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Abstract The concentrations of Co, Ni, Cu, Zn, Cd, Pb,
As, Fe, Mn, and Al were determined in sediments and
biota of Songkhla Lake, a shallow coastal lagoon located
in southern Thailand. In June 2006, surface sediments
were sampled in 44 stations in the three sections of the
lake (inner-, middle-, and outer sections). Sediment cores
were also sampled in 13 stations in three cross-sections
of the lake. In surface sediments, trace and major
elements, organic matter, sediment grain size analysis,
and sulfides were determined, and in the sediment cores,
redox profiles were made. Soil samples were also
collected at garbage dumping sites in the vicinity of
the lake. In addition, the metal accumulation in two
catfish species (Arius maculatus and Osteogeneiosus
militaris) and the crustacean (Apseudes sapensis) was
also investigated. Trace element concentrations in
sediments of Songkhla Lake show that, especially the
Outer section of the lake, in particular the sediments at
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the mouths of the Phawong, U-Taphao, and Samrong
Canals are significantly enriched with trace elements
due to municipal, agricultural, and industrial discharges
entering the lake through the canals. Aluminum-
normalized enrichment factors throughout the lake vary
from 0.4 to 1.7 for Ni, 0.3 to 3.3 for Cu, 0.2 to 7 for Zn,
0.1 to 14 for As, 1 to 24 for Cd, 0.7 to 6.8 for Pb, and
0.1 to 7.8 for Mn. Correlations between the elements
and sediment characteristics show that Cu, Zn, Cd, and
Pb are essentially associated with the sulfide fraction;
that Ni and Co are predominantly bound to the clay
minerals and iron oxy-hydroxides, and that As is
principally bound to iron oxy-hydroxides. The accu-
mulation of trace elements between muscle tissue and
liver and eggs of A. maculatus and O. militaris is
element-specific, but concentrations of trace elements
in fish muscle tissue are well within the limits for
human consumption.

Keywords Trace metals - Arsenic - Sediments - Fish -
Crustacae - Sulfides - Lagoon - Songkhla Lake

1 Introduction

In the aquatic environment, trace elements are distrib-
uted between the dissolved phase, colloids, suspended
matter, and sedimentary phases. Sediments and soils
have a high storage capacity for contaminants. In the
hydrological cycle, less than 0.1% of the metals are
actually dissolved in the water, and more than 99.9% are
stored in sediments and soils (Salomons 1998).
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Sediment-associated metals pose a direct risk to detrital
and deposit-feeding benthic organisms and may also
represent long-term sources of contamination to higher
trophic level (Mendil and Uludzlii 2007).

Lake sediments can serve as archives of environ-
mental changes though time (Silva and Rezende 2002).
The distribution and accumulation of trace metals is
influenced by sediment texture, mineralogical compo-
sition, reduction/oxidation state, adsorption and de-
sorption processes, and physical transport (Buccolieri
et al. 2006). Changes in sediment oxidation/reduction
state and pH influence the solubility of both metals and
nutrients (Miao et al. 2006). Direct effects of pH are
(co)precipitation and dissolution phenomena of heavy-
metal-bearing minerals (Herreweghe et al. 2002). To
evaluate the potential environmental contamination of
lagoons, the chemical analysis of the surface sediments
is very important since it represents the current
situation (Prudéncio et al. 2007).

Songkhla Lake, a coastal shallow lagoon located in
the south of Thailand, is a very important natural
resource for the people living in the surrounding
provinces: Songkhla Province, Phatthalung Province,
and some parts of Nakhon Si Thammarat Province. The
lake is a major fishing ground for mollusks, crustaceans,
and fish and is intensively used for the aquaculture of
sea bass. The catchment area of about 8,020 km?
consists mostly of lowland rice fields, rubber planta-
tions, and forest-covered hills but contains rapidly
growing cities such as Hat Yai and Songkhla. This has
led to increased discharges into the lake from human
activities including urbanization, industrialization, and
agriculture. Recently, the Lake has faced serious
problems which have been summarized in ONEP
(2005) as follows: (a) a steady decline of the upstream
forest and mangrove, (b) soil erosion and sedimenta-
tion in the waterways and in the lake, (c) overuse of
ground water, (d) severe flooding, (e) over-fishing, (f)
unsanitary drainage from urban areas, (g) industrial
wastes (mainly related to rubber and food products),
(h) pollution from boats and fish wastes from Songkhla
harbor, (i) lack of effective management, etc.

During the past two decades, quite a number of studies
concerning the area have been carried out (Baeyens
Maneepong 1996; Maneepong and Angsupanich 1999;
Bhongsuwan and Bhongsuwan 2002; Sirinawin and
Sompongchaiyakul 2005). A limited number of studies
have been made regarding the pollution of the lake by
heavy metals (Sompongchaiyakul and Sirinawin 2007
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Sirinawin and Sompongchaiyakul 2005; Sirinawin
et al. 1998; Sukapan et al. 2006; Maneepong 1996;
Maneepong and Rakeaw 1998). The aim of the present
study is to screen the current distribution of trace
elements in surface sediments of the lake together with
other chemical properties such as organic matter,
sulfides, grain size, pH, and redox. In addition, the
metal accumulation in two catfish species (Arius
maculatus and Osteogeneiosus militaris) and the crus-
tacean Apseudes sapensis was also investigated.

2 Study Area

Songkhla Lake, a coastal shallow lagoon, is located in the
south of Thailand (7°08'-50’ N and 100°07'-37" E) and
has a total area of 1,042 km”. The lake is divided into
four sections: Thale Noi, a freshwater lake surrounded
by freshwater swamps with a surface area of 28 km?; an
inner section with an average depth of 2 m and a surface
area of 459 km% a shallow middle section with an
average depth of 1 m and a surface area of 377 km?;
and an outer section (Thale Sap Songkhla) connected to
the Gulf of Thailand with a surface area of 182 km?
(Fig. 1). The salinity ranges from freshwater in Thale
Noi to saline water in the outer section. Several streams
are flowing into the lake. Important canals in the outer
section are (a) U-Taphao canal which is the main source
of freshwater draining into the outer part, with the
length around 90 km, originating from the Sadao
district, in the Songkhla province; the canal is flowing
through a large city (Hat Yai) before entering the lake,
(b) Phawong canal is a short canal with a length of
around 5.5 km, and both sides of canal are densely
covered with the mangrove trees, and (c) Samrong canal
is a short canal and located in a densely populated area.

