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Abstract: The concentration and distribution of trace metals were determined in sediment cores from
the Khuan Khi Sian wetland, Thailand. The sediment cores were collected from seven stations in the
dry and wet seasons in 2022. The concentration of Pb, As, and Cd in the dry season were in the range
0.00-60.16, 0.00-6.68, and 0.00-0.92 mg/kg (dry weight), respectively. Meanwhile, the concentration
of Pb, As, and Cd in the wet season were in the range 0.00-12.12, 0.00-3.86, and 0.00-0.92 mg/kg (dry
weight), respectively. The vertical profiles of metal concentrations in core sediment show a general
increase from bottom to top. Average concentrations of heavy metals in the sediments of the Khuan
Khi Sian wetland are found to be lower than the sediment quality guideline. In the sediment cores,
only As in the dry season exceeded the U.S. EPA standard. The calculated enrichment factor (EF) and
the geoaccumulation index (Igeo) indicate that the sediments were moderately polluted with As in
some locations. According to the Ri analysis, Pb was low risk but the criteria of ecological risk of As
and Cd are considerable and they are considered high risk. This is potentially due to agricultural
activities and land use around the wetland areas and municipalities. The concentration of As and Cd
should be of concern and subject to regular monitoring.
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1. Introduction

Over the past decades, rapid population growth and extensive economic development
has led to increased environmental pollution in coastal areas. Various human activities
in coastal areas negatively affect the coastal environment because they release pollutants
into the marine environment through point sources such as industry, tourism, household
activities, and agricultural activities [1-3]. Among the various types of pollution, heavy
metals are considered to cause critical environmental problems due to their toxicity, per-
sistence in nature, and bioaccumulation in ecosystems [4,5]. Many studies have shown
that heavy metals that accumulate in sediments may not only pollute the environment,
but also enter the food chain and have long-term impacts on human health [6,7]. Heavy
metals can enter the human body through exposure pathways such as the gastrointestinal
tract, inhalation, and skin contact [8]. Several symptoms are associated with heavy metal
poisoning in the human system, such as nausea, vomiting, diarrhea, cancer, neurological
changes, Alzheimer’s disease, and cardiovascular diseases [9-11]. In particular, lead (Pb),
arsenic (As) and cadmium (Cd) are listed as priority pollutants by the United States Envi-
ronmental Protection Agency (U.S. EPA) because they can be toxic and harmful even at
low concentrations [12]. Pollution levels of the aquatic environment by heavy metals can
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be estimated by analyzing water, sediment, and marine organisms [13,14]. Many heavy
metals and suspended particles are carried by seawater and accumulate in sediment [15].
Sediments tend to act as a reservoir for heavy metals in the marine environment, and
release more heavy metals into seawater when certain environmental conditions change
(e.g., salinity, pH, and redox potential). Therefore, sediment acts as both a sink and a source
of trace metals [16]. Moreover, sediment cores can reflect the pollution history of aquatic
ecosystems [17]. Over the last few decades, sediment cores studies have been shown to be
an excellent tool for indicating the effects of anthropogenic activities and natural processes
on depositional environments.

Wetlands are major natural protection ecosystems which have been referred to as
the kidney of the landscape [18]. Although wetlands provide valuable benefits to human
societies such as biodiversity maintenance, fish nursery habitats, water purification, and
flood protection [19,20], they receive inputs of heavy metals from land, oceans, and the
atmosphere and are considered valuable sinks for heavy metal pollution. In addition, natu-
ral wetlands are often used for the management of industrial, agricultural, and domestic
wastewater. Increasing heavy metal pollution in wetland ecosystems around the world
poses significant ecological risks.

Previous studies have revealed that the Biyyam wetlands in southern India are heavily
polluted with heavy metals (Ni, Zn, Mn, Cu, Cd and Pb) due to natural and human
activities. In particular, Ni, Cd, and Pb were found to have exceeded the global average
shale value [21]. Heavy metal pollution in the Raoyanghe Wetland, China, also poses
significant ecological risks [22]. Additionally, Chunming Li 2022 reported that trends in the
occurrence frequency of Cd, Zn, Cu, Pb, and Hg in wetlands have increased over the last
three decades [23].

