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abstract
This study evaluated the environmental impact of seawater desalination effluent discharged into 
a water body by investigating potentially toxic trace elements in the outfall area of a desalination 
facility on the southeastern coast of the Penghu Island (Taiwan). Trace element concentrations are 
analyzed using various samples (sediment, water and bivalves). Copper, zinc and arsenic were 
detected in sediment samples in the outfall area and decreased progressively as one moved away 
from this area. A contour plotting technique was applied to assess and visualize trace element pol-
lution point sources (inputs) in the study area. Trace element concentrations measured directly in 
the desalination plant effluent confirm analytical results. Bivalve samples such as oysters and clams 
were collected 50 m from the desalination coastal area. Trace element concentrations in bivalves 
varied randomly. A clear increasing tendency over time (bioaccumulation) was not observed. This 
study cannot support the use of trace element bioaccumulation as a bio-monitoring index for ma-
rine environments polluted by seawater desalination effluent. We recommend that investigations 
of bioaccumulation should be targeted close to pollution sources.
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1. Introduction

Due to limited water resources in some countries, the 
use of desalinated seawater as a drinking-water source 
has increased significantly. However, many desalination 
plants release concentrated brine containing potentially 
toxic trace elements (PTTEs) into marine environments. 
Thus, PTTEs were often detected in desalination-plant ef-
fluent outfall areas [1]. The PTTEs discharged from desali-

nation plants are mainly from the following three sources. 
(1) Scale inhibitors: chemical compounds added to raw 
water that inhibited scale formatting during desalination 
processes. These scale inhibitors containing PTTEs may 
be retained in discharged water as environmental con-
taminants. (2) Brines: seawater contains seawater-borne 
PTTEs naturally that become increasingly concentrated 
in discarded brine. (3) Corrosion of permeated tubes and 
other utility pipes is also a source of PTTEs [2]. In brief, 
PTTEs can be released by various sources from a seawater 
desalination plant; as a result, discharges of effluent from * Corresponding author.
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seawater desalination plants have a potential to enhance 
the concentration of PTTEs in outfall areas.

Sediment polluted with PTTEs discharged from 
seawater desalination plants has been investigated in-
tensively in the Arabian Gulf (e.g. Sadiq et al.) [1,3,4]. 
Notably, Cd, Co, Cu, Hg, V, Fe, P and Zn have been 
found in very high concentrations in sediment samples 
from the immediate vicinity of the outfall area; these 
concentrations decreased progressively moving away 
from the area. However, concentrations of Ni, Pb, and 
Ti exhibited no general trend in sediment samples. The 
impact of PTTEs on organisms, specifically for some 
commercially important fish and shrimp species, has 
been evaluated for potential human health impacts by 
Miri and Chouikhi [5]. Miri and Chouikhi [5] claimed 
the PTTEs in effluent from seawater desalination plants 
may adversely affect marine and estuarine aquatic 
communities. Some chemical components released by 
desalination plants pose a potential hazard to estuarine 
organisms due to their toxicities. Among these chemical 
components, Cl and PTTEs deserve attention as they 
cause considerable amounts of mortality of susceptible 
organisms. Miri and Chouikhi [5] also reported that the 
ultimate effects on estuarine communities are changes 
to ecological structures due to polluted discharge. These 
changes include alterations to species composition, spe-
cies diversity, and population density; such changes are 
commonly observed in discharge areas. Based on the 
study by Miri and Chouikhi [5], PTTE bioaccumulation 
in marine biota may serve as a bio-monitoring index for 
marine environments polluted with seawater desalination 
effluent. Notably, PTTE bioaccumulation may be affected 
by sediment composition [6–9].

