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ABSTRACT

The toxicity characteristic leaching procedure (TCLP) method was used to analyze the
contaminants in the sediment materials of Kaohsiung Harbor as to evaluate the pollution
potential associated with the Kaohsiung Harbor. A total of 80 sediment samples were
collected at 20 locations and characterized for water content, organic matter (OM), total
nitrogen (TN), total phosphorus (TP), and total grease (TG) as well as the leachable and
total metals. The results indicated that the leachable metal concentrations were below the
low detectable levels for mercury (Hg), lead (Pb), cadmium (Cd), chromium (Cr), and silver
(Ag), between 0.005 and 0.281mg/L, 0.07 and 24.0mg/L, and 0.013 and 0.221mg/L for Cu,
Zn, and Ni, respectively. The leachable metal concentration at the river mouth vicinity was
higher than that at other locations indicating that upstream industrial and domestic
wastewater discharges were the main pollutant sources. Results of correlation studies
revealed that the OM concentration in the sediment was highly correlated with TN, TP, TG,
and total metal as well as the leachable Cu, Zn, and Ni. The above observation indicates
that the OM present in the sediment mainly comes from man-made pollutants. All leachable
metals in the Kaohsiung Harbor sediment were blown by the US Environmental Protection
Administration standard. Hence, the dredged sediment from Kaohsiung Harbor can be a
useful sea-filling material for land reclamation; however, the continuing leaching of metals
and its impact on the aquatic environment need to be studied further.
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1. Introduction

Harbor is a sink for the continuous deposit of silt
and sand carried in riverine inflows, which reduce the

harbor channel depth and may seriously affect the
safety of navigation. Therefore, the harbor channel must
be dredged regularly to maintain a proper navigation
depth. The incoming stream flows often contain anthro-
pogenetic pollutants, especially the hydrophobic pollu-
tant particles, e.g. metals, from upstream industrial and*Corresponding author.
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domestic wastewater discharges [1–3]. These particles
tend to settle in the harbor; hence, the harbor sediment
often shows the accumulation of metals. When the har-
bor is dredged, the sediment is usually disposed of by
ocean dumping or used for sea filling for land reclama-
tion [3,4]. However, sediment dredging and dredged
material disposal may perturb the environment, such as
changes in redox potential (ORP), pH, and dissolved
oxygen, which can alter the state and distribution of
metals in the sediment and cause adverse impact to the
aquatic environment of the harbor or spoil the disposal
site [5–7].

Kaohsiung Harbor, the largest commercial harbor
in Taiwan, is located on the southeastern seashore of
Taiwan and is adjacent to the Greater Kaohsiung City,
the largest industrial metropolitan in Taiwan. There
are four streams feeding to the harbor causing a large
quantity of settleable particles, which causing accumu-
lation of pollutants in the harbor, and reducing chan-
nel depth that seriously threatens the navigation
safety of its water way. About one million cubic meter
of bottom sediment must be dredged from the harbor
channel and disposed of, usually by ocean dumping
[3]. Since the dredged harbor sediment is a potential
natural resource, the Kaohsiung Harbor Authority
gradually has applied the dredged sediment for sea
filling to reclaim land for harbor expansion. However,
the mobility and pollution potential of metals in the
sediment must be evaluated as to assure that such
practice does not cause adverse ecological impact on
the aquatic environment of disposal sites [8,9].

Toxicity characteristic leaching procedure (TCLP)
method has been used to simulate the time-dependent
movement of metals in wastes disposed at sanitary
landfill [10]. In the present study, in order to evaluate
the mobility and polluting characters of metals, TCLP
was used to determine the leachable concentration of
metals in the harbor sediment. Additionally, the
results were compared with the TCLP standards of US
Environmental Protection Agency as to determine the
hazard status of the dredged material and its suitabil-
ity for uses filling sea for land reclamation.

2. Materials and methods

2.1. Monitoring station and on-site sampling

Twenty stations were installed for sampling
Kaohsiung Harbor sediment (Fig. 1) based on the fol-
lowing considerations: (1) evenly distributed in the
harbor to cover the harbor waters, (2) possible pollu-
tion sources, and (3) capable of evaluating the overall
extent of sediment pollution. On-site sampling of all
80 surface sediment was conducted in February, May,

August, and October, 2013 by fishing boat at the 20
locations in Kaohsiung Harbor. The precise location of
each sampling site was pinpointed by using global
positioning system (GPS). Samples were collected
from the sediment surface (0–15 cm) using 6 × 6 × 6 in
Ekman Dredge grab sampler (Jae Sung International
Co., Taiwan). The collected samples were placed in
double-layer zipped sample bags and temporarily
stored in a cooler filled with crushed ice before being
transported back to laboratory for analyses.