3 Materials and Methods

3.1 Sample Collection and Storage

3.1.1 Sediment Samples

The surface sediments were collected from 44 stations
using a grab sampler, of which 40 were located in the
Songkhla Lake, three in the canals (about 1-2 km from

the lake), and one in the Gulf of Thailand. Sampling
stations are shown in Fig. 1. The survey was carried out
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Fig. 1 Location of sampling stations in Songkhla Lake

between June 3 and June 25, 2006. In addition,
sediment cores were collected from 13 stations in the
upper—middle section (line 1: stations 7, 8, 12, 16, 17,
and 19) and outer section (line 2: stations 30, 32, 33, 34,
35, 36, and K36) using Plexiglas tubes (5 cm diameter
and 40 cm length). In addition, cores were taken in soils
at four local garbage dumping sites near the lake
(stations L, S, H, and B) from 20 to 21 September 2006.

3.1.2 Biological Samples

Benthos (Tanaidacea: 4. sapensis) was sampled on 18
September 2006 in the Middle Lake (station 19) using
a dredge sampler. The sample was sieved through a 5-,
1-, and 0.5-mm sieve. Tanaidacea were separated on
the 0.5- and 1-mm sieves. The samples which were
retained on the 1-mm size sieve were collected together

with field water and put in a plastic bag. The plastic
bags were oxygenated during transport to the labora-
tory. Tanaid was separated again in the laboratory
before being frozen at —20°C.

Two catfish species (4. maculatus and O. militaris)
were collected from six stations from several areas in
lake by different methods. In station 7, the fish were
sampled using a fishing rod, at station 19 by fish
traps, and at stations 24, 36, and 37 bought from local
fishermen.

3.2 Microwave Digestion Procedure
3.2.1 Sediments

Prior to analysis, the wet sediment samples were frozen,
dried in the lyophilizer, homogenized and grinded in a
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mortar, and sieved through a 1-mm nylon sieve. Around
0.1 g of sediment was weighed in the Teflon digestion
bomb, and 2 mL of HNO; (65%, Merck, Suprapur) and
6 mL HCI (30%, Merck, suprapur) were added to the
samples. The bombs were closed tightly and put in
the microwave oven (CEM Mars 5) for digestion. The
digestion was carried out with the following procedure:
ramp to 150°C during 10 min then hold at 150°C for
10 min and then cool down for 10 min. When the
samples were cooled, 30 mL of Milli-Q water was
added and stored in acid-cleaned polyethylene storage
bottles (60 mL, Nalgene).

3.2.2 Biological Samples

Around 0.10-0.15 g of lyophilized and homogenized
sample was weighed in a Teflon digestion bomb. Five
milliliters of HNO; (Merck, 65%, suprapur) and 1 mL
H,0, (30%, Merck, suprapur) were added to the
samples. The bombs were closed and put in the
microwave oven (CEM MARS 5) and digested using
the following procedure: ramp to 180°C during 15 min,
hold at 180°C for 15 min, then cool down for 15 min.
After that, the samples were diluted to 30 mL with
Milli-Q water and stored in polyethylene storage bottle.

3.3 Analysis of Metals

A high-resolution inductively coupled plasma mass
spectrometry Thermo Finnigan Element II was used
to measure the concentrations of trace elements in the
sediment sample. Before analysis, the digested sam-
ples were diluted ten times, and Indium was added as
internal standard (final concentration 1 ppb). Major
metals (Al, Fe, Mn) were analyzed with inductively
coupled plasma atomic emission using Thermo
SPEC/WIN (IRIS) from ThermoOptek. Quantification

of trace metal concentrations was based upon calibra-
tion curves prepared from multi-element (Merck) or
single element (Johnson Matthey Specpure) standard
solutions. Blanks and standard references materials
were included in each digestion batch to verify the
accuracy of the extraction method. For the analysis of
sediment, the standard reference material LGC6139
(river clay sediment) was used. The results of analysis
of reference material and the certified value are given
in Table 1.

3.4 Determination of Readily Oxidizable
Organic Matter

The readily oxidizable organic matter contents of the
sediment samples was determined by the Walkey-Black
method (1947) as described in Loring and Rantala
(1992) and Schumacher (2002). Dried sediment sam-
ples were sieved through a 0.2-mm nonferrous sieve.
Dried sediment (0.5 g) was transferred to a 500-mL
Erlenmeyer flask. Ten milliliters of 1 N potassium
dichromate was then added to oxidize organic carbon
in the sample. A 20-mL mixture of H,SO, and
Ag,SO,4 was added to eliminate chlorine. The mixture
was left for 30 min then diluted with 200 mL distilled
water. Ten milliliters of 85% H3;PO,4 and 0.2 g NaF was
then added as catalyst and for the purpose of a clear
end point. Finally, 15 drops of diphenylamine indicator
were added. Back titration was performed with titrant
0.5 N Fe(NH,4)>(SOy4), (ferrous solution). During the
titration, the sample color gradually changed from dull
green to turbid blue and finally green. At this point,
one drop is added to reach the end point. If the volume
of ferrous solution used is less than 4 mL to reach the
end point, then more than § mL of dichromate has
been consumed in the oxidation, so the whole process
was repeated again by using less sediment.

Table 1 Comparison of the analytical results of the reference materials with the certified data

Reference materials Matrix n Mn Co
LGC6139 (ug gfl) Sediment 9 1,084+98 13.05
Certified value Sediment 1,100+99 —

DORM-2 (ng g )
Certified value

NIST-SRM 2976 (ug g') Mussel tissue 2 na 0.59
Mussel tissue 33 0.61

Dogfish muscle 3 na

Dogfish muscle

Certified value

38+1.14
38+1.14
0.168+0.028 17.0+2.7 1.90+0.13 25.4+23
3.66+0.34 0.182+0.031 19.4+3.1 2.34+0.16 25.6+2.3 18+1.1 0.043+0.008 0.065+0.007

Cu Zn As Cd Pb
84+1.69 539+10.79 25+1.01 2.5+0.10 146+2.9
92+1.84 513+£10.26 27+1.08  2.3+0.09 160+3.2

16+0.9 0.046+0.009 0.076+0.008

4.01+£0.32 157+14.18 12.1+1.70  0.76+0.15
4.02+0.32 137+£12.33 13.3+£1.86 0.82+0.16

1.12+0.17
1.19+0.18

na not analyzed
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3.5 Sediment Grain Size Analysis

The particle size analysis was done using the hydrom-
eter method (Gee and Bauder 1986). Air-dried sedi-
ments were sieved through a 2 mm nonferrous sieve.
Forty grams of dried sediments was then transferred to
a 600-mL beaker with the addition of 100 to 150 mL
of distilled water. Hydrogen peroxide 30% was
continuously added to eliminate organic matter in the
sample until bubbles disappeared. The samples were
heated at 90°C on a hot plate for 1 h before incubating
in an oven at 105°C for 24 h. After cooling in a
desiccator, the samples were weighed again. One
hundred milliliters of Calgon 5% and 50 mL of
distilled water were added to the sediment, and the
sample was stirred on a mechanical shaker for 5 min.
The samples were sieved on a 63-um sieve until no
more silt and clay remained on the sieve and the wash
water was clear. The portion that passed through the
sieve was transferred to a 1-L sedimentation cylinder.
The volume was then adjusted using distilled water up
to 1 L. The sediment was dispersed in the cylinder
again by a plunger then after 50 s, density and
temperature of the sample were measured using
hydrometer and a thermometer, respectively. The
whole system was left for 2 h without disturbance,
and then at 2 h, the density and temperature were
measured again. A blank was prepared using Calgon.
The percent of sand, silt, and clay was calculated.

