34.1 35.6 144 65.3 88.3
7 38.9 0.659 1.25 25.4 6.25 13.9 15.5 24.2 29.3 120 52.6 64.7
8 35.1 0.605 1.21 14.6 6.17 11.9 14.0 22.2 27.5 115 48.6 52.4
Average 54.0 0.874 1.64 50.7 7.77 26.1 22.6 47.5 38.0 158 70.0 194
STDEV 12.6 0.168 0.363 32.2 1.27 13.0 6.91 19.9 7.22 31.0 13.6 146
MAX 69.3 1.08 2.22 109 9.98 50.6 32.0 71.4 48.3 198 87.3 428
MIN 35.1 0.605 1.20 14.6 6.17 11.9 14.0 22.2 27.5 115 48.6 52.5
BGV 7.2 0.92 0.1 54 9.1 25 19 19 1 0.4 90 60
ERL 8.2 NO 1.2 81 NO 34 20.9 46.7 2 NO NO 150
ERM 70 NO 9.6 370 NO 270 51.6 218 25 NO NO 410
LOD (μg L−1) 2.1 0.08 0.09 0.18 0.19 0.27 0.32 1.5 2.1 2.7 0.33 0.27

Note: (1) the parameters in the first column have the same meaning as Table 2.
(2) ERL— refers to Toxic Effects-Range Low; ERM— refers to Toxic Effects-Range Medium.
(3) NO— These elements have no the ERL and ERM data.
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has the highest bioavailability compared with Cr (III) (David et al.,
2012). Therefore, more attention should be given to chromium (VI).
Only for Sb and Se did the EDTA-extractable state increase from the
refinery drain outlet to the inlet of the lake. By contrast, the EDTA-
extractable fraction for the other 10 trace elements decreased from
the refinery outlet along the drainage ditch, indicating that the 10
trace elements might be from the refinery discharge. The proportion
Fig. 2. Toxic trace element enrichm

Please cite this article as: Zhang, Z., et al., Heavy metals and metalloids co
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of the EDTA-extracted portion relative to the total element concentration
decreased as Pb (46.1%) N Zn (42.9%) N Cd (41.3%) N Co (28.1%) N Ni
(26.0%) N Cu (25.7%) N Se (24.45) N Sb (19.5%) N V (10.9%) N As
(7.03%) N Be (5.56%) N Cr (0%), suggesting that the bioavailability of
most of the trace elements is high and would pose potential risks to the
ecosystem. This conclusion is in strong agreement with a previous river
assessment report (Arain et al., 2008).
ent factors normalized with Al.

ntent and enrichment in Gulf Coast sediments in the vicinity of an oil
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Table 4
EDTA-extracted metals and their proportion relative to total metals in the sediment samples (mg kg−1).

Sampling
station

As Be Cd Co Cr Cu Ni Pb Sb Se V Zn

1 EMa 4.60 0.06 0.68 1.99 NDc 16.9 7.11 33.9 1.16 11.0 8.78 157
%b 6.63 5.78 50.1 20.0 0 33.4 23.5 47.4 2.41 5.53 10.1 36.6

2 EM 4.55 0.06 0.58 1.40 ND 6.73 4.87 31.3 3.18 20.1 8.83 190
% 6.86 5.77 33.5 16.3 0 18.9 16.7 48.7 8.04 12.0 11.0 57.1

3 EM 6.11 0.07 0.82 2.50 ND 8.73 6.80 33.4 6.87 35.4 11.8 241
% 9.63 7.19 42.2 30.2 0 26.2 21.3 47.4 17.8 21.7 15.2 74.5

4 EM 3.42 0.06 0.81 1.47 ND 2.01 4.39 25.1 12.3 61.8 8.19 68.3
% 5.83 6.29 36.4 18.1 0 8.52 21.0 49.2 26.7 31.7 10.9 43.3

5 EM 3.45 0.05 0.60 2.77 ND 5.35 6.08 19.3 10.3 53.3 7.99 49.2
% 6.63 5.21 32.0 36.1 0 25.7 30.3 45.2 26.3 32.8 11.0 48.1

6 EM 3.76 0.04 0.82 2.44 ND 6.90 6.00 16.0 9.89 47.7 6.80 26.4
% 7.70 5.33 54.4 34.4 0 36.0 31.2 47.0 27.8 33.2 10.4 30.0

7 EM 1.63 0.03 0.53 1.73 ND 2.10 4.64 9.92 6.09 33.0 4.67 21.2
% 4.18 4.33 42.0 27.7 0 15.1 30.0 41.1 20.8 27.6 8.88 32.8

8 EM 3.09 0.02 0.48 2.57 ND 4.97 4.80 9.41 7.14 35.3 4.56 10.9
% 8.81 4.61 39.6 41.7 0 41.9 34.3 42.4 26.0 30.7 9.40 20.9

a EDTA-extractable metals.
b % of extractable metals relative to total metals.
c Not detectable.

Fig. 3. Trace element distributions in the sediment according to the BCR fractionation scheme.
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3.4. Trace element speciation distribution in sediments extracted by BCR

The distribution of trace elements in sediments following the BCR
sequential extraction process is shown in Fig. 3.

The obtained results reveal that the proportion of each speciation
depends on the specific trace element. For the exchangeable form of
each element, the percentage contribution decreased in the order
of Cd N Zn N Co N Ni N Be N Se N Sb N V N As N Cu N Pb N Cr,
Pb N Be N Sb N Se N Ni N Co N Zn N Cd N V N As N Cr N Cu for the reducible
fraction, Cu N Cr N Zn N Ni N Co N Sb N Se N Be N V N Pb N Cd N As for the
oxidizable fraction, and As N V N Cr N Se N Sb N Cu N Cd N

Be N Pb N Ni N Co N Zn for the residual fraction. Approximately one-
third of Cd (23.21–38.46%) was present as an exchangeable fraction,
implying relatively high bioavailability, consistent with the EDTA ex-
traction results in Table 3. The similarity of the EDTA extraction results
and the exchangeable forms in the BCR process have also been proven
in previous studies (Pertsemli and Voutsa, 2007; Yuan et al., 2004).
Be, Co, Ni, and Zn were present in all four fractions, and a significant
amount of their exchangeable fractions was found (Be 14.03–18.6%;
Co 12.18–27.49%; Ni 11.18–20.43%; Zn 9.50–35.75%). The sums of
exchangeable forms and another two potential bioavailable forms
(i.e., reducible and oxidizable fractions) were 66.07%, 72.05%, 70.53%,
and 77.64% for Be, Co, Ni, and Zn, respectively, indicating very high bio-
availability. This is similar to results in Lakes Doirani and Kerkini, in
northern Greece (Pertsemli and Voutsa, 2007). Cr and Cu dominate in
oxidizable and residual forms. The oxidizable and residual fractions for
Cr and Cu were 34.06–59.93%, 36.10–62.74%, and 35.54–65.62%,
26.98–60.97%, respectively. The percentages of oxidizable form for Cr
and Cu decreased from the oil refinery outlet to the inlet of the lake,
and vice versa in case of residual form. Thehigh proportion of oxidizable
Cu might be due to its relatively easy and strong interaction with
dissolved organic matter (Mossop and Davidson, 2003), as well as
with sulfide. The high percentage of oxidizable Cr indicates that Cr pre-
dominantly occurred as Cr (VI), which is consistent with the results of
the EDTA extraction (David et al., 2012). The exchangeable fractions of
As, Pb, Sb, Se, and V were 0.11–3.88%, 0.05–2.05%, 0.12–11.41%,
0.84–11.43%, and 0.11–3.64%, respectively. This indicated the lowest
fractions among the four fractions, implying relatively low bio-
availabilities of these elements. An insignificant variation in different
As fractions was observed at different sampling locations. The residual
As reached 72.88%, ofwhich only 2.07%was present in the exchangeable
form. This is consistentwith the EDTAextraction results. As is associated
with the residual fraction,which representsmetals largely embedded in
the crystal lattice of the sediments fraction, and is not available for re-
mobilization except under extreme conditions (Vicente-Martorell
et al., 2009). Although the EF of As is high, its bioavailability is low. The
reducible Pb decreasedwith distance along a gradient from the industrial
site extending to Lake Pontchartrain. By contrast, the oxidizable and resid-
ual Pb increases from the outlet of the oil refinery to the inlet of the
lake. The reducible and oxidizable Pb represented 36.66–54.70%
and 12–22.41% of the total Pb, respectively, which implies that
Pb is a potential risk to the ecosystem. This is inconsistent with a re-
port regarding the Kerkini and Doirani Lakes in northern Greece
(Pertsemli and Voutsa, 2007), which showed Pb to be dominated
by the oxidizable fraction (69–94%). Similar to Sb, four speciations
of Se did not vary from different sampling locations. For Sb and Se,
the reducible forms were 9.45–35.65% and 9.32–36.65, the oxidiz-
able forms were 20.52–32.30% and 14.60–30.84%, and the residual
fractions were 39.09–64.65% and 39.87–66.02%, respectively. Re-
ducible Sb and Se increased from the refinery outlet to the inlet of
the lake; however, their oxidizable and residual fractions showed
the reverse trend. The reducible and oxidizable V showed insignifi-
cant variations at different sampling points. The oxidizable, reduc-
ible, and residual fractions were constant, whereas the residual
fraction occupy nearly 65%, indicating that most of the V was not
bioavailable.
Please cite this article as: Zhang, Z., et al., Heavy metals and metalloids co
refinery, J. Geochem. Explor. (2015), http://dx.doi.org/10.1016/j.gexplo.20
4. Conclusions

Results showed that 12 elements (Al, B, Ba, Ca, Fe, K, Li, Mg, Mn, Mo,
Na, Ti) in the sediments would not impact the environment, although
most of them showed enrichment. Total Cd, Cu, Ni, Pb, and Zn implied
moderate contamination in the sediments. EFs demonstrated higher
accumulation of Cd, Sb, V, As, and Se in the sediments. EDTA and BCR
methods demonstrated that Zn, Cd, Co, Cu, Ni, Be and Pb were the
most bioavailable elements in the sediments. Based on our results, the
oil refinery may be one of the sources, which should be responsible
for trace metal pollution in Lake Pontchartrain.
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