2.2. Pretreatment and analyses of samples

In the laboratory, the samples were placed on a
plastic dish to be divided into two portions. One por-
tion was used to determine the water content, organic
matter (OM), and particle size distribution; another
portion was air-dried first in a dark and cool place.
The air-dried sample was then placed in an agate pes-
tle and mortar and ground to powder, and then stored
in plastic bag. The weight difference between before
and after drying was taken as the water content
expressed as percent dry weight. The oven-dried sam-
ple was then ignited at a temperature of 550˚C for 4 h.
After drying, the sample was placed in a desiccator
and weighed. Igniting (30min), cooling, desiccating,
and weighing steps were repeated until the weight
loss was less than 0.05 g. The weight difference with
respect to dry weight was defined as the OM [11]. The
particle size distribution was analyzed using the Coul-
ter LS Particle Size Analyzer, and the particles were
classified into three groups of clay (<2 μm), silt (2–
63 μm), and sand (>63 μm) [12]. Total nitrogen (TN)
and total phosphorus (TP) were analyzed following
US EPA method 351.1 and US EPA method 365.2,
respectively [13]. The Standard Method 503.D was
used to analyze total grease (TG).

For analyses of total metal in sediments, a sedi-
ment sample of about 1.0 g dry weight was digested
with a mixture of concentrated acids (HNO3 65%: HCl
37%, 1:3, v:v) [14]. The MHS-10 technique was used
for mercury (Hg) analysis (US EPA method 7471A)
[15]. The leachable concentrations (mobility) of metals
in the sediment were analyzed using the TCLP
method developed by the US EPA (US EPA method
1311) [15]. The leaching liquid obtained by digesting
the sample with acid were analyzed using a flame
atomic absorption spectrophotometer (Hitachi Z–6000,
Japan) to determine concentration of the leached
metals including lead (Pb), cadmium (Cd), chromium
(Cr), copper (Cu), zinc (Zn), nickel (Ni), and silver
(Ag) in the leaching liquid. Mercury (Hg) was
analyzed using the MHS-10 technique (US EPA
method 7471B) [16].
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In this study, the maximum, minimum, average,
and standard deviation of the results were analyzed
statistically. Correlations between the sediment sample
characteristics and concentration of the leachable
metal were analyzed using the Pearson linear correla-
tion coefficient available in the SPSS 12.0 software.

3. Results and discussion

3.1. Properties of Kaohsiung Harbor sediment

Table 1 lists the particle composition (clay, silt, and
sand), water content, OM, TN, TP, and TG of sedi-
ment samples collected at the 20 selected sampling
stations. The distributions of particle sizes in sedi-
ments at Stations 13, 15, and 16 were accounted for by
sand (51.1, 63.7, and 64%, respectively), while fine par-
ticles (<63 μm) were dominant at the other stations
(>55.6%). These fine particles would exhibit significant
metal adsorption capacity. For the spatial distribution
of WC, OM, TN, TP, and TG; stations in the vicinity
of the river mouth (Stations 4, 6, 10, and 18) had obvi-
ously higher concentrations than the other stations.
This observation was consistent with other studies
[12,17], which demonstrated that the river mouth
region was the receiver of discharges of domestic and
industrial wastewater upstream; hence, relatively more
OM and nutrients were accumulated in this region.
Sediments rich in organics and nutrients would cause
a decrease in dissolved oxygen and result in anaerobic
condition.

3.2. Total metal content

The total metal content in sediments for each sta-
tion is shown in Fig. 2. Of the metals measured, Zn
was present at the highest concentration (ranging from
67 to 3,200 μg/g dw), while Ag was the lowest (rang-
ing from <0.2 to 1.2 μg/g dw) from all sampling sites.
Metal concentration followed the order: Zn > Cu > Cr
> Pb >Ni >Hg > Cd >Ag. The results were similar to
those reported in a previous study [6,12]. In the vicin-
ity of Canon River and Salt River mouth (Stations 6
and 18), the Zn concentration was high 1,636 and
1,808mg/kg, respectively, which was at least two to
ten times that of other stations. This might imply a
significant Zn contribution from upstreams. Like Zn,
the highest concentrations for the other metals were
found in the vicinity of the river mouth (Stations 4, 6,
10, and 18). The rivers received high-strength
untreated industrial wastewater and domestic waste-
water from upstream and thus had the highest con-
centrations of metals [3,12]. This result indicated that
in the vicinity of the river mouth, the metal sinks ren-
dering the metals immobilized once they arrived at
the sediment [12]. However, the distribution of metals
in the river mouths was varying. The Love River
mouth (Station 4) showed the highest concentration of
Ag; the Canon River mouth (Station 6) showed Hg
and Cd; the Jen-Gen River mouth (Station 6) showed
Cr; and the Salt River mouth (Station 10) showed Pb,
Cu, Zn, and Ni (Fig. 2). This difference in metal distri-
bution at different river mouth could be attributed to

Fig. 1. Map of study area and sampling locations.
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the various upstream domestic and industrial waste-
water discharges into the water ways.

3.3. TCLP concentration of metals

The TCLP results are listed in Table 2. Among the
8 metals analyzed, Hg, Pb, Cd, Cr, and Ag in the sam-
ples collected at all 20 stations had leachable concen-
trations of less than of the detection limit (Hg:
0.001mg/L, Pb: 0.025mg/L, Cd: 0.005mg/L, Cr:
0.025mg/L, and Ag: 0.015mg/L) (Table 2). However,
Cu, Zn, and Ni showed detectable leaching concentra-
tions at all stations. For all 80 sediment samples, the
leachable concentration of Cu was between 0.005 and
0.281mg/L with an average of 0.063 ± 0.040mg/L.
The highest Cu leachable concentration between 0.068
± 0.100 and 0.149 ± 0.106mg/L was measured at north
of Kaohsiung Harbor (Stations 2–9) and the mouth of
Salt River (Station 18). The leachable concentration of
Zn was between 0.07 and 24.0mg/L with an average
of 3.78 ± 3.13 mg/L; Stations 4–10 and 17–18 had
higher concentration between 4.55 ± 1.95 and 11.4 ±
8.5 mg/L than 0.32 ± 0.15 and 2.64 ± 2.54mg/L for all
other stations. The leachable concentrations of Ni was
between 0.013 and 0.221mg/L with an average of
0.060 ± 0.028mg/L; the highest leachable concentration

appeared in the sample collected at the mouths of the
Salt River, Jen-Gen River, Canon River, and Love
River.

Fig. 3(a)–(c) shows the spatial distribution of the
TCLP leachable concentration of Cu, Zn, and Ni in
sediments at 20 stations in Kaohsiung Harbor. Sedi-
ment samples collected at the vicinity of the First
Harbor (Station 1) and the Second Harbor (Stations
19 and 20) had relatively low leachable Cu. This is
probably due to frequent dredging of the harbor
entrance and exit that disturbs the sediment surface
and release the Cu to the water phase. In contrast,
samples collected near the river mouth showed rela-
tively higher concentration of leachable Cu probably
because of the low frequency of dredging and the
tendency of accumulating the upstream pollutants
near the river mouth. Zn and Cu had similar spatial
distribution; samples collected at the river mouth,
especially the mouth of Salt River (Station 18) and
Canon River (Station 6), apparently had higher leach-
able Zn concentrations than other stations. Relatively
higher leachable Ni concentration was observed with
the samples collected at the mouth of Salt River,
Jen-Gen River, and Love River; the river mouth of
Canon River had similar leachable Ni concentration
as samples collected at other stations.

Table 1
Sediment characteristics in the sediment of Kaohsiung Harbor

Site
Clay
(%)

Silt
(%)

Sand
(%)

Water
contents
(WC) (%)

Organic
matter
(OM) (%)

Total grease
(TG)
(mg/kg)

Total
nitrogen
(TN)
(mg/kg)

Total
phosphorus
(TP) (mg/kg)