The Khuan Khi Sian is one of the most important natural wetlands in Thailand.
In addition to being an important natural ecological resource, a part of the lake is also
designated as the first Ramzar site in Thailand [24]. This area has a high diversity of
wetland habitats in addition to being the site of many human activities such as tourism,
local communities, rubber plantations, and mixed orchards [25]. Existing studies on heavy
metals in Thailand have primarily focused on farmlands, coastal areas, rivers, and industrial
areas, but not on wetland areas [26-28]. Therefore, the study of heavy metals and ecological
risk in wetlands is insufficient.

The goal of this study was to assess the contamination and distribution of heavy metals
(Arsenic: As, Cadmium: Cd, and Lead: Pb) in wetland forest sediment cores. It is known
that Pb, Cd, and As are harmful pollutants. The potential ecological risks of heavy metals
in sediment cores were studied with the enrichment factor (EF), the Geoaccumulation
index (Igeo), and the ecological risk index (Ri), while the pollution levels in the studied
area were also compared with those in areas worldwide. The study results will be used
as baseline data for the present state of metals in sediment in wetland areas. In addition,
this information is very important to enable better management of heavy metal pollution
in wetlands.

2. Materials and Methods
2.1. Study Area

The Thale Noi Non-Hunting Area is one of the largest natural freshwater lakes in
Southeast Asia [29], located in the Phatthalung province, Thailand. The Khuan Khi Sian
wetland is located in the North of Thale Noi at an altitude of 7°49’ to 7°51’ N and longitude
of 100°07" to 100°09" E with a total area of 59.58 square kilometers (Figure 1). This area
has a high diversity of wetland habitat, including grassland, freshwater lake, Melaleuca
swamp forest, rice fields, rubber plantations, mixed orchards, as well as being home to
local communities, and hosting tourism and other human uses [30]. A wetland is an area
that is completely submerged in water all year. The vegetation in the study area consists
primarily of Melaleuca leucadendron, which serves as a nesting site for large water birds, as
well as aquatic plants such as water lettuce.
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Figure 1. Map of the study area and the location of the sampling site. (Noted: the numbers
represented samping stations 1-7).

2.2. Sample Collection and Storage

Sediments were collected from seven stations in the wetland area (Figure 1) using
acrylic sediment cores with a 5 cm diameter and 50 cm in depth. The samples were collected
from the study area on two dates, in March, 2022 (dry season) and June, 2022 (rainy season).
Each core was sliced into 4 cm thick sections, placed in plastic resealable bags, and kept at
—20 °C until analysis. The wet sediments were oven dried at 60 °C, ground with a mortar
and pestle, and sieved through a 1 mm nylon sieve to obtain a fine homogeneous powder
before analysis.

2.3. Digestion Procedure

All samples were prepared according to an adapted U.S. EPA method to determine
the total heavy metals for Pb, As, and Cd in the core sediments [31]. Typically, 0.5 g of
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a sample was put in a Teflon digestion vessel and digested with 10 mL of 65% HNOj3
(Merck, Suprapur, Darmstadt, Germany). The samples were heated in a microwave oven at
175 °C for 10 min. After the samples were cooled, the obtained solution was filtered using
Whatman paper No. 40. To this, 100 mL of Milli-Q water was added and the samples were
stored in acid-cleaned polyethylene storage bottles for ICP-OES analysis.

2.4. Analysis of Metals

All chemicals were of analytical grade and were used without further purification. All
glassware used for analysis was immersed in nitric acid overnight (3% HNO3, Merck) and
then rinsed with Milli-Q deionized water several times. Heavy metal concentrations were
analyzed with an Inductively Coupled Plasma Optical Emission Spectroscopy 5900 (ICP-
OES, Agilent 7300DV, Santa Clara, CA, USA). MESS-4 was used as the marine sediment
certified reference material. The analytical value was within 90% of the certified value. The
efficiency of the analysis was assessed by three replicates. The concentrations of heavy
metals in blank samples were always below the detection limits. The detection limit was
0.1 mg/kg for Fe, Pb, As, and Cd.

2.5. Data Processing and Statistical Analysis

All calculations and statistics were conducted using MS Excel 2007 (Office Professional
Plus 2019).

2.5.1. The Enrichment Factor (EF)

The enrichment factor (EF) was used to assess the degree of pollution in the sediment
to identify various sources of pollution, including natural processes or anthropogenic
activities [32]. EF was calculated by Equation (1):

EF = (CX / CFe)sediment/ (CX/ CFe)reference (1)

where (Cx /Cre)sediment 15 the ratio of metal and Fe concentrations in the sediment sample
and (Cx /Cpe)reference i the ratio of metal and Fe concentrations in the background [33].

In the present study, the regional background values were adopted from Taylor and
Mclennan [34] and Shazili et al. (1999) who reported on offshore sediments in the Gulf of
Thailand [35]. The background concentrations for Fe, Pb, As, and Cd were 12,200 pug/g,
299 ug/g, 1.8 ug/g, and 0.35 ug/g, respectively. Fe was selected as a normalizer for heavy
metals in the sediment because it is a naturally abundant element and a conservative
element in the Earth [36]. According to Dimitri Ekissi (2021), if EF < 1, this indicates no
enrichment of the metal; if 1 < EF < 3, there is minor enrichment; if 3 < EF < 5, there
is moderate enrichment; if 5 < EF < 10, there is moderately to severe enrichment; if
10 < EF < 25, there is severe enrichment; If 25 < EF < 50, there is very severe enrichment;
and if EF > 50, there is extreme enrichment [37].

2.5.2. The Geoaccumulation Index (Igeo)

The geoaccumulation index (Igeo) was used to determine the level of metal contami-
nation in sediment which was calculated using Equation (2) [38]:

Igeo =10g2Cn/1.5 x Bn (2)

where Cn is the measured concentration of the sediment for heavy metals, and Bn is the
geochemical background concentration of the heavy metals. A factor of 1.5 was used to
minimize the effect of possible variations in the background values due to lithogenic effects
in the sediments [39]. The geoaccumulation index is classified into seven classes of quality
for sediments: Igeo > 5 means extremely contaminated; 4 < Igeo < 5—strongly to extremely
contaminated; 3 < Igeo < 4—strongly contaminated; 2 < Igeo < 3—moderately to strongly
contaminated; 1 < Igeo < 2—moderately contaminated; 0 < Igeo < 1—uncontaminated to
moderately contaminated; and Igeo < 0—uncontaminated [40].
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2.5.3. The Ecological Risk Index (R;)

The ecological risk index (R;) was calculated to assess the degree of heavy metal pollu-
tion in sediment cores of the Khuan Khi Sian wetland based on the toxicity of heavy metals
and the response of the environment. The Ri was calculated according to Equation (3) [41]:

Ri = 2 Ei 3)
i=1
Ei = Ti- (g)) @)

where Ri is the sum of the possible ecological risk factors for heavy elements in sediments,
Ei is the potential ecological risk factor, and Ti is the toxic response factor of certain metals.
Ti values for Pb, As, and Cd are 5, 10, and 30, respectively, according to the Hakenson
report [42]. Ci is the metal concentration of the sediments and Cy is the background metal
concentration. The criteria for Ei and Ri values are shown in Table 1.

Table 1. Classification of potential ecological risk for heavy metals in sediments.

Range of Ei Value Level of Comprehensive Potential Ecological Risk
Ei <150 Low
150 < Ei < 300 Moderate
300 < Ei < 600 Considerable
600 < Ei High