3.6 Water Content

The percentages of water content of the sediment
samples will be determined by weight reduction
(drying wet sediments in oven at 110°C for 24 h).

3.7 Total Acid-Volatile Sulfides

The frozen sediments were thawed, and the total acid-
volatile sulfide content of the sediment was determined
by acidifying the sediment with 18 N H,SO, and
subsequently trapping the released H,S with an H,S-
absorbent column (Gastec, Hedrotek 201H, Kagawa
Science, Japan). The reaction time is generally 2 min.
This simple procedure has been used in numerous
studies (Tsutsumi and Kikuchi 1983; Sasayama et al.
2007; Yodnarasri et al. 2008; Chareonpanich et al. 1993;
Meksumpun and Meksumpun 1999; Mogsud et al.
2006; Chareonpanich and Seurungreong 1999).

The addition of acid to a sediment will release H,S
from dissolved sulfur species as well as metastable iron
sulfide minerals (FeS, Fe;S,) and partially from pyrite
(FeS,) depending on the acid concentration used,
temperature, and reaction time (Rickard and Morse
2005). Although often referred to as acid-volatile sulfide
(AVS), we will define this sulfide fraction as total acid-
volatile sulfide (TAVS) to distinguish this from the
classical operationally defined AVS fraction extracted
by 1 M HCI. Though the concentrations may not be
completely comparable to the classical AVS extractions,
this method provides a rapid screening of reduced sulfur
species. The level of TAVS was expressed in milligram
TAVS per gram (dry weight) of the analyzed sediments.
The model of H,S test columns that was used (Hedrotek
201H) had a quantification limit of 0.02 mg TAVS per
gram dry weight sediment.

3.8 Redox Potential (Eh) and pH

The measurements of redox potential (Eh) and pH
profiles were performed in the field with a combined
pH/Eh meter (IQ 140 pH/mV/Temp/ORP) using
Plexiglas sampling tubes in which holes had been
drilled every 2 cm. The Plexiglas tube with holes was
covered tightly by the plastic film before being used.
Redox was measured using a Pt redox electrode
combined with a Ag/AgCl, [KCI]=3 mol L™" refer-
ence electrode (IQ/model ORP110-GS), and measure-
ments of pH were performed using a combination
glass electrode with a Ag/AgCl, [KCI]=3 mol L'
reference electrode (IQ 140/ model pH30-GS)).

4 Results
4.1 Sediment Characteristics

Sediment texture data indicate that the sediments are
mainly sand-silt—clay (percent of each component more
than 20%), clayey sand, and sandy clay (Fig. 2).
Distribution patterns of the sand, silt, and clay fraction,
together with readily oxidizable organic matter (OM)
and total acid-volatile sulfide are shown in Fig. 3. Fine
grain sediments accumulate in the Outer section at the
mouths of the Phawong, U-Taphao, and Samrong
canals as well as in the lower Middle section.

The concentration of readily oxidizable organic
matter in the surface sediment ranged from 0.68% to
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Fig. 2 Sediment texture of
Songkhla Lake sediments
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10.9%. Relatively higher concentrations were found
in the Outer section at the mouths of the Phawong and
Samrong Canals (up to 10.9% at station K40), as well
as in the southeastern part of the Middle section of the
lake (station 26 (7.71%)) located near a shrimp farm.
The higher levels in the Outer section can be
explained by riverine inputs from the Phawong,
Samrong, and U-Taphao canals transporting organic
matter from the domestic origin into the lake. In the
Middle section, higher levels were found in the area
called the nonhunting area (Khukut); an area which
consists of a shallow water body with many isles
covered with mangrove trees, sea grass, and seaweed.
This area dries out during the dry season, and the
flora can thus contribute to the organic matter loading.

The level of total acid-volatile sulfides in the
surface sediments ranged from below the detection
limit (<0.02 mg g ' dry weight) to 5.7 mg g ' dry
weight (average 0.57 mg g ' dry weight). As for
organic matter contents, higher values were found in
the Outer section and the southeastern part of the
Inner section. The highest level was found at station
38 (5.7 mg g ' dry weight), which was located at the
mouth of Samrong canal.

In the western part of the Inner section (stations 7
and 8), the redox potential (Fig. 4) decreases from oxic
or suboxic conditions at the surface to anoxic
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conditions reaching minimum concentrations at a depth
of 3-4 c¢cm. In the Middle section, especially in the area
of high organic matter accumulation, the redox profiles
show anoxic conditions at the surface (stations 16, 17,
19). In the Outer section, the most anoxic sediments
are found at the mouth of the U-Taphao canal. Anoxic
surface sediments are found in the muddy sediments at
the outflows of the canals, whereas oxic surface
sediments and a sharp decrease in the redox potential
is observed in the more sandy station 33 as well as in
the mouth of the Outer section to the Gulf of Thailand.

4.2 Trace Element Concentrations in Sediments

The trace element concentrations in surface sediment
ranged: 481,820 ug g ' dry weight for Mn, 1.3—
16.3 ug g ! dry weight for Co, 2.5-21.9 pg g ' dry
weight for Ni, 1.8-126 pg g ' dry weight for Cu, 5.4
562 pg g ' dry weight for Zn, 0.8-70.7 pg g ' dry
weight for As, 0.1-2.4 ug g ' dry weight for Cd, and
8.2-131 ug g ' dry weight for Pb. Figure 5 shows the
spatial distribution of these metals in de surface
sediments.

For all elements except Mn, concentrations are
higher in the Outer section and lower part of the
Middle section compared to the Inner section. The
highest concentrations of Cd, Pb, Cu, and Zn are
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Fig. 3 Sediment grain size, organic matter, and total acid-volatile sulfides in the sediments of Songkhla Lake

found at the mouth of the Samrong canal (station 38),
in the U-Taphao and Phawong canals (K36, K40), and
at the outflows of these canals (stations 36, 40).
Increased levels of these elements are also found in
the lower Middle section (station 26), and for Cd and
Pb, higher levels are also found in the Middle section
at stations 18 and 15. For Co and Ni, highest
concentrations are found in the lower Middle section
(stations 22-26), followed by the Outer section.
Arsenic concentrations are higher in the Outer
section, especially the Phawong Canal and its

outflow. Mn shows a completely different distribu-
tion, with higher levels in the Inner section compared
to the Middle and Outer sections.