1 10.4 ± 4.0 63.6 ± 14.5 26.0 ± 13.7 53±20 4.0 ± 0.7 163 ± 133 929 ± 149 259 ± 57
2 10.2 ± 4.8 57.3 ± 11.4 32.5 ± 12.4 52 ± 18 4.5 ± 0.2 237 ± 60 894 ± 77 299 ± 70
3 9.1 ± 2.2 70.5 ± 17.6 20.5 ± 16.1 67 ± 7 4.8 ± 0.4 292 ± 199 1,085 ± 88 296 ± 91
4 6.7 ± 2.3 64.2 ± 8.1 29.1 ± 10.1 114 ± 21 12.2 ± 2.7 688 ± 119 2,068 ± 340 511 ± 49
5 9.6 ± 3.3 68.4 ± 10.8 22.0 ± 7.5 92 ± 16 5.6 ± 0.4 322 ± 113 1,486 ± 214 362 ± 43
6 7.7 ± 2.2 59.0 ± 6.1 33.3 ± 4.4 100 ± 14 6.1 ± 0.8 305 ± 57 2,156 ± 318 541 ± 62
7 10.9 ± 3.7 66.8 ± 14.8 22.2 ± 13.6 65 ± 12 4.3 ± 0.5 127 ± 41 1,013 ± 204 297 ± 37
8 10.2 ± 2.7 63.8 ± 17.3 26.1 ± 15.0 68 ± 10 4.5 ± 0.6 246 ± 140 1,215 ± 141 332 ± 37
9 9.0 ± 1.8 61.2 ± 16.4 29.7 ± 15.7 60 ± 20 4.3 ± 0.4 117 ± 67 1,447 ± 263 309 ± 32
10 9.2 ± 3.1 67.4 ± 9.5 23.4 ± 7.3 70 ± 18 5.4 ± 0.6 420 ± 283 1,887 ± 299 440 ± 60
11 8.2 ± 2.2 54.1 ± 5.3 37.8 ± 5.8 40 ± 17 3.4 ± 0.3 124 ± 99 1,159 ± 129 360 ± 31
12 9.8 ± 2.0 62.3 ± 9.8 27.9 ± 7.9 55 ± 9 4.1 ± 0.4 287 ± 132 1,040 ± 146 375 ± 9
13 7.8 ± 5.8 41.1 ± 14.3 51.1 ± 19.5 36 ± 5 3.1 ± 0.7 161 ± 61 1,062 ± 122 343 ± 55
14 6.9 ± 4.1 48.7 ± 23.9 44.4 ± 27.9 41 ± 14 3.9 ± 0.1 175 ± 41 934 ± 251 269 ± 36
15 5.2 ± 3.2 31.0 ± 13.4 63.7 ± 16.5 34 ± 7 2.9 ± 0.2 157 ± 56 984 ± 241 285 ± 48
16 5.5 ± 3.9 30.4 ± 12.5 64.0 ± 16.3 33 ± 5 3.1 ± 0.2 145 ± 56 1,554 ± 166 458 ± 27
17 10.7 ± 1.7 62.8 ± 14.7 26.5 ± 13.1 72 ± 27 5.3 ± 0.4 212 ± 50 1,535 ± 282 397 ± 83
18 11.4 ± 3.9 65.9 ± 12.6 22.7 ± 9.4 74 ± 22 11.0 ± 5.2 300 ± 99 1,713 ± 227 419 ± 55
19 10.2 ± 2.1 60.2 ± 18.8 29.7 ± 20.2 33 ± 10 3.7 ± 0.7 154 ± 30 910 ± 120 279 ± 33
20 10.2 ± 2.8 62.2 ± 22.6 27.5 ± 25.4 62 ± 21 4.7 ± 0.5 145 ± 76 871 ± 163 278 ± 49
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Fig. 2. The distribution of total metals in sediments of Kaohsiung Harbor.
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Fig. 3. The distribution of the TCLP leachability of copper (Cu), nickel (Ni), and zinc (Zn) in sediments of Kaohsiung
Harbor.
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Fig. 3(e)–(f) shows the spatial distribution of the
leachability of Cu, Zn, and Ni in sediments [TCLP
leachable content (mg/kg)/total metal content
(mg/kg) × 100%] in Kaohsiung Harbor. Sediment
samples collected at all 20 stations showed relatively
lower percentage of TCLP leachable Cu (average:
1.6%), Zn (average: 18.9%), and Ni (average: 5.0%),
which indicated that these metals were associated
with the other sediment matrixes, such as organic
matter fraction, Fe–Mn oxides fractions, and/or
residual fractions [6,7,9,18,19].