The area offshore of the Penghu Island, Taiwan, is one 
of aforementioned cases suffering from PTTE pollution. 
Penghu, a county in Taiwan, is an offshore island located 
in the Taiwan Strait. Penghu’s marine environment breeds 
many fish and shellfish species that are important natural 
and tourism resources for Penghu Island. However, due 
to the geography of Penghu, precipitation on the Penghu 
Island is very rare and potable water is obtained by sea-
water desalination. Sediment and organisms (the Pacific 
Oyster, Crassostrea gigas) have been sampled from an area 
offshore the Penghu Island during 1991–1998 [10–14]. 
The PTTE concentrations of Cu, Zn, Cd and As were 
determined. Although the possible association between 
seafood consumption and human exposure to many of 
these contaminants has not yet been investigated exten-
sively, these high PTTE concentrations may not affect 
organisms directly, but rather high PTTE concentrations 
may transfer toxicity to humans through the food chain 
and thereby accumulate in human bodies. Moreover, 
increased stress to the Penghu Island ecosystem, such 
as that from pollution, can result in a decline of seafood 
resources and adversely affect human health.

As all the issues stated above, this research was 

designed to study the PTTEs from a desalination plant 
focusing on the effluent outfall area near the coast of the 
Penghu Island, Taiwan. The remainder of this paper is 
organized by first introducing the geography, materials 
and methodology for this study. Afterward, the analyti-
cal results of metal concentrations will be discussed. The 
highlights of this paper are threefold: PTTE concentra-
tions in sediment samples, directly measured from desali-
nation plant effluent and in sampled bivalves. The study 
of PTTE concentrations in desalination plant effluent is 
compared with PTTE concentrations in sediment samples 
to prove that the point source of PTTEs is desalination 
effluent. The study of PTTE concentrations in organisms 
is used to assess the impact of desalination plant effluent 
on bivalves and PTTE bioaccumulation.

2. Materials and methods

2.1. Sediment sampling and analysis

The outfall area of the seawater desalination plant in 
this study is located on the southeastern coast of the Pen-
ghu Island, Taiwan. The tidal current moves northeasterly 
while rising and southwesterly while ebbing. Fig. 1a 
shows a map of the study area. Sediment was sampled 
from a sector area and a radius of approximately of 3 km. 
Six sediment samples were collected at 50, 100, 200, 400, 
600, 1000, 1500, 2000 and 3000 m from the coast near the 
desalination plant outfall area. In total, 54 (6×9) samples 
were obtained. Fig. 1b shows the locations for sampling 
and the desalination plant outfall area.

Sediment samples were collected from the seabed at 
target locations at a depth of 25–50 m below the water 
surface. In the research area, the sediment characteristics 
were very homogenous; sand (> 50 μm) was the main 
component (95–98%) of all sediment samples. Sediment 
samples were carefully scooped up from the seabed 
surface with minimal disturbance. The sediment was 
collected by gently pushing a bottle into the surface layer 
to a depth of approximately 5 cm and then slowly mov-
ing the bottle forward until the bottle was loaded. The 
filled bottles were then sealed with lids. Samples were 
kept fresh inside an ice bucket and transported back to 
the laboratory for subsequent sample preparation and 
analysis.

In the laboratory, excess seawater in bottles was 
decanted and sediment samples were then air-dried at 
room temperature. The dried sediment samples were first 
screened through a 1 mm sieve to remove large particles. 
The screened sediments were then washed with deion-
ized water to remove the remaining salts before drying 
in an oven at 65°C for at least 24 h. The dried sediment 
samples were ground into powder using an agate mortar 
and pestle. The particles sized <63 μm were collected and 
roughly 1 g of dry weight was digested using a mixture 
of concentrated acids (HNO3: HCl = 1:3). Details of the 
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Fig. 1. Sampling locations. (a) Location (●) of the Penghu Islands, Taiwan. (b) Sediment sampling locations ( ).
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digesting procedures can be found in Rauret et al. [15]. 
The digested samples were then ready for analysis of 
PTTEs (e.g., Cu, Zn, Cd, Pb, Cr, and As). Sample prepara-
tion was according to the procedure published by Hung 
and Hsu [16] and Chen et al. [17].

The PTTEs in sediment samples were digested and 
determined using Inductively Coupled Plasma-Mass 
Spectrometry (ICP-MS) (Agilent-7500a) according to 
the USEPA Method 6020. Blanks were included in each 
batch test for quality assurance and quality control (QA/
QC). The standard calibration procedure was followed to 
ensure analytical method accuracy. A certified reference 
standard sediment, PACS-1, from the National Research 
Council of Canada was utilized to test instrument and 
analytical method accuracies. The difference between 
certified and measurement results was <10% for samples 
in this study. The minimum detection limits (MDL) were 
0.404, 0.159, 0.128, 0.118, 0.179, 0.117, and 0.350 mg kg–1 
for Zn, Pb, Cr, Cu, As, Cd, and Hg, respectively. Further 
statistical analysis of data including mean, standard de-
viation, maximum and minimum of PTTE concentrations 
in various samples were conducted using commercial 
statistical software SPSS 12.0.1C (SPSS, Inc., 2000).