4.3 Trace Element Concentrations in Soil Profiles
at Garbage Dumping Sites

Table 2 shows the trace element content in soil profiles
from four local garbage dumping sites nearby Songkhla
Lake. Trace element concentrations are comparable to
the levels found in the lake sediments except for As at
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station B, where very high levels were found (up to
145 ug g ' dry weight). The dumping site B is located
between the U-Taphao and Phawong Canals. Cu was
highest at station S (32 pg g ' dry weight; located
between Phawong and Samrong canals), whereas Pb
was highest at station L (34 pg g ' dry weight; located
at the Inner Lake) and station B (30 ug g ' dry weight).

4.4 Heavy Metals in Biological Samples

The concentrations of Co, Ni, Cu, Zn, As, Cd, and Pb
in muscle and liver tissue as well as in the eggs of two
catfish species (4. maculatus and O. militaris) caught
in the different sections of the lake and the in the
crustacae (4. sapensis) collected at station 19 are
shown in Table 3.

The concentrations of Co, Ni, Cu, Zn, As, Cd, and Pb
in muscle tissue of A. maculatus were in the ranges
0.04-0.24, 0.25-5.44, 0.98-2.08, 21-95, 0.50-7.24,
<d1-0.03, and 0.06-0.40 pg g ' dry weight, respec-
tively, whereas the concentrations in liver were in the
ranges 0.41-2.36, 0.14-15.4, 10.7-254, 383-998,
0.27-1.96, 0.09-1.37 and 0.24-3.44 ug g ' dry
weight, respectively, and in the fish eggs 0.15-0.39,
0.32-0.73, 2.14-6.53, 161-210, 0.33-1.11, 0.01-0.03
and 0.02-0.12 pg g ' dry weight, respectively. The
concentrations of Co, Ni, Cu, Zn, As, Cd, and Pb in
muscle tissue of O. militaris were in the ranges 0.03—
0.10, 0.06-0.66, 0.44-1.75, 13.15-51.25, 0.19-0.60,
0.00-0.01, and 0.05-0.18 pg g ' dry weight, while the
concentrations in the liver were in the ranges 0.39—
0.92, 0.21-1.61, 21.14-99.43, 331.90-1,145.19, 0.26—
0.62, 0.10-0.53 and 0.14-0.87 pg g ' dry weight,
respectively, and in the fish eggs 0.22, 0.89, 3.28, 171,
0.17, 0.01, and 0.01 pg g ' dry weight, respectively.
No significant differences in trace element concen-
trations between the two catfish species could be
found. Co, Cu, Zn, and Cd are essentially accumulat-
ing in the liver, whereas the distribution of Ni and Pb
between liver and muscle tissue is highly variable. The
concentrations of As are more or less evenly
distributed between muscle and liver tissue, except
in the Outer section where a higher muscle-to-liver
ratio is observed. For Cd, Pb, and As, the concen-
trations found in fish eggs are lower than the
concentrations in muscle and liver tissue, whereas
for Zn, Cu, and Co, the levels found in fish eggs are
in between the levels in muscle tissue and in the
liver. For Ni, no distinct pattern can be found.
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Table 2 Trace element concentrations (ug g ' dry weight) in soil profiles at different local garbage dumping sites nearby Songkhla

Lake
Station Depth (cm)  Concentrations (g gf1 dry weight) Remarks
Cd Pb Co Ni Cu Zn As Mn
L 0-2 0.18 318 273 8.51 8.42 312 12.1 107 About 5 km from stations 7 and 11
2-4 0.15 269 262 8.42 321 248 5.78 74.9  About 5 km from stations 7 and 11
4-6 0.15 338 3.06 134 847 22.1 10.9 92.2 About 5 km from stations 7 and 11
S 0-2 1.09 112 3.85 9.65 28.1 294 433 226 Near station K38
2-4 0.10 124 245 572 317 267 6.68 171 Near station K38
4-6 031 16.1 11.8 125 315 337 6.09 345 Near station K38
H 0-2 022 135 1.13 638 375 145 427  31.0 About 15 km from station K36
2-4 0.26 19.5 1.37 659 550 15.6 9.18 45.7 About 15 km from station K36
4-6 024 235 1.95 852 6.60 18.1 14.0 52.0 About 15 km from station K36
B 0-2 031 20.1 1.77 11.2 19.9 150 124 75.7  About 20 km from stations K36 and K40
2-4 033 303 314 105 219 12.3 146 442 About 20 km from stations K36 and K40
4-6 031 202 203 122 210 27.1 120 95.3  About 20 km from stations K36 and K40

Comparison of element concentrations in the fish
collected in the different sections of the lake show
that the levels of Co and especially As are higher in
the Outer section compared to the Inner and Middle
sections. For the other elements, no significant
differences can be observed between the stations.

Both fish species are carnivores, feeding mainly on
benthic invertebrates which are predominantly Tanidacea
(A. sapensis) (Angsupanich et al. 2005). Samples of 4.
sapensis were collected at station 19. The concentra-
tions of all trace elements (Co, Ni, Cu, Zn, As, Cd, and
Pb) were higher in A. sapensis than in the muscle of
both fish species which were caught in the same area.
The concentrations in the benthic invertebrates were,
however, lower than the concentrations found in the
sediments at that station, except for Cu and Zn, which
were significantly higher, and Cd, which was at the
same concentration level as in the sediments.

5 Discussion

5.1 Comparison with Regional Background Values
and Sediment Quality Guidelines

Since metals are naturally occurring and distributed in
the environment, distributions are a combination of both
the natural background concentrations and anthropogen-
ic inputs in the region. Background concentrations are
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known to be associated with a number of sediment
geochemical groupings: associations between contami-
nants and grain size, Fe/Mn oxides, organic carbon (OC),
and carbonates. Normalization procedures attempt to
compensate for the naturally occurring geochemical
associations so that the anthropogenic contribution can
be isolated and quantified. Normalization against grain
size has been used to compensate for granulometric
variations, based on either grain size analysis or
normalizing with an element the acts conservatively,
and is a proxy for the fine fraction (Loring and Rantala
1992). There is no consensus on the appropriate
sediment constituent to be used for normalization. The
most commonly used are Al, Li, OC, and clay fraction.
Adjusting for grain size effects is important to distin-
guish the degree of anthropogenic enrichment and to
compare metal data from site to site and with regional
background values. Al normalization has been shown to
be applicable for coastal sediments in the Gulf of
Thailand (Cheevaporn and San Diego-McGlone 1997).