3.4. Correlation among sediment characteristics, total
metal, and leached metal

The Pearson correlation coefficients among sedi-
ment properties, total metal, and leaching concentra-
tion of metals in the harbor sediment are listed in
Table 3. The sediment that has high OM content
usually has high water content. Therefore, these two
factors show significant positive correlation (r = 0.55,
p < 0.01). Total metal, TN, TP, and TG usually origi-
nate from upstream discharges of industrial or domes-
tic wastewater, carried over by stream water to the
harbor, and finally deposit in the harbor [12].
Therefore, the OM shows significant correlation with
total metal content (r = 0.25 (Cr, p < 0.05)—0.72 (Pb, p <
0.01)), TN (r = 0.57, p < 0.01), TP (r = 0.44, p < 0.01), and
TG (r = 0.59, p < 0.01), whereas the sediment particle
composition had relatively low or no significant corre-
lation with the pollutants (Table 3). The results
revealed that the OM was an important control
parameter for the distribution of total metal, TN, TP,
and TG in the sediment [12]. In other words, distribu-
tion of the man-made pollutants in the harbor will be
different depending on the content of OM.

The Cu leached out of the sediment had significant
correlation with WC (r = 0.24, p < 0.05), OM (r = 0.30,
p < 0.01), and clay (r = 0.28, p < 0.05). The leachable
concentration of Zn and Ni were correlated with WC
(r = 0.31–0.47, p < 0.01), OM (r = 0.50–0.52, p < 0.01), TG
(r = 0.37–0.46, p < 0.01), TN (r = 0.37–0.50, p < 0.01), and
TP (r = 0.35–0.43, p < 0.01). The leachable concentration
of Cu, Zn, and Ni showed low or no significant corre-
lation with the sediment particle size including clay,
silt, and sand (Table 3). The above observation indi-
cated that except particle size, the property of sedi-
ment was an important factor controlling the leachable
concentration of metal of the sediment [20]. The leach-
able concentration of Cu, Zn, and Ni showed signifi-
cant correlation with the total metals.

Significant positive correlations were observed
between the leachable concentration of Zn and Cu
(r = 0.29, p < 0.05) as well as that between Zn and Ni

(r = 0.47, p < 0.01), whereas the leachable concentration
of Ni and Cu showed no significant correlation
(r = 0.13, p > 0.05). The results revealed that Zn, Cu,
and Ni had the same or similar sources and that Cu
and Ni were originated from different sources.

3.5. The characteristics of metals in the leaching solution

Table 2 shows that leaching concentrations of all 8
metals in Kaohsiung Harbor sediments were lower
than the TCLP standard published by the US EPA.
This indicates that the dredged materials of the
Kaohsiung Harbor can be used for sea filling and
reclaim of land. However, the leachable Cu concentra-
tion of 59% sediment samples was higher than
0.03 mg/L as established by Taiwan Environmental
Protection Administration (TEPA), whereas the leach-
able Zn concentration of 86% sediment samples were
higher than the TEPA standard of 0.50mg/L. There-
fore, before the dredged harbor sediment is used as
sea-filling material, the impact caused by the leachable
metals on the ocean environment needs to be evalu-
ated. Additionally, changes of environmental condi-
tions such as pH, ORP, microbial activities, among
others, may lead to higher mobility or leaching capa-
bility of metals in the filling material as well as
increasing the bioavailability of the OM [5,6]. There-
fore, the reclaimed land and its surrounding environ-
ment must be monitored in order to avoid any
adverse impact on the environment.

4. Conclusions

Results of TCLP carried out on Kaohsiung Harbor
sediment revealed that leachable concentrations of
metals in the sediment samples were between 0.005
and 0.281, 0.07 and 24.0, and 0.013 and 0.221mg/L for
Cu, Zn, and Ni, respectively, whereas the leachable
concentrations of Hg, Pb, Cd, Cr, and Ag were lower
than the detection limits. The river mouth vicinity had
higher leachable concentration of Cu, Zn, and Ni than
other stations indicating that the major pollution
sources were upstream domestic and industrial waste-
water discharges. Results of correlation analyses
showed that the sediment OM content was highly cor-
related with the sediment TN, TP, TG, and total metal
as well as the leachable concentrations of Cu, Zn, and
Ni. This indicated that the OM content was an impor-
tant parameter controlling the distribution of the man-
made pollutants in the harbor sediment. Comparison
of the leachable metal concentrations with the US EPA
standard revealed that the dredged harbor sediment
was not hazardous material; hence, the Kaohsiung

1268 C.-W. Chen et al. / Desalination and Water Treatment 54 (2015) 1260–1269



Harbor sediment can be used as sea-filling material
for reclaiming land. However, possible adverse impact
caused by the leaching metals and changing environ-
mental conditions on the seashore ecological environ-
ment should be evaluated.
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