3. Results and Discussion

Table 2 shows the mean, minimum and maximum concentrations of Pb, As, and Cd
(mg/kg) as measured in sediment cores from seven sampling sites in two seasons. The
results show that the average total concentration in dry and wet seasons are as follows:
Pb (16.35 mg/kg and 7.41 mg/kg), As (3.54 mg/kg and 2.02 mg/kg) and Cd (0.28 mg/kg
and 0.48 mg/kg), respectively. The concentrations of Pb in the sediment samples ranged
between 0.00-60.16 mg/kg and 0.00-12.12 mg/kg at all sites and depths, in dry and wet
seasons, respectively. Meanwhile, the concentrations of As in the sediment cores ranged
between 0.00-6.68 mg/kg and 0.00-3.86 mg/kg in the dry and wet seasons, respectively.
The concentrations of Cd in the sediment cores ranged from 0.00-1.74 mg/kg for all seasons
and depths. It is worth noting that the average concentrations of these three heavy metals
fell in the following orde in both seasons: Pb > As > Cd. It is possible that high levels of Pb
are caused by petroleum oil released from boats during tourism activities and fishing in the
Thale Noi Non-Hunting area. Wetlands are well known to be home to over 280 species of
aquatic birds [29]. As a result, many tourists visit Thale Noi Non-Hunting Area to see a
waterbird. However, high Cd concentrations were also observed during the wet season
when there is less tourism, and less associated petroleum oil released. This could be due
to high Cd precipitation, which causes higher Cd run-off. Furthermore, these findings are
consistent with another study on the seasonal bioavailability of Cd in sediments published
by Sowunmi et al. It was discovered that Cd was mostly found in the residual fraction
during the wet season as opposed to the dry season [43] indicating its potential mobility. In
the dry season, the available fraction (Carbonate, Fe/Mn Oxide, and organic) has a high
affinity for Cd.
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Table 2. Heavy metal concentrations (mg/kg dry weight) in the sediment cores of the Khuan Khi
Sian wetland.

Stations Depth (cm) Pb (Dry) Pb (Wet) As (Dry) As (Wet) Cd (Dry) Cd (Wet)
04 15.71 5.63 293 1.70 0.46 0.19
4-8 13.93 5.31 3.72 2.04 0.41 0.42
8-12 18.03 3.20 3.57 1.90 0.40 0.06
1 12-16 24.32 7.95 4.89 1.11 0.49 0.07
16-20 21.92 5.78 5.39 1.17 0.42 0.10
20-24 0.00 0.00 0.00 0.00 0.00 0.00
04 18.14 4.85 4.38 1.50 0.92 0.20
4-8 13.94 7.02 4.95 3.16 0.61 0.41
8-12 13.32 8.84 4.33 3.62 0.24 0.46
2 12-16 15.90 8.26 6.06 223 0.30 0.36
16-20 15.56 7.79 5.57 1.96 0.46 0.29
20-24 0.00 0.00 0.00 0.00 0.00 0.00
04 46.79 6.68 4.98 1.85 0.40 0.29
4-8 13.51 7.23 3.23 2.19 0.22 0.33
8-12 17.71 8.86 4.90 1.70 0.37 0.63
3 12-16 17.29 8.61 4.00 1.43 0.33 0.61
16-20 17.10 8.40 4.54 2.06 0.37 0.58
20-24 15.06 8.73 3.72 1.69 0.36 0.59
04 6.60 6.23 1.11 1.56 0.12 0.31
4-8 6.98 5.71 2.58 1.48 0.26 0.14
8-12 9.53 6.96 2.02 1.95 0.28 0.19
4 12-16 8.06 5.82 2.28 0.99 0.26 0.12
16-20 4.51 6.24 1.92 1.44 0.18 0.18
20-24 5.93 5.83 2.08 1.25 0.17 0.24
04 60.16 6.39 4.62 1.54 0.38 0.41
4-8 13.35 6.82 3.64 1.47 0.30 0.46
8-12 12.75 6.22 2.70 2.57 0.27 0.35
5 12-16 10.99 6.81 4.07 221 0.15 0.43
16-20 13.01 7.49 3.93 2.06 0.15 0.35
20-24 13.36 11.28 4.08 3.86 0.18 0.60
04 33.60 9.72 4.36 2.82 0.12 0.61
4-8 13.60 10.45 2.35 3.44 0.07 0.64
8-12 14.36 8.45 2.40 1.39 0.06 0.54
6 12-16 14.01 12.12 341 3.23 0.08 0.94
16-20 13.42 11.04 2.40 2.31 0.02 0.85
20-24 14.92 10.30 2.54 3.29 0.06 0.82
04 42.10 9.69 2.96 2.57 0.11 0.59
4-8 15.56 11.15 3.99 3.39 0.09 0.76
8-12 15.02 10.02 3.12 2.61 0.10 0.92
7 12-16 13.55 9.47 3.54 2.26 0.05 1.13
16-20 14.07 3.38 4.75 2.09 0.05 1.06
20-24 19.09 10.56 6.68 1.76 0.14 1.74
Average 16.35 7.41 3.54 2.02 0.25 0.48
Min 0.00 0.00 0.00 0.00 0.00 0.00
Max 60.16 12.12 6.68 3.86 0.92 1.74