2.2. Effluent sampling and analysis

The volumetric flow rate of the desalination plant 
effluent was 30,000 m3 d–1. The water samples were col-
lected directly from desalination wastewater in the efflu-
ent pipe and outfall area roughly 600 m from the coast 
during May 2006 to November 2007 (Fig. 1b). The water 
samples were returned to the laboratory and digested 
using a microwave digester with a solution comprised of 
a mixture of nitric and sulfuric acids (1/1, v/v). The Cu, 
Zn, Cd, Pb, and Cr concentrations were measured using 
ICP-Atomic Emission Spectrometry (ICP-AES) (Perkin 
Elmer-2000DV) according to USEPA Method 6020. The 

As and Hg concentrations were determined by graphite 
atomic absorption spectrometry (Perkin Elmer AA700). 
Standard addition procedures were employed to derive 
the analytical concentration. A certified reference stan-
dard material, NIST 1640, representing a mine-impacted 
creek, was applied to test analytical method and instru-
ment accuracy. The difference between certified and 
measured results was insignificant. The MDL were 0.19, 
0.06, 0.03, 0.03, 0.14, 0.9, and 0.2 μg L–1 for Zn, Pb, Cr, Cu, 
As, Cd, and Hg, respectively.

2.3. Bivalve sampling and analysis

The organisms sampled were mainly oysters and 
clams of marine bivalves. These bivalves were captured 
at 50 m from the coast. Samples were returned to the 
laboratory, individually scrubbed, and shucked. Bivalve 
flesh was placed in weighed acid-washed Teflon beakers 
for reweighing to obtain individual wet-weight values. 
Roughly fifteen to twenty individual bivalves of similar 
size (3.21±0.40 cm in shell length) were sampled and 
digested using a microwave digester with a mixed solu-
tion of nitric and sulfuric acids (1/1, v/v). The Cu, Zn, 
Cd, Pb, Cr, Hg and As concentrations were measured 
by ICP-MS (Agilent-7500a). Certified reference standard 
material SRM 1566a Oyster Tissue was employed to test 
the analytical method and instrument accuracy at regular 
intervals. The MDL were 0.0082, 0.0018, 0.0022, 0.001, 
0.0052, 0.0035, and 0.0018 mg kg–1 for Zn, Pb, Cr, Cu, As, 
Cd, and Hg, respectively. Measurement results were in 
most cases in good agreement with certified values.

3. Results and discussion

3.1. Concentrations of PTTEs in sediment samples

Sediment samples were collected in duplicate from 
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54 locations scattered throughout the sector area and 
a radius of approximately of 3 km around the effluent 
discharge point. Fig. 1b shows the sampling locations. 
Table 1 summarizes analytical results for PTTE concen-
trations in sediment samples. Sadiq [1] studied the PTTE 
concentrations in sediment samples released from a de-
salination plant on the coast of the Arabian Gulf (Saudi 
Arabia). He identified the difference between maximum 
and minimum concentrations are considerable when the 
maximum concentrations of elements in sediment sam-
ples were more than 10 times higher than the minimum 
concentrations. In this study, the maximum Cu, Zn and 
As concentrations were more than 10 times higher than 
their respective minimum concentrations. These large 
differences between maximum and minimum concentra-
tions in Sadiq’s study [1] and in this study imply variation 
in PTTE concentrations at different sampling locations. 
This inference is strongly supported by Cu, Zn and As 
concentrations (Table 1). In addition, Table 1 shows no 
variation (i.e. S.D.= 0.0) of Cd and Hg concentrations 

Table 1
Summary of PTTE concentrations (mg kg–1 dry sediment) in sediment samples

Metal Concentration 

Number of sediment 
samples 

Median Meana Standard deviation 
(S.D.)