Regional background values assessed from core
sediment samples are reported by Choi et al. (2008)
and offshore sediments in the Gulf of Thailand by
Shazilli et al. (1999). Background levels varied from 10
to 23 pg g ' dry weight for Ni, from 10 to 25 pg g’
dry weight for Cu, from 55 to 115 ug g ' dry weight for
Zn, from 5 to 9 ug g ' dry weight for As, from 0.03 to
0.2 ug g ' dry weight for Cd, from 15 to 30 pg g ' dry
weight for Pb, 370-720 pg g ' dry weight for Mn, and
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Table 3 Trace element concentrations (ug g ' dry weight) in fishes and benthos of Songkhla Lake

Section Station Species Length Weight Tissue Co Ni Cu Zn As Cd Pb
(em) (g
Fishes
Inner 7 A. maculatus 15 60  Muscle 0.04 5.44 0.98 20.9 0.54 0.02 0.19
section Liver  0.87 0.51 442 784 0.41 0.17 0.24
A. maculatus  14.5 45  Muscle 0.06 0.44 1.30 37.5 0.53 0.01 0.36
Liver  0.47 0.43 29.7 388 0.41 0.30 0.42
Egg 0.15 0.32 3.94 161 0.33 <dl 0.07
A. maculatus 14 45  Muscle 0.07 0.25 1.90 433 0.49 0.02 0.21
Liver  0.54 0.14 20.7 414 0.36 0.34 0.26
Egg 0.18 0.64 6.53 170 0.34 0.01 0.12
A. maculatus  14.5 50  Muscle 0.11 0.35 1.74 46.7 0.70 0.01 0.15
Liver 092 0.85 20.1 553 0.59 0.39 0.41
Egg 0.27 0.73 4.34 204 0.39 0.03 0.07
O. militaris 17.5 70 Muscle 0.06 0.36 0.77 29.4 0.25 0.01 0.05
Liver 0.84 0.21 71.9 817 0.46 0.24 0.45
O. militaris 19 80  Muscle 0.06 0.06 0.50 14.1 0.25 <dl 0.05
Liver  0.43 0.58 42.8 479 0.62 0.24 0.87
O. militaris 18 70 Muscle 0.03 0.37 0.44 33.1 0.37 0.01 0.08
Liver  0.39 0.95 69.1 917 0.43 0.21 0.73
Middle Section 24 A. maculatus ~ 20.5 90  Muscle 0.11 0.57 1.36 67 1.04 0.01 0.19
Liver  0.78 0.16 26.5 753 0.78 0.09 0.41
A. maculatus 20 90  Muscle 0.04 0.51 1.28 25.6 0.90 0.02 0.35
Liver 041 0.42 84.9 382 0.43 1.37 1.49
O. militaris 19 90  Muscle 0.08 0.26 0.57 132 0.19 0.01 0.18
Liver  0.92 0.35 99.4 868 0.40 0.16 0.38
O. militaris 20 90  Muscle 0.10 0.24 1.70 51.3 0.60 0.01 0.15
Liver  0.51 0.37 21.1 331 0.33 0.10 0.14
Egg 0.22 0.89 3.28 171 0.17 0.01 0.01
19 A. maculatus  17.5 60  Muscle 0.06 0.69 1.93 53.7 0.57 0.02 0.40
Liver  0.45 2.01 46.1 477 0.38 0.28 3.44
A. maculatus 16 50  Muscle 0.05 0.41 1.41 43 1.02 0.01 0.09
Liver  0.56 0.41 60.8 527 0.27 0.86 2.11
O. militaris 19 90  Muscle 0.08 0.66 1.75 48.7 0.24 0.01 0.18
Liver 0.74 1.61 51.0 1,145 0.26 0.53 0.69
Outer Section 37 A. maculatus 19 85  Muscle 0.21 0.38 1.88 53.8 7.25 0.01 0.13
Liver  0.93 0.22 42.8 767 1.35 0.37 1.06
A. maculatus 20 105  Muscle 0.12 0.94 1.64 74.4 7.20 0.01 0.19
Liver  2.36 154 254 998 1.96 0.47 0.75
36 A. maculatus 20 100 Muscle 0.24 0.38 2.08 95.0 1.86 <dl 0.06
Liver  2.01 6.02 10.7 796 1.63 0.19 1.80
Egg 0.39 0.68 2.14 210 1.11 0.01 0.02
Benthos
19 A. sapensis 2.95+0.10 6.28+0.3 46.0+1.4 94.8+4.5 4.21+0.07 0.19+0.02 11.2+0.4

@ Springer



Water Air Soil Pollut

4-6% for Al. Averaged values normalized to Al were
used to compare concentrations found at different
stations to background values (Fig. 6). Enrichment
factors (EF) were calculated as EF=(Me/Al)sample/
(Me/Al)background (Table 4). Figure 6 and Table 4
show that very important enrichment of trace elements
in the surface sediments are found at station 38 (mouth
of Samrong canal) for Cd, Cu, Zn, and Pb; for several
stations in the Outer section for As and also in the
Middle section at station 23 for Zn and in the Inner
section for Mn. Enrichment factors vary from 0.4 to 1.7

for Ni, 0.3 to 3.3 for Cu, 0.2 to 7 for Zn, 0.1 to 14
for As, 1 to 24 for Cd, 0.7 to 6.8 for Pb, and 0.1 to
7.8 for Mn.

Several sediment quality guidelines (SQGs) for the
assessment of sediment quality using chemical and
biological effects databases have been established.
These SQGs are summarized in Table 5. The US
National Oceanic and Atmospheric Administration
(NOAA) presents effects low range (ERL) and effects
range median (ERM) guidelines for estuarine and
marine environments which represent the tenth and
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Table 4 Enrichment factors EF=(Me/Al)sample/(Me/Al)background in Songkhla Lake sediments