4. Discussion

Table 2 shows the distribution of heavy metals at different depths in sediment cores,
and Figure 2 shows the average concentrations for both seasons. Each heavy metal in
the core sediments had its own distribution characteristics. The dry season found a high
concentration of Pb in the upper segments of the sediment cores, while the wet season
found a steady concentration in the entire section. However, in both seasons, a high
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concentration of As was found in the middle segment. Furthermore, a high concentration
of Cd was discovered in the 0—4 cm segment. In summary, the high concentration of heavy
metals found in the upper and medium segments of the sediment cores suggests that metals
delivery to sediments has increased in recent years. These high concentrations are most
likely due to an increase in anthropogenic pollutant inputs from municipalities, agricultural
activities, and tourism. Similarly, core sediments from coastal areas in the eastern part of
Malaysia showed enrichment of As, Cd, Ni, Pb and Zn in the upper layers, suggesting
there had been an excess of anthropogenic loading in the recent year more than the earlier
years [44]. In both seasons, station 4 has lower heavy metal readings than the other stations,
which is important to note. Most likely this is because the station is in a sand-covered
region, on a little hill in the center of a marsh. By contrast, most stations are covered in
mud (based on sight), and mud sediment often absorbs heavy metals more effectively than
sandy sediment.
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Figure 2. Heavy metal distribution (mg/kg dry weight) in the sediment cores of the Khuan Khi Sian
wetland: (a) Pb, (b) As, and (c) Cd. (Note: April = dry season; August = wet season.).

The concentrations of metals in the sediment cores showed significant seasonal and
spatial variations (Figure 2). This suggests that seasonal changes affect the distribution
of metals in the sediment core. In the dry season, Pb and As had higher concentrations
than in the wet season. This could be due to the effect of runoff and rainfall which can
remove heavy metals from farmland and which could facilitate the leaching of the soil and



J. Mar. Sci. Eng. 2022, 10,1921

8of 13

dilute the metal concentration in the wet season [45]. Moreover, the levels of Pb reported in
this present study were in the same range as Pb levels found in sediments from Songkhla
lake (Thailand) by many other researchers [45]. However, high concentrations of Cd was
observed in the wet season. This might be due to high precipitation of Cd which leads to
higher run-off of Cd. In addition, these results correspond with another study on seasonal
bioavailability of Cd in sediments which was reported by Sowunmi et al. [43]. They showed
that Cd was mostly in the residual fraction in the wet season as compared to the dry season,
increasing its potential mobility. By contrast, the available fraction (Carbonate, Fe/Mn
Oxide and organic) has a high affinity for Cd in the dry season.

The heavy metal concentrations in the sediment cores of the study area were assessed
by comparing them with three sets of sediment quality guidelines (SQGs) shown in Table 3.
Our assessment of sediment contamination was based on U.S. EPA [46], the threshold
effect concentrations (TEC)/probable effect concentrations (PEC) [47], and the effect range
low (ERL)/effect range median (ERM) [48]. A comparison of the SQGs indicates that the
average concentrations of Pb and Cd in this study were lower than their background values
and they did not pose any environmental risks in any of the investigated sites. According
to the U.S. EPA, concentrations of As during the dry season indicated moderate pollution.
Agricultural activities and crops may also contribute to increased metal concentrations
during the dry season. Furthermore, Pradit et al. 2013 [45] reported a high As concentration
(20-22 mg/kg dry weight) in the Thale Noi area of Songkhla lake, Thailand, which had
previously been reported to be considerably lower in 2007 (5.7-10.8 mg/kg dry weight) [49].
In our study, As concentration was found to be much lower than the local background
value. However, As concentrations should be monitored on a regular basis.