Minimum Maximum

Zinc (Zn) 54 (54)b 7.38 8.67 7.44 0.4 37.9
Lead (Pb) 54 (54) 7.62 7.51 1.86 2.14 12.2
Chromium (Cr) 54 (54) 9.62 8.72 2.79 0.12 12.9
Copper (Cu) 54 (54) 2.08 2.04 1.32 0.36 10.5
Arsenic (As) 54 (54) 2.05 2.18 0.92 0.75 8.35
Cadmium (Cd) 54 (6) 0.13 0.13 0.0 N/D 0.13
Mercury (Hg) 54 (4) 0.35 0.35 0.0 N/D 0.35

a Samples with concentrations below the detection limit of ICP were not included in mean calculations.
b Number within parentheses indicates the number of samples above MDL.
N/D: Not detected

Fig. 2. Average concentrations of various PTTEs in sediment samples. The inset figure provides an enlarged vision of Cd and Hg.
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with sampling locations. This may be because only a few 
samples contained detectable amounts of Cd and Hg and 
were thus useful for statistical analysis.

Fig. 2 shows analytical results of each PTTE concentra-
tion in sediment samples obtained at various distances 
from the coast of the Penghu Island. The PTTE concentra-
tions vary among different sampling locations. The Cu 
and As concentrations were highest 600 m from the coast, 
which is nearest to the desalination plant effluent pipe, 
and Zn concentration was highest 2000 m from the coast 
(Fig. 1b). Beyond 600 m, the effect of the outfall plume 
was diluted, as demonstrated by uncontaminated sedi-
ment samples. Miri and Chouikhi [5] reported that Cu 
and Zn may originate from dissolution of piping within 
a condenser cooling system. Therefore, we suggest the 
distributions of Cu and Zn can be used as a yardstick for 
evaluating the pollution potential of desalination plant 
effluent.

As point source, such as the desalination effluent 
discharge outfall, existed in the study area, significant 
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Fig. 3. Contour map of arsenic concentrations (mg kg–1) in the 
sediment sample.
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variations in PTTE concentrations were expected in sedi-
ment samples collected at different locations. An analysis 
of variance of chemical data reveals highly significant 
inter-station variations in PTTE concentrations. To as-
sess PTTE pollution point sources (inputs) in the study 
area, a contour plotting technique was employed. The 
contour was plotted using analytical results for sediment 
samples and interpolated based on diffusion theory of 
the passive movement of PTTEs along a concentration 
gradient. Fig. 3 shows an example contour plot of As 
concentrations in sediment samples. The As concentra-
tions were highest in sediment samples collected in the 
area immediately around the effluent discharge point 
and decreased gradually as one moved away from the 
outfall point. We conclude that effluent discharged from 
the desalination plant increased As contamination of 
sediment in the outfall area. 

In sum, sediment samples in the vicinity immediately 
around the outfall (approximately 600 m from the coast) 
contained substantially higher PTTE concentrations than 
sediment samples far from the outfall. The area of con-

Table 2
Summary of PTTE concentrations (μg L–1) in the desalination plant effluent

Metal Concentration 

Number of 
samples 

Median Meana Standard 
deviation (S.D.)

Minimum Maximum

Zinc (Zn) 4 4.1 3.17 4.33 N/D 11.1
Lead (Pb) 4 N/D N/D N/D N/D N/D
Chromium (Cr) 4 N/D N/D N/D N/D N/D
Copper (Cu) 4 0.95 0.9 0.22 0.6 1.2
Arsenic (As) 4 0.85 0.96 0.29 0.8 1.5
Cadmium (Cd) 4 N/D N/D N/D N/D N/D
Mercury (Hg) 4 N/D N/D N/D N/D N/D

a Samples with concentrations below the detection limit of ICP were not included in mean calculations. 
N/D: Not detected
The data were collected from May 2006 to November 2007

siderable impact was 400–1000 m from the coast. Contour 
mapping of the PTTE distribution indicates that elevated 
concentrations may be found around desalination plant 
effluent outfall. Thus, desalination plant effluent is likely 
responsible for the high PTTE concentrations as no other 
point source existed in the sampling area.

3.2. Concentrations of PTTEs from desalination plant effluent

As the desalination effluent discharge outfall was the 
point source in the study area, analyzed PTTE concen-
trations from sediment samples are expected to detect 
directly from desalination plant effluent as well. The 
PTTE concentrations directly measured in desalination 
plant effluent are summarized (Table 2) for the period 
May 2006–November 2007. Analytical results demon-
strate that Cu, Zn and As were detected at the effluent 
discharge point. This analytical result supports analytical 
results for sediment samples. As mentioned, the highest 
concentrations of Cu and As were detected 600 m from 
the coast as well as a relevant concentration of Zn (Fig. 2). 
The pollution source of Cu, Zn and As is likely desalina-
tion plant discharge.

However, PTTE concentrations of Cd, Pb, Cr, and Hg 
were not detected directly in desalination plant effluent. 
This analytical result also supports observations for sedi-
ment samples. The Cd, Pb, Cr, Hg did not have a clear 
peak at 600 m from the coast where sediment samples 
were obtained. Consequently, we cannot conclude that 
the Cd, Pb, Cr, and Hg were from desalination plant efflu-
ent. The Cd, Pb, Cr, and Hg may be from other sources or 
may have already existed in the study area as background 
concentrations.

3.3. PTTEs in bivalves harvested from the study area

The PTTEs may adversely affect marine and estuarine 
aquatic communities due to their toxicities. Notably, high 
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PTTE concentrations may transfer toxicity to humans 
through the food chain and potentially adversely affecting 
human health. Therefore, PTTE concentrations in bivalves 
were investigated and the practicability of using PTTE 
bioaccumulation in marine biota as a bio-monitoring 
index for marine environments polluted by seawater 
desalination effluent was assessed.

The studied bivalves were mainly oysters and clams, 
as mentioned in Section 2.3. Sampling sites were located 
within 50 m from the coast. Sampling occurred during 
March 2006 to November 2007. Table 3 summarizes ana-
lytical results. Table 4 shows the different PTTE concen-
trations (mg kg–1 dry weight (D.W.)) in bivalves during 
different seasons. Two important findings were obtained 
in the study of PTTEs in bivalves. First, Table 3 indicates 
the variation of PTTE concentrations of Cu, Zn, Pb and 
As in bivalves was relatively large compared to those of 
Cd, Cr, and Hg. Second, because of the mechanism of 
bioaccumulation, the PTTE concentrations in bivalves 

Table 3
Summary of PTTE concentrations (mg kg–1 D.W.) in bivalves 

Metal Concentration 

Number of 
samples 

Median Geometric 
mean (GM)a

Standard 
deviation (S.D.)

Minimum Maximum

Zinc (Zn) 6 8.49 11.09 12.62 7.39 42.3
Lead (Pb) 6 0.07 0.17 1.66 N/D 4.26
Chromium (Cr) 6 0.13 0.15 0.11 0.09 0.4
Copper (Cu) 6 7.58 6.34 4.54 2.43 14.8
Arsenic (As) 6 3.38 3.82 1.52 2.49 6.53
Cadmium (Cd) 6 0.11 0.11 0.1 0.03 0.33
Mercury (Hg) 6 0.0 0.01 0.04 N/D 0.08

a Samples with concentrations below the detection limit of ICP were not included in mean calculations. 
N/D: Not detected
The data were collected from March 2006 to November 2007

Table 4
PTTE concentrations (mg kg–1 D.W.) of various seasons in bivalves from the desalination coastal areas with the distance of 50 m

Metal Concentration 

Mar-06 Jul-06 Nov-06 Jan-07 Mar-07 Jul-07

Zinc (Zn) 8.60 7.39 42.30 10.30 8.01 8.37
Lead (Pb) 0.04 0.07 0.28 4.26 N/D 0.05
Chromium (Cr) 0.11 0.09 0.17 0.4 0.13 0.14
Copper (Cu) 7.28 2.43 14.8 7.87 12.1 2.6
Arsenic (As) 3.28 3.48 5.80 6.53 2.49 2.88
Cadmium (Cd) 0.03 0.11 0.08 0.33 0.15 0.11
Mercury (Hg) N/D N/D 0.08 N/D N/D N/D

a Samples with concentrations below the detection limit of ICP were not included in mean calculations. 
N/D: Not detected
The data were collected from March 2006 to November 2007

were expected to increase gradually during the investiga-
tion period; however, Table 4 indicates the variation of 
PTTE concentrations corresponding to seasons was pre-
dominantly random and did not show a clear tendency 
to increase. Consequently, study data do not support 
the use of PTTE bioaccumulation in marine biota as a 
bio-monitoring index for marine environments polluted 
with seawater desalination effluent.

A similar conclusion was obtained by Han et al. 
[14], who sampled sediment and bivalves from an area 
offshore the Penghu Island during 1991–1998. For PTTE 
concentrations in the Pacific Oyster in that study, the 
geometric mean concentrations of Cu, Zn, Cd and As 
were 11.4 (range 8.20–15.7), 220 (range 187–259), 1.49 
(range 1.45–1.52) and 6.35 (range 6.25–6.45) mg kg–1 dry 
weight, respectively. Han et al. [14] determined that the 
geometric mean concentrations of Cu and Zn in Pacific 
Oysters from an area offshore the Penghu Island were 
lower than those in oysters collected from other coastal 
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areas around the Taiwan Island. They concluded that the 
Penghu Island residents have the lowest health risk for 
Cu and Zn when consuming these organisms. Han et al. 
[14] inferred that this analytical result was likely because 
the sampling location was far from pollution sources.

The geometric mean concentrations of Cu and Zn 
measured in bivalves were 6.34 and 11.09 mg kg–1 D.W., 
respectively (Table 3). The geometric mean concentrations 
of Cu and Zn were even lower than analytical results 
obtained by Han et al. [14]. Therefore, the reason that 
this study cannot support using PTTE bioaccumulation in 
marine biota as a bio-monitoring index can be attributed 
to the sampling location being far from pollution sources. 
The pollution plume from the desalination outfall area 
cannot spread far. Thus, we suggest that an investigation 
of bioaccumulation should be conducted closer to the 
pollution source, i.e., focus on desalination outfall 600 m 
from the coast as in this study.

4. Conclusions and recommendations

This study determined the PTTEs in a desalination 
plant effluent outfall area near the coast of the Penghu 
Island. The following conclusions were obtained.

Sediment in the immediate vicinity around the effluent 
outfall (approximately 600m from the coast) contained 
high PTTE concentrations, especially for Cu and As, and 
Zn concentration was highest 2000 m from the coast. 
Additionally, Pb and Cr had similar distribution trends 
as that of Cu, Zn and As. These observations suggest 
that desalination effluent increases PTTE concentrations 
in the sediment in the outfall area. Thus, desalination 
plant effluent can be accused of generating high PTTE 
concentrations as no other pollution point source exists 
in the sampling area.

The PTTE concentrations of Cu, Zn and As were di-
rectly measured in desalination plant effluent. Analytical 
results support the result obtained for sediment samples. 
The pollution source of Cu, Zn and As is likely desalina-
tion plant effluent or may have existed in the regional 
geology. The PTTE concentrations of Cd, Pb, Cr, and Hg, 
however, were not detected directly in desalination plant 
effluent. The Cd, Pb, Cr, Hg released from desalination 
plant cannot be concluded. Thus, Cd, Pb, Cr, and Hg may 
come from other pollution sources or may have already 
existed in the study area as background concentrations.

The PTTE concentrations in bivalves varied randomly. 
A clear tendency of increasing concentration over time 
(bioaccumulation) was not observed. Thus, evidence from 
this study does not support using PTTE bioaccumulation 
as a bio-monitoring index for marine environments pol-
luted by seawater desalination effluent. We suggest that 
investigations of bioaccumulation should be conducted 
close to a pollution source, i.e., focus on desalination 
outfall 600 m from the coast, as in this study.

This study only focused on the impact of desalination 

plan effluent on PTTE concentrations in different objects. 
The marine environment near Penghu Island has natural 
and tourism importance. In future studies, bioaccumula-
tion of PTTEs by commercially important bivalves should 
be investigated continuously in the desalination plant 
outfall area. Furthermore, the mineralogical content of 
the sediment samples and the impact of PTTE concentra-
tions on human health should also be incorporated into 
future studies.
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