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Background
Since May 2016, Taiwanese authorities have launched energy 
transition and energy industry reforms, aiming at phasing out 
nuclear energy by 2025 and increasing the share of renewa-
bles in electricity generation to 20% to establish a low-carbon 
and economically efficient energy system that can sustain 
economic growth.1,2 Nevertheless, during this transition 
period, coal-fired power plants (CFPPs) must still be oper-
ated to satisfy and maintain economic growth and quality of 
daily life for residents.

Globally, more than 6600 CFPPs serve an estimated 5 bil-
lion people and account for 46% of annual CO2 emissions.3 
Coal combustion produces acid gases, fly ash (the most crucial 
component of the coal combustion residuals [CCRs]), particu-
late matter, and potentially hazardous trace metals/elements, 
which have detrimental effects on humans and wildlife.4,5 
Power plants are currently the dominant emitters of mercury, 
acid gases, and many toxic metals in the United States.4 Data 
from the United States Environmental Protection Agency 
(EPA) demonstrate that 62% of arsenic, 28% of nickel, 50% of 
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ABSTRACT

BACkgRouNd: A limited number of potentially hazardous trace elements were quantified in the aquatic environment near the world’s sec-
ond largest coal-fired power plant (CFPP) and the coal combustion residual (CCR) disposition sites in Central Taiwan. We postulated that 
contamination from specific trace elements would be present in the abovementioned aquatic environments.

METHodS: Cross-sectional sampling of trace elements was first performed between September 24, 2017 and October 3, 2017 outside the 
CFPP, in the effluent sampled from Changhua, a county south of metropolitan Taichung, and at the historical CCR disposal sites, using the 
intertidal zone surface seawater and the seawater in an oyster farm as controls. Aqueous samples were collected from 12 locations for anal-
ysis of 13 trace elements (Al, As, B, Cd, total Cr, Co, Fe, Pb, Mn, Se, Sr, Tl, and V). We used inductively coupled plasma (ICP) optical emis-
sion spectrometry to determine B and Fe levels, and ICP mass spectrometry for all other trace elements. The Spearman rank correlation 
coefficient (Rho) was calculated to examine the pairwise relation among the trace elements.

RESulTS: Al (50% of all samples), B (66.7%), Fe (25%), Mn (50%), Sr (8.3%), and V (25%) were identified as being above the Environmental 
Protection Agency (EPA) regulation limit. