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a b s t r a c t

The main goal of this work is to determine the effects of pollution of copper, lead and zinc mines on the
Eastern Black Sea. Metal and heavy metal concentrations in the Eastern Black Sea mussels were measured
using Energy Dispersive X-ray Fluorescence (EDXRF) and Flame Atomic Absorption Spectroscopy (FAAS).
ccepted 4 March 2008
vailable online 18 March 2008

eywords:
DXRF

The analytical results showed that the tissue of mussel in Eastern Black Sea contains K, Ca, Fe, Cu, Zn, and
Sr elements, and the shell of mussel contains Ca, Cu, Sr, and Ba elements. Due to the detection limit of
EDXRF, the mussels were analyzed with FAAS for Cr, Mn, Ni, Cd and Pb elements. An ANOVA and Pearson
correlation analyses were performed. The results showed although that the mean concentrations of Cu
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. Introduction

Mussels are widely used as bioindicators of heavy metal pollu-
ion in coastal areas because they can accumulate various elements
s filter-feeders [1]. They also show the other parameters for being
ioindicators such as suitable dimensions, easy identification and
ollection of organisms, abundance in an ecosystem and accumu-
ation of the elements to a degree suitable to measure [2].

Mussels are well known to accumulate a wide range of contam-
nants in their soft tissues [3]. Thus, they are often employed to

onitor metal pollution in sea. Size has sometimes been shown
o be an important variable, but contradictory results have been
ound. In order to monitor metal content in the mussels, the num-
er of size classes according to shell length as well as the number
f samples must be taken into account to obtain a representative
ampling [4]. Additionally, the total cost of collection, preparation
nd analysis of each sample have to be considered in the analysis.

Among the mussels, M. Galloprovincialis is one of the most com-

only consumed bivalve mollusks [3]. These bivalves are superior

ioaccumulators of many chemical substances, tolerate handling
nd experimental manipulation, and provide ample tissue and shell
aterial for chemical analysis [5]. The growth of these bivalves is
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m
m
t
m

v
t
t

304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.03.010
els were markedly above the permissible levels of the Turkish regulations,
s of the Food and Agriculture Organization (FAO).

© 2008 Elsevier B.V. All rights reserved.

ue to their great capacity to filter the water column, which unfor-
unately, also exposes them to dangerous contaminants, including
eavy metals [4]. As known, metals are introduced into the aquatic
cosystems such as lakes, rivers and seas in a number of ways.
hey may be accumulated by aquatic organism such as fish and
ussels and may be a potential risk for ecosystem health and

rganisms. Industrial wastes and mining of metal create a poten-
ial source of heavy metals pollution in the aquatic environment
6–8].

Heavy metal discharges to the marine environment are of great
oncern all over the world as they have great ecological signifi-
ances due to their toxicity and accumulative behavior. Metals such
s iron, copper, zinc and manganese, are essential metals since they
lay an important role in biological systems, whereas mercury, lead
nd cadmium are non-essential metals, as they are toxic, even in
races. However, the essential metals may also produce toxic effects
hen the metal intake is excessively elevated [9]. Many heavy
etals were accumulated in organisms and some were also accu-
ulated in the food chain. The anthropogenic heavy metal outlets
ay reduce the marine species diversity and acerbate the ecosys-

em. Further, people consuming seafood would be exposed to the

etals with a potential danger to their health.
Eastern Black Sea region has a rich potential in terms of a

ariety of mines. On the other hand, the industrial and domes-
ic wastes were transported by rivers from Russia and Turkey
o Eastern Black Sea. The objective of this study is to determine

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:berrenazli@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2008.03.010
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Table 2
Instrumental conditions for the measurements of the working elements by FAAS

Element Wavelength
(nm)

Slit width
(nm)

Lamp current
(mA)

Flow rate of
acetylene (L min−1)

Cd 228.8 0.5 5.1 1.2
Ni 232.0 0.2 11.5 0.9
P
M
C

2

a
t
i

T
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L

C
R
R
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H

Fig. 1. S

he effects of pollution of mines by measuring essential metal
oncentrations in the mussels collected from the Eastern Black
ea.

. Materials and methods

.1. Study area

The Eastern Black Sea Region is located in the north eastern part
f Turkey (Fig. 1) covering deep running water valleys, mountains,
teps and broken zones. High water flows such as Ikizdere, Har-
it, Firtina, and Coruh rivers originating from this land fall to Black
ea. Moreover, the Eastern Black Sea region has a rich potential in
erms of a variety of mines. As shown in the map, the metals wasted
ue to the industrial activities and carried by means of rivers are

rifted and contaminated to the Black Sea. The mine potential of
he region is reflected by total reserves; including copper, lead and
inc deposits of 700 million tons and iron reserve of 10 million tons,
anganese reserve of 260.000 tons, gold reserve of 36 tons and

ilver reserve of 1.4 million tons [10].

s
G
D
s
w

able 1
nformation related to collected samples

ocation Coordinate Sample
depth (m)

Maxim
depth (

¸ amburnu 40◦55′N 40◦13′E 2 5
ize (inner of harbor) 41◦01′N 40◦31′E 2 12
ize (out of harbor) 41◦01′N 40◦31′E 2 28

¸ ayeli 41◦05′N 40◦43′E 0.5 1
opa 41◦24′N 41◦25′E 2 16
b 217.0 0.5 6.0 1.1
n 279.5 0.2 9.0 1.2

r 357.9 0.5 9.0 4.2

.2. Sample treatment

In this work, the different sized mussel samples were collected
t five stations in the Eastern Black Sea. As seen in Fig. 1, the sta-
ions are scattered throughout the area marked on the map. Some
nformation related to the sampling points is given in Table 1. The
pecimens were sorted with respect to their sizes given as follows:

roup A: <1.5 cm; Group B: 1.6–2.5 cm; Group C: 2.6–4.0 cm; Group
: 4.1–5.0 cm; Group E: >5.0 cm. Around twenty mussels were

elected from each group. After the samples were sorted out, they
ere dried in ovens at 100 ◦C and then their tissues and shells were

um
m)

Salinity (%) pH (20 ◦C) Water temperature (◦C)

19.1 8.3 9.1
18.9 8.3 8.0
17.8 8.2 23.6
13.0 8.3 19.6
18.9 7.8 24.0
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eparated. After that they were put into powder by using a Spex
ill during 20 min of time. To reduce the size effects of particles,

he powder was sieved by using a 400 mesh sieve. Forty milligrams
f this powder was pressed in 13 mm diameter.

.3. Instrumentation

Metal elements were analyzed using Energy Dispersive X-Ray
luorescence method (EDXRF) by employing the standard addition
ethod in sample preparation. The samples have been stimulated

y 55Fe and 241Am radioactive sources. To detect the radiation
cattered from the sample, Si(Li) detector manufactured by PGT
aving 150 eV full width at half maximum (FWHM) for 5.96 keV
hotons was used. Two thousand and forty-eight channels of a
ulti-channel analyzer were employed in data acquisition. In quan-

itative analysis, characteristic X-rays emitted by excited atoms of
he sample were registered for a time interval of 5000 s [11–14].

In order to determine the detection limit of EDXRF for Cd, Cr,
i and Pb we used the reference material which was prepared
y International Atomic Energy Agency. Characteristic X-ray peak
ntensities for Cd, Cr, Ni and Pb were obtained through spectrum
nalysis of the reference material. Sensitivity of this element was
alculated by the following equation [15]:

i = Ii
Si

(1)

here Ci is the concentration (mg kg−1), Ii the characteristic X-ray
ntensity (cps), and Si is the elemental sensitivity (cps mg−1 kg) for
he element i. The detection limit was calculated by

Li = 3
Si

√
Ii(BG)

t
(2)

here DLi is the detection limit (mg kg−1), Ii (BG) the background
ntensity (cps) under element I peak, and t is the counting time (s).
etection limit for Cd, Cr, Ni and Pb were calculated to be 7.2, 14.5,
.8 and 5.4 mg kg−1, respectively.

Due to the detection limit of EDXRF, the samples were ana-
yzed with Flame Atomic Absorption Spectroscopy (FAAS) for Cr,

n, Ni, Cd and Pb elements. The measurements of metal ions were
erformed with a Unicam Model AA-929 flame atomic absorp-
ion spectrometer equipped with a single element hollow-cathode
amps and 5.0 cm of an air/acetylene burner head. Instrumental
onditions for working elements are summarized in Table 2 [16].

One gram of fine powdered and the dried mussel samples were
eight into Teflon vessel and 8 mL of HNO3 (65%), 1 mL of H2O2

30%) and 0.5 mL of concentrated HF (39%) were added. Then, the
ontent of the vessel was digested by microwave irradiation. The
igestion conditions of a microwave system for the samples were
pplied as (45 bar) 1 min for 250 W, 1 min for 0 W, 10 min for 650 W,
min for 250 W, vents: 3 min, respectively. The residue diluted to
5.0 mL with deionized water. A blank digest was carried out in the
ame way [16].

. Results and discussion

The metal and heavy metals concentration in the mussels can
rovide the measure for the effects of the mixtures of potential
ollutants in the marine environment. However, when no data are
vailable on the pollutant content of the mussels in the study areas,
he research about the contaminant concentrations in organisms
hrough the accumulation of contaminants in their tissue remains

o be necessarily worked out.

The concentrations of elements (�g g−1) in the mussel samples
n five different sampling stations are shown in Table 3. In order to
how the general distribution of elemental concentrations in the
ussels for all over the studied area, the results were expressed as
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Table 4
Metal concentrations (�g g−1) in sediment collected from the sampling sites

K Ca Cr Mn Fe Ni Cu Zn Cd Pb

Çamburnu 5,700 2,076 12.0 504 2,55,000 ND 4,436 1,836 3.8 134.8
Rize (inner of harbor) 10,700 283 9.0 985 53,000 ND 122 305 ND 41.7
Rize (out of harbor) 7,800 314 52.9 903 72,000 21.4 161 125 ND 43.7
Çayeli 9,000 324 5.6 1,089 53,000 ND 414 359 ND 50.6
Hopa 7,300 434 56.9 1,674 88,000 16.1 6,259 2,344 5.9 355.1

Table 5
Metal concentrations (�g L−1) in sea water collected from the sampling sites

K Ca Cr Mn Fe Ni Cu Zn Cd Pb

Çamburnu 3,08,000 5,37,000 ND ND 680 ND 19.5 6.5 3.0 ND
Rize (inner of harbor) 2,86,000 5,10,000 ND ND 210 ND 7.5 207.5 ND 29.0
R D
C D
H D
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ize (out of harbor) 2,80,000 4,64,000 ND N
¸ ayeli 1,71,000 2,70,000 ND N
opa 3,00,000 4,40,000 ND N

D: not detected.

n average value of five different sizes. The obtained results from
DXRF show that the tissue of mussel samples contains K, Ca, Fe,
u, Zn, and Sr elements and the shell of mussel contains Ca, Cu, Sr,
nd Ba elements.

The maximum value of Cu for the tissue of the mussels was
ound in the inner harbor of Rize (260 �g g−1) while the minimum
alue was measured in the outer harbor of Rize (90 �g g−1). Fur-
hermore, the maximum concentration of Zn for the tissue of the

ussels was measured in Çamburnu coast as 600 �g g−1 while the
inimum value as 180 �g g−1 was measured in Hopa coast. The

btained results show that the average concentrations of Cu and Zn
ere approximately eight times higher than the maximum value

pecified by the Turkish Fisheries Law and Regulations (TKB) [17].
he most important reason is that the Cu and Zn reserve of Turkey,

ike Pb reserve, mostly takes place in the Eastern Black Sea region.

Since this study aims to determine the effects of pollution of
ines on the mussels collected from the Eastern Black Sea, one
ould expect to detect the other metals such as Cr, Mn, Ni, Cd

a
a
s
t

able 6
oncentrations of metals in various size of mussel tissue

tation K Ca Cr Mn

¸ amburnu A 3,860 33,540 4.8 56
B 3,720 20,490 3.8 11
C 5,050 15,510 1.5 106
D 4,910 15,420 ND 39
E 3,610 17,040 5.1 24

ize (inner of harbor) A 5,740 14,510 7.2 36
B 6,450 14,200 1.8 26
C 6,740 13,910 1.7 149
D 5,970 7,150 ND 26
E 5,650 5,230 ND 36

ize (out of harbor) A 8,720 17,820 ND 27
B 7,570 13,910 1.1 25
C 6,250 14,770 1.5 93
D 8,360 13,050 ND 18
E 8,900 12,340 1.8 41

¸ ayeli A 7,350 9,180 4.2 43
B 6,870 9,420 1.2 32
C 7,570 15,850 1.4 117
D 6,260 8,100 ND 18
E 6,600 9,300 ND 20

opa A 7,670 14,940 8.8 48
B 8,020 6,350 ND 50
C 8,760 4,400 ND 80
D 7,550 5,000 ND 21
E 7,800 4,110 ND 36

D: not detected, mussel size—A: <1.5 cm; B: 1.6–2.5 cm; C: 2.6–4.0 cm; D: 4.1–5.0; E: >5.
130 ND ND 12.0 ND ND
290 ND 9.0 6.0 ND 17.5
340 ND 20.5 81.5 ND 39.0

nd Pb. However, Cr, Mn, Ni, Cd and Pb were not observed with
DXRF because of the lower detection limit of the system. As such,
e analyzed the samples with FAAS for Cr, Mn, Ni, Cd and Pb ele-
ents. The obtained results with FAAS were also shown in Table 3.

he maximum values of Cr, Ni, Cd and Pb for tissue of mussels
ere found in the Çamburnu coast (3, 6, 4 and 21 �g g−1). How-

ver, these elements except Cd were not detected in the shells of
ussel. Mn concentrations range between 46 �g g−1 in Çayeli coast

nd 59 �g g−1 in the Çamburnu coast for the tissue of the mus-
els. The maximum value of Mn for shell of mussel was detected
n the Çamburnu coast (39 �g g−1) while that of value was found

inimum in the outer harbor of Rize (11 �g g−1).
Tables 4 and 5 indicate the metal concentrations in the sediment

nd the water in the samples in studied area. These measurements

re important to show the elemental concentrations in the water
nd the sediments and to make a correlation with those in the mus-
els. Considering the sea water density, it has been observed that
he concentrations in the mussels are relatively higher than that

Fe Ni Cu Zn Sr Cd Pb

3,290 5.4 210 400 230 3.5 9.7
2,840 ND 169 590 150 5.4 31.9
4,600 17.9 190 440 120 2.3 ND
3,580 ND 180 518 150 1.8 45.9
2,390 5.7 203 1,204 150 6.2 17.6
2,830 3.2 362 660 130 4.6 10.2
3,090 ND 323 710 110 5.1 16.1
2,370 ND 110 520 120 2.1 ND
1,830 ND 325 480 71 2.6 ND
1,830 3.6 180 630 71 2.8 ND

1,620 ND 60 310 330 2.4 ND
1,140 ND 130 370 210 4.2 15.9
1,170 ND 90 330 220 1.4 ND
1,630 ND 110 370 50 2.6 ND
1,440 14.5 60 320 140 6.0 26.9

3,890 9.4 80 240 95 3.3 5.9
4,700 3.6 140 260 100 3.6 16.9
3,810 3.3 110 250 110 2.2 ND
3,880 ND 120 190 97 1.0 ND
3,870 ND 200 210 97 0.6 ND

1,630 6.2 200 120 100 6.2 12.9
870 ND 90 210 55 3.0 ND
660 3.9 60 210 44 1.7 ND

1,440 ND 170 220 55 2.1 ND
1,150 ND 130 140 44 2.8 ND

0 cm.
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Table 7
Pearson correlation coefficients between metal levels in tissue of mussels in Eastern Black Sea

K Ca Cr Mn Fe Ni Cu Zn Sr Cd Pb

K 1
Ca −0.517a 1
Cr −0.336 0.499b 1
Mn 0.065 0.130 0.017 1
Fe −0.467b 0.284 0.137 0.073 1
Ni −0.051 0.157 0.331 0.268 0.287 1
Cu −0.535a 0.162 0.373 −0.267 0.254 −0.087 1
Zn −0.662a 0.321 0.279 −0.104 0.103 0.041 0.492b 1
Sr −0.197 0.698a 0.182 0.031 0.035 0.000 −0.108 0.184 1
Cd −0.163 0.321 0.690a −0.282 −0.122 0.323 0.276 0.444b 0.119 1
Pb −0.368 0.361 0.276 −0.300 0.198 0.091 0.152 0.352 0.236 0.523a 1

a Correlation is significant at the 0.01 level (2-tailed).
b Correlation is significant at the 0.05 level (2-tailed).

Table 8
Comparison of the metal concentrations (�g g−1) in tissue of mussels with the other studies and guidelines

Elements Mean Range FAO [18] TKB [17] Morocco [19] Korean [20] Spanish [21] USA [22]

K 6,620 4,230–7,960
Ca 12,600 6,960–20,400
Cr 2 1–3 5 2–29 17
Mn 49 41–59 7–28 7–227
Fe 2,462 1,150–4,030
Ni 3 1–6 12–32 11
Cu 160 90–260 50–150 20 4–43 4–14 5–7 6
Zn 396 180–630 200–500 50 107–366 70–157 176–316 75
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r 122 60–190
d 3 2–4 10 0.1
b 9 5–21 5–30 1

f the water. As seen from tables, while Cr, Mn, Ni and Cd are not
etected in the water samples, they are detected in the sediments
nd the mussels. Another important point is that the detected Pb
oncentrations in sediment samples are quite high. This can be
ttributed to the unsolved lead in the sea water adsorbed by the
ediment.

Table 6 shows the metal concentrations with respect to the tis-
ue sizes in each sampling site. According to results of one-way
NOVA there is no statistical difference between the mean val-
es of concentrations of metals in tissues. As a result of Pearson
orrelation, metal concentrations in the tissues did not seem to
epend on the mussel length and sampling sites. Table 7 sum-
arizes the correlation coefficients among the metal levels of

he tissue of mussels in Eastern Black Sea. Significant correla-
ions coefficients (p < 0.05) and (p < 0.01) are in bold and italics,
espectively. As clearly seen from the table, the most notice-
ble correlations were found between the pairs K–Ca (r = −0.517),
–Fe (r = −0.467), K–Cu (r = −0.535), K–Zn (r = −0.662), Ca–Cr

r = 0.499), Ca–Sr (r = 0.698), Cr–Cd (r = 0.690), Cu–Zn (r = 0.492),
n–Cd (r = 0.444), and Cd–Pb (r = 0.523). These results suggest that
he correlated metals share a common accumulation process in
issue of mussels.

In Table 8, the elemental concentration levels in the tissue of
ussels are compared with the national and international stan-

ards for metals in mollusks compiled by the TKB [17] and Food
nd Agriculture Organization (FAO) [18]. Also, some experimental
alues presented for the other countries were given in Table 8 for
omparison. Although the mean concentrations of Cu and Zn in the
issues of mussels are higher than those of given in the literature,
t is consistent with the values of FAO. For the mean concentra-

ions of Cr, the observed value is lower than the literature value.
he mean concentration value of Cd (3 �g g−1) and Pb (9 �g g−1)
re generally lower than the limits of Morocco [19] and FAO [18],
ut are higher than those of Spanish [21], USA [22] and TKB [17]. A
omparison in the concentrations values measured in the Eastern
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lack Sea mussels shows that the levels of Cr, Cd and Pb are well
elow the converted FAO limits. The concentrations of Cu and Zn in
he mussel samples rank within the different standards defined by
he FAO limits, but over the highest value.

From the obtained data, the average metal concentrations
ecrease in following order: Zn > Cu > Mn > Pb > Ni > Cd > Cr. This
eavy metal sequence is for the soft tissues of the mussel or envi-
onmental complex. Accumulation of metals in the shell also shows
he exposure periods and the degree of contamination. These heavy

etal concentrations are generally higher than the limits of TKB
17] and FAO [18]. This is because of the discharge of untreated
omestic wastes into the sea, the various harbor activities, the
umping of ship wastes into the sea, and the oil spills. Also, the
esults of our study showed that the Eastern Black Sea was contam-
nated by the waste over metals because of the nearby industrial
ctivities drifted to the region by means of rivers.

. Conclusion

Pollution measurement in marine environment includes the
nalysis of mussels. Thus, biological characteristics of mussels may
rovide critical information about water pollution. The soft tissues
f mussels are generally more efficient accumulators of metal ele-
ents than shells. Nevertheless, studies on metal accumulation in

hells are also useful since they can be used as a record of envi-
onmental metal levels [23]. Cu and Zn are the critical elements to
e determined in the pollution analysis. The obtained results show
hat the mean concentrations of Cu and Zn for the tissue of mussels
ere markedly above the permissible levels according to Turkish
ermissible concentrations. Zn concentration in the mussels sam-

les rank within the limits of different standards defined by the
AO. The concentration of Cu is above the permissible level of FAO
imits. In coastal waters, the fluctuations in metal and heavy metal
oncentrations are similar depending on the natural factors or the
nthropogenic pollution. The people living along the coastal areas
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