Station Mn Ni Cu Zn As Cd Pb
1 0.4 1.0 0.5 0.6 0.2 1.6 1.4
2 1.8 1.3 1.2 1.2 1.5 3.0 3.0
3 6.6 1.7 1.2 0.9 4.5 3.8 2.5
4 2.4 0.6 0.4 0.5 0.3 1.0 0.7
5 5.4 1.3 0.5 0.8 1.2 2.1 1.9
6 7.8 1.5 0.9 1.4 4.2 3.0 2.2
7 1.2 0.7 0.4 0.3 0.9 2.0 1.5
8 1.3 1.0 0.5 0.7 2.4 2.5 2.3
9 2.3 1.1 0.5 0.6 2.1 1.9 1.8
10 6.3 1.6 1.5 1.3 4.1 3.0 2.8
11 0.4 0.5 0.3 0.4 32 1.8 2.0
12 0.6 0.7 0.5 0.6 4.8 2.5 34
13 0.5 0.9 0.8 1.1 34 2.4 23
14 0.6 1.1 0.8 0.8 22 2.6 2.5
15 0.5 0.6 0.5 0.6 0.6 2.4 2.3
16 2.1 1.1 0.5 0.7 1.7 2.3 3.1
17 1.4 1.0 0.4 0.4 0.6 2.2 2.3
18 0.1 0.5 0.3 0.3 0.1 2.4 1.6
19 0.6 0.9 0.5 0.7 1.1 1.6 1.9
20 0.5 0.7 0.3 0.4 0.5 3.6 1.8
21 0.9 1.0 0.4 0.5 4.1 2.0 3.0
22 0.6 1.1 0.6 1.0 0.4 1.7 1.6
23 0.7 1.1 0.7 3.7 1.5 3.6 2.1
24 6.8 0.9 0.6 0.7 0.8 3.4 3.7
25 0.4 0.8 0.4 0.6 2.6 1.9 2.7
26 0.5 1.1 0.9 1.1 1.2 3.1 1.8
27 1.0 1.0 0.5 0.6 2.5 2.8 23
28 1.7 1.1 0.7 0.8 2.6 2.3 2.8
29 1.1 1.3 0.9 1.0 0.9 2.3 2.4
30 1.3 1.3 0.7 0.2 0.6 3.3 2.1
31 1.0 1.0 0.8 1.1 4.5 2.9 3.7
32 1.4 1.3 1.0 1.3 7.1 2.8 2.3
33 1.5 1.1 0.5 0.7 2.8 1.4 2.0
34 2.7 1.6 0.7 1.3 9.3 2.1 2.6
35 0.9 0.8 0.5 0.6 1.7 1.3 1.3
36 0.7 1.3 1.2 1.5 6.6 2.8 1.6
K36 1.1 1.2 1.2 1.6 10.1 5.0 1.6
37 1.1 0.8 0.7 0.8 3.1 1.5 1.5
38 0.4 1.3 8.3 7.7 2.8 24.6 6.8
K38 0.3 0.4 0.5 0.6 1.0 2.7 1.3
39 0.5 1.2 1.6 1.0 6.0 4.6 2.1
40 1.5 1.5 1.7 0.8 14.1 2.7 2.4
K40 0.5 0.9 1.1 1.0 1.7 44 1.2
G 2.3 1.4 0.9 0.9 5.0 2.2 2.5
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Table 5 Sediment quality guidelines (SQGs) based on effects to benthic-dwelling species (mg kg™' dry weight)

US EPA Toxicity classifications OSPAR MacDonald et al., 2000 NOAA

Element  Nonpolluted  Moderately Polluted  Heavily Polluted EAC values TEC PEC ERL ERM
Pb <40 40-60 >60 5-50 36 130 46.7 218
Zn <90 90-200 >200 50-500 120 460 150 410
Cu <25 25-50 >50 5-50 32 150 34 270
As <3 3-8 >8 1-10 9.8 33 8.2 70
Cd >6 0.1-1 0.99 5.0 1.2 9.6
Ni <20 20-50 >50 5-50 23 49 20.9 51.6
Mn <300 300-500 >500 460 1,100

For explanation, see text

OSPAR-EAC Ecological Assessment Criteria, 7EC threshold effect concentration, PEC probable effect concentration, ERL effects low

range, ERM effects mean range

50th percentiles of adverse biological effects (NOAA
1999). The MacDonald et al. (2000) SQGs for
freshwater environments have a lower threshold
effects concentration (TEC) and an upper probable
effect concentration (PEC) at which toxicity to
bottom-dwelling organisms is predicted to be unlikely
and probable, respectively. The Oslo and Paris
Conventions for the prevention of marine pollution
have also established Ecological Assessment Criteria
(EAC; OSPAR 1997). EAC values are the threshold
values. Lower-level EACs are derived for the protec-
tion of all marine species, also the most sensitive.
Higher value EACs are the highest concentrations
that are expected not to cause acute toxic effects. The
US Environmental Protection Agency (US EPA) has
also made classifications (nonpolluted, moderately
polluted, heavily polluted based on toxicity tests
(reported in Baudo and Muntau 1990 and Filgueiras
et al. 2004)).

For Pb, values exceeding the TEC value were
observed at 16 stations and exceeded the PEC level at
one station (station 38). The levels at ten stations can be
classified as moderately polluted (spread over Inner,
Middle, and Outer sections) and heavily polluted at two
stations (stations 38 and 25). For As, values exceeding
the TEC value were observed at 22 stations (in Inner,
Middle, and Outer sections) and exceeded the PEC level
at four stations, all in the Outer section. For Zn, TEC
values were exceeded at two stations (stations 38 and
23) and PEC levels at station 38. For Cd and Cu, the
TEC values were only exceeded at station 38, and the
concentrations of Ni were all below TEC values. For
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Mn, values exceeding the TEC values were found at 14
stations, mostly in the Inner section.

5.2 Sources of Trace Elements to the Lake

The sediment data clearly show that the Outer section
of the lake, in particular the sediments at the mouths
of the rivers Samrong, Phawong, and U-Tapao are
significantly enriched in trace elements. These rivers
receive municipal wastes from two large and rapidly
expanding cities: Songkhla City and Hat Yai as well
as industrial and agricultural wastes from the growing
industrial estates, the rubber plantations, and the
parawood industry as well as seafood processing
industries. As and Cu are used as wood preservatives,
and the parawood industry has rapidly expanded in
this area in the last decade (Sompongchaiyakul and
Sirinawin 2007). The high levels of As found in the
soils at the garbage dumping site indicate that runoff
from the dumping sites into the canals and lake may
also be an important source of As to the lake.

In the Middle section of the lake, the lake receives
inputs from the intensive aquaculture activities which
take place (shrimp farms, sea bass farms) as well as
mining activities. Various kinds of mining activities
have been conducted in the lagoon catchment area (e.g.,
tin, barite, phosphate, and lead), and therefore, contam-
ination from mining residues is possible. Tin mining in
Ronpiboon, Nakhon Si Thammarat Province has caused
arsenic (a residue of the tin mining) to spread to outlying
areas, resulting in high levels of As in soils and canal
sediments (up to 305 ug g ' dry weight), with people
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living there suffering from skin cancer and increased
mortality (cited in Maneepong and Angsupanich 1999).
Comparison of our data with previous data from
Songkhla lake as well as other areas in the world is
shown in Table 6. The levels are comparable to those
reported in previous studies in the area. High levels of
As at the mouth of the Phawong canal have previously
been reported by Sompongchaiyakul and Sirinawin
(2007), but compared to these previous studies, the
levels of As are increasing. However, As levels in
Songkhla Lake are much lower than those found in
contaminated estuaries of the UK (50-1,000 pg g’
dry weight) reported by Bryan and Langston (1992).
Mean concentrations of Co, Ni, Cu, Zn, Cd, and Pb
are comparable to those found in relatively unpolluted

aquatic ecosystems such as Lake Balaton (Hungary) and
Laguna Lake (Philippines) and offshore sediments of
the Gulf of Thailand, whereas the highest concentrations
of Cd, Pb, and Zn inSongkhla Lake are comparable to
those found in contaminated sediments of the Lagoon of
Venice (Italy) and Izmir Bay (Turkey).

5.3 Trace Element Geochemistry in Songkhla Lake
Sediments

Table 7 shows the correlation coefficients between the
different metals and other sediment properties. The
elements Cd, Pb, Cu, and Zn are strongly correlated
and also show a strong correlation with TAVS and a
positive but weaker correlation with OM. Ni shows a

Table 6 Trace element concentrations (j1g g ' dry weight) in sediments of Songkhla Lake and at other sites

Area Mn Co Ni Cu Zn As Cd Pb
Songkhla Lake

This study 48.1-1,817  1.3-16.3 2.5-21.9 1.8-125 5.4-562 0.8-70.7 0.1-2.4 8.2-131
Songkhla Lake® 32-545 - 29-273 22-114 5.5-56.3 - <0.1-0.7 13.0-46.3
Outer Songkhla Lake” 368-756 - 1.1-16.7 <2.5 24.5-59.8
Songkhla Lake Thale Noi | 5.7-10.8

Songkhla Lake Inner and Middle Lake 3.7-10.8

Songkhla Lake Outer Lake * 5.1-25.7

U-Tapao canal® 200-500 - - 12.4-28.2 48.6-122.7 - - 16.7-43.1
U-Tapao canal 1.7-32.6

Pawong canal 4.2-27.4

Gulf of Thailand and East Coast - - - 10-36 15.3-352 - 0.2-0.4 7-27.8

of Peninsular Malaysia®

Sea of Japan * 10-23 10-25 55-115 5-9 0.03-0.2 15-30
Other areas

Venice lagoon (Italy)® - - - - 101-1,115  5-25 0.2-5 38-114
Lake Balaton (Hungary)" 160-760 1.7-17 4.4-55 0.7-36 13-150 - 0.1-0.7 2.4-160
Laguna Lake (Philippines)® - - 9.7-18.7 86.9-116.9 10.3-18.3 - 0.02-0.09  17-23
Izmir Bay (Turkey)" - - - 32-70 440-1,900 13.5-28.2 2.5-9.5 55.2-172

#Maneepong and Rakaew 1998

® Bhongsuwan and Bhongsuwan 2002

¢ Sirinawin and Sompongchaiyakul 2005
4 Shazili et al. 1999

°Bellucci et al. 2002

"Nguyen et al. 2005

¢ Hallare et al. 2005

b pekey 2006

'Sompongehaiyakul and Sirinawin 2007
I Maneepong and Angsupanich 1999

K Choi et al. 2008
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Table 7 Correlation coefficients ( R ) at p<0.05 between different metals (ng/g dry weight) and other sediment property

Co Ni Cu Zn As Cd Pb Al Fe Mn TAVS % OM % Sand % Silt % Clay
Co 1.00
Ni 0.83 1.00
Cu 0.13 041 1.00
Zn 030 046 093 1.00
As 043 038 0.19 0.15 1.00
Cd 0.14 041 098 094 0.12 1.00
Pb 036 058 0.78 077 0.19 0.81 1.00
Al 059 078 023 027 011 031 058 1.00
Fe 081 077 023 034 053 022 051 062 1.00
Mn 021 0.10 -0.13 -0.13 0.03 —0.17 -0.18 —0.08 0.04 1.00
TAVS (mg/g dry weight) 021 049 082 0.79 000 0.81 065 033 026 -0.12 1.00
%0OM 052 0.64 034 038 012 038 030 058 038 —0.15 0.49 1.00
%Sand -0.42 —-042 -0.07 -0.13 -0.03 —0.09 -0.29 -0.44 -045 -0.13 —-0.21 -0.22 1.00
Y%Silt 0.05 -0.07 -0.10 —-0.07 -0.23 -0.10 -0.11 -0.13 0.01 034 -0.03 -0.12 -0.69 1.00
%Clay 052 065 020 026 030 023 052 075 059 020 033 044 057 -020 1.00

Significant results are highlighted

positive but weaker correlation with TAVS. The
elements Co, Ni, Fe, and Al show a good correlation
and are positively correlated with OM and clay
fraction. As is correlated with Fe and shows a positive
but weak correlation with the clay fraction. Mn shows
no significant correlations with other elements.
Diagenetic processes involving Mn and Fe and redox
conditions control the behavior of metals in the sedi-
ments. Surface enrichment of manganese in sediments
where oxic surface sediments become anoxic with depth
is well documented (e.g., Winterlund and Ingri 1996;
Sirinawin and Sompongchaiyakul 2005). The net effect
in such environments is believed to result from the
upward migration of dissolved Mn®" ions from the
reducing sublayers and subsequent precipitation and
enrichment of MnO, upon reoxidation in the oxygen-
ated surface layer. The main process underlying the
recycling of Mn is the microbiological decomposition
of organic matter through bacterial utilization of
oxygen and inorganic oxidizing agents. These changes
in redox potential pore water chemistry with depth
generate the dissolution, upward flux, and reprecipita-
tion of Mn compounds. These conditions also promote
the formation of metal sulfide compounds from the
available metal species, which are released from the
loosely bound and ion exchange sites of Mn and Fe
oxy-hydroxides under reducing conditions. During this
process, the behavior of Fe and Mn is different, since
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Fe is much less mobile and tends to form various sulfur
compounds. Enrichment of Mn in the Inner section of
the Lake can thus partially be explained by the oxic
conditions of the surface sediments, promoting repre-
cipitation of MnO, compared to the suboxic and
anoxic conditions in the Middle and Outer sections.

The distribution of TAVS is correlated to the OM and
clay content of the sediments as the TAVS are formed in
the anoxic sediments receiving high organic matter
inputs from riverine sources in the Outer section and
decomposing plants in the Middle section. A number of
the elements are associated with the TAVS fraction (Cu,
Zn, Cd, Pb) and to a lesser extend Ni. These metals are
thus principally bound as metal sulfides in the sedi-
ments. Differences in water exchange reaction kinetics
partially explain the different behavior of the metals. Pb,
Zn, Cu, and Cd have faster water exchange reaction
kinetics than Fe®*, resulting in the precipitation of
metal sulfide phases before the formation of FeS,
whereas Co and Ni, which have slower water exchange
reaction kinetics, are incorporated in pyrite (Morse and
Luther 1999; Billon et al. 2001).

The correlations between Co and Ni with Al, Fe, and
clay suggest that these elements are essentially incorpo-
rated in the clay minerals as well as adsorbed on the iron
oxy-hydroxides. Good correlations between Cu, Zn, Pb,
and Co and Ni were also found in suspended matter of
the Outer section of Songkhla Lake (Sirinawin et al.
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1998). The close relationship between Fe and As in the
sediments of Songkhla Lake have been reported in
previous studies (Sompongchaiyakul and Sirinawin
2007; Maneepong and Angsupanich 1999). The behav-
ior of As in natural waters depends on pH and redox
conditions. In oxidized sediments, arsenate (As”") is
the dominant species, primarily bound to iron oxy-
hydroxides. In reducing environments, arsenate may be
reduced to the arsenite form (As*"), which is more
mobile and toxic than the arsenate form (Ryu et al.
2002). The Outer section of the lake is thus a
vulnerable area regarding the mobility of As, combin-
ing both important riverine inputs and reduced
sediment conditions promoting mobilization of As.

5.4 Arsenic and Heavy Metals in Fish and Crustacea

Aquatic organisms accumulate contaminants from the
environment and therefore have extensively been used
in pollution monitoring programs (UNEP 1993). The
accumulation pattern of contaminants in fish and other
aquatic organisms depend both on uptake and elimi-
nation rates. Uptake routes may be both through food
chain and water (Mendil and Uluézlii 2007). Both
mollusks and crustacea are useful species for biomo-
nitoring studies (Ali and Fishar 2005). Good indicator
species should, however, not be able to regulate tissue
metal concentrations relative to environmental levels.

Bioaccumulation factors (BAF) can be calculated
as the ratio of the concentration in the organism
relative to the concentrations in the sediments. The
BAFs for 4. sapensis in station 19 are 0.48 for Co,
0.53 for Ni, 7.26 for Cu, 2.12 for Zn, 0.68 for As,
1.36 for Cd, and 0.33 for Pb. Differences for the
different trace elements may be either due to differ-
ences in bioavailability of these elements or, for the
essential elements Cu and Zn, be an indication that
these species can regulate the concentrations of these
elements (Langston and Spence 1995).

In fish, trace elements may be concentrated at
different levels in different organs of the body and
may be present in different forms (inorganic forms,
organometal compounds). High levels of arsenic are
encountered in marine fish, but arsenic is predomi-
nantly present in the nontoxic arsenobetaine form (De
Gieter et al. 2002, Baeyens et al. 2009). Inorganic As
on the other hand is highly toxic and carcinogenic.

Fish form an important part of human food, and
thus, numerous studies have been carried out on metal

pollution in different species of edible fish. Maximum
allowable levels in fish according to the European
Union regulations are only provided for Hg, Cd, and
Pb (EC 2001); whereas in other countries, maximum
levels for As, Ni, Cr, Cu, and Zn are also established
(US EPA 1989; FAO 1983).

The EU limit for Cd is 0.25 ug g ' dry weight and
2.5 ug g ' dry weight for Pb. Legal limits for As vary
between 0.5 and 50 pg g ' dry weight. However, in
some countries, this norm is related to the total As
content, whereas in some countries, it expresses the
inorganic fraction. The Joint FAO/WHO Expert
Committee (1983) has set a limit of 0.5 ug g ' dry
weight for inorganic As. Limits for Cu vary from 30
to 350 ug g ' dry weight; for Zn, the limits vary
between 150 and 500 pg g ' dry weight; for Cr, the
limits vary from 1 to 13 pg g ' dry weight; and for
Ni, 70-80 ug g ' dry weight. For all the elements, the
levels observed are all well within the maximum
residual levels prescribed, indicating that consump-
tion of the fish from Songkhla Lake does not pose a
threat to human health. Although the observed levels
can be regarded as levels in uncontaminated fish, the
values of As in the Outer section are substantially
higher than in the other parts of the lake as well as the
muscle-to-liver ratio of As. Speciation of As is
required to distinguish between the toxic inorganic
As forms and the nontoxic forms such as arsenobe-
taine. Future monitoring of trace element concentra-
tions in several groups of benthic fauna and fish and
speciation analysis is thus required in order to
guarantee the food safety.

6 Conclusions

Trace element concentrations in sediments of Songkhla
lake show that especially the Outer section of the lake, in
particular the sediments at the mouths of the canals
Phawong, Samrong, and U-Taphao, were significantly
enriched in trace elements due to municipal, agricultur-
al, and industrial discharges entering the lake through
the canals. Large amount of organic matter is also
transported by the canals, resulting in anoxic conditions
in the sediments, which may in turn affect the mobility
and bioavailability of the pollutants. Trace element
concentrations exceeding SQGs were observed at
different stations. At the mouth of the Samrong canal,
values exceeding the SQGs were observed for Cd, Pb,

@ Springer



Water Air Soil Pollut

Cu, Zn, Ni, and As. Very high As levels were also found
at a garbage dumping site located between the U-Taphao
and Phawong canals.

For Pb, values exceeding the TEC value were
observed at 16 stations and exceeded the PEC level at
one station (station 38). The levels at ten stations can be
classified as moderately polluted (spread over Inner,
Middle, and Outer sections) and heavily polluted at two
stations (stations 38 and 25). For As, values exceeding
the TEC value were observed at 22 stations (in Inner,
Middle, and Outer sections) and exceeded the PEC level
at four stations, all in the Outer section. For Zn, TEC
values were exceeded at two stations (stations 38 and
23) and PEC levels at station 38. For Cd and Cu, the
TEC values were only exceeded at station 38, and the
concentrations of Ni were all below TEC values. For
Mn, values exceeding the TEC values were found at 14
stations, mostly in the Inner section.

Correlations between the elements and sediment
characteristics show that Cu, Zn, Cd, and Pb are
essentially associated with the reduced sulfur fraction;
that Ni and Co are predominantly bound to the clay
minerals and iron oxy-hydroxides and that As is
principally bound to iron oxy-hydroxides. Mn has a
totally different behavior than the other metals and
seems to be controlled by the reprecipitation of MnO,
in oxic surface sediments.

Although the trace element levels in the fish muscle
tissue are much lower than allowable levels, the higher
concentrations of As found in the fish samples caught in
the Outer section compared to the Inner and Middle
sections as well as the higher muscle-to-liver tissue
require monitoring of these pollutants in different fish
species as well as performing speciation analysis for As.
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