Table 3. Sediment quality guidelines (SQGs) for heavy metals.

- ¢ U.S. EPA Toxicity Classifications MacDonald et al., 2000 NOAA
emen
Nonpolluted Moderately Polluted Heavily Polluted TEC PEC ERL ERM
Pb <40 40-60 >60 36 130 46.7 218
As <3 3-8 >8 9.8 33 8.2 70
Cd * * >6 0.99 5.0 1.2 9.6

* Lower limits not established.

4.1. Environmental Risk Assessment of Heavy Metals in Sediment Cores

The EF and Igeo values of Pb, As and Cd from the seven sampling stations are
presented in Table 4. The EF values of heavy metals in the dry season varied as fol-
lows: 0.24-2.07 (mean = 0.63 + 0.43), 1.08-6.10 (mean = 2.31 + 0.96), and 0.05-3.03
(mean = 0.89 % 0.74) for Pb, As, and Cd, respectively. The EF values of heavy metals in the
wet season varied as follows: 0.08-0.90 (mean = 0.38 + 0.13), 0.50-3.93 (mean = 1.73 + 0.63),
and 0.63-2.50 (mean = 1.71 =+ 0.44) for Pb, As and Cd, respectively. The average EF values of
Pb (dry and wet season) and Cd (dry season) were less than 1. These values indicate no en-
richment at the sampling stations. However, the As average concentration was in the range
1-3 which indicates minor enrichment. Generally, metal elements with EF between 0.5 and
1.5 are considered to originate from the crustal materials or natural processes, whereas
those metal elements with EF higher than 1.5 is caused by anthropogenic activities [50].
Generally, As can occur naturally in sediments because of the weathering of the parent
material [51]. However, human activities, such as agricultural activities, mixed orchards,
fertilizers used in agricultural activities, and rubber plantations, may contribute to the
heavy metal deposition around the wetland areas, causing the high As content in sedi-
ment cores [25,30]. Generally, As compounds such as sodium arsenide [52], monosodium
methane arsonate [53], and dimethylarsinic acid [54] are used in agricultural activities as
weed killers. Moreover, the high As contents in chemical fertilizers may be transported
by agricultural wastewater from land to the wetland directly. In addition, agricultural
industries such as rubber plantations are also located around the sampling siteswhich may
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result in contamination of the sediments and waters in these areas. The Igeo values of
heavy metals in the dry season varied as follows: 0.05-0.41 (mean = 0.13 + 0.08), 0.22-1.23
(mean = 0.47 =+ 0.19), and 0.01-0.62 (mean = 0.18%+ 0.15) for Pb, As and Cd, respec-
tively. The Igeo values of heavy metals in the wet season varied as follows: 0.02-0.18
(mean = 0.08 & 0.03), 0.10-0.79 (mean = 0.35 £ 0.13), and 0.13-0.51 (mean = 0.35=+ 0.09) for
Pb, As and Cd, respectively. These results indicate that the average of Igeo values were less
than 1, meaning there was little to moderate caused by the heavy metals in this area.

Table 4. The Enrichment factor (EF) and geoaccumulation index (Igeo) of sediment cores.

Enrichment Factor (EF) Geoaccumulation Index (Igeo)
Values Pb As Cd Pb As Cd
Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet
Mean 0.63 0.38 2.31 1.73 0.89 1.71 0.13 0.08 0.47 0.35 0.18 0.35
S.D. 0.43 0.13 0.96 0.63 0.74 0.44 0.08 0.03 0.19 0.13 0.15 0.09
Min 0.24 0.08 1.08 0.50 0.05 0.63 0.05 0.02 0.22 0.10 0.01 0.13
Max 2.07 0.90 6.10 3.93 3.03 2.50 0.41 0.18 1.23 0.79 0.62 0.51

4.2. The Ecological Risk Index (Ri)

Ri was calculated according to the method proposed by Hakanson and is shown in
Figure 3. The Ri value of Pb in the dry season and wet season are 114 and 52, respectively,
which indicates low ecological risk from Pb pollution. The level of metal ecological risk
of As in dry and wet seasons is 826 and 471, respectively, which also suggests low to
medium ecological risk. Among the tested metals, Cd in the sediment showed the highest
ecological risk in both dry and wet seasons which was considered most likely to be affected
by external factors.
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Figure 3. The values of the potential ecological risk index.

The accumulation of heavy metals in the sediment cores was compared with that in
various areas around the world (Table 5). The concentration of Pb of this study is higher
than that of the Orogodo river in southern Nigeria but still lower than of many areas such
as Dachan Bay (China), Quanzhou (China), the Baltic Sea, South china sea (Hongkong) and
Soline Bay (Croatia). In addition, the concentration of Pb has clearly increased around the
wetland and bay areas in southern Thailand since Pradit’s work a few years ago. For Cd, the
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sediment concentration is lower than that of most other areas except Dachan bay (China),
Pattani bay, and Setiu wetland in Thailand, Bothnian Bay, Baltic Sea, and Xingyun lake,
China. Although the As average concentration in this study indicates minor enrichment,
the concentration of As is still lower than in all other countries. However, it remains a
concern that all the heavy metals exceeded the sediment quality standard and they should
be regularly monitored.

Table 5. Heavy metal concentrations (mg/kg) in sediment cores of the Khuan Khi Sian wetland
compared to different parts of the world.

Locations Values Pb (mg/kg) As (mg/kg) Cd (mg/kg) Refs.
Mean (Dry) 16.37 3.54 0.28
Khuan Khi Sian wetland, Thailand =~ Mean (Wet) 741 2.02 0.48 This study
Min-Max (Dry) 0.00-60.2 0.00-6.70 0.13-0.40
Min-Max (Wet) 0.00-12.1 1.69-2.45 0.37-0.57
Soline Bay, Croatia Min-Max 28.5-67.3 - 0.06-0.12 [55]
. . Min-Max (Dry) 6.90-11.70 2.03-5.93 0.00-0.01
Pattani Bay Thailand Min-Max (Wet) 2.40-11.48 6.90-11.70 0.01-0.02 6]
Setiu wetland. Thailand Min-Max (Dry) 1.07-2.34 0.47-1.02 0.00-0.00
! Min-Max (Wet) 0.63-1.56 1.07-2.34 0.00-0.00
Kochi Estuary, India Min-Max 33.4-98.9 - 6.05-29.4 [56]
Orogodo river, Min-Max (Dry) 0.8-25.7 ) ) 57]
Southern Nigeria Min-Max (Wet) 0.6-6.5
. . Min-Max 10.50-95.07 - 0.13-1.13
Xingyun lake, China Mean 25.8 10.7 0.168 58]
Quanzhou, China Min-Max 34.3-100. - 0.28-0.89 591
Mean 57.5 17.4 0.56
. Min-Max 42.7-130 8.94-25.2 0.19-1.79
Dachan Bay, China Mean 584 159 0.65 [60]
Min-Max 33.0-70.5 12.9-20.1 0.35-1.19
Northern China Min-Max 10.0-43.6 3.2-17.0 0.040-0.360 [61]
Bothnian Bay, Baltic Sea Mean 40.2 - 0.4 [62]
The west Baltic Mean 56.6 - 5.5
South China sea, Hongkong Min-Max 20.0-108.0 - 1.5-2.5 [63]

5. Conclusions

In summary, this research work focused on evaluating the concentration and dis-
tribution of heavy metals (Pb, As and Cd) in sediment cores collected from the Khuan
Khi Sian wetland, Thailand. It is interesting that the mean concentrations of these three
heavy metals followed the same pattern in both seasons, namely: Pb > As > Cd. From an
environmental risk assessment of heavy metal in sediment cores, the study revealed no
enrichment pollution levels of Pb and Cd, while As had a higher enrichment factor than
the other metals, and the Igeo value for As was classified as uncontaminated to moderately
contaminated. The potential ecological risk index of As and Cd collected from the study
areas ranged from significant to high risk. As a result, As and Cd concentrations in this
area should be continuously monitored in order to reduce the associated risks. Future
study should focus on the potential source of heavy metal deposits in the wetland area, as
well as the seasonal current circulation model, to gain a better understanding of the metal
distribution in the sediment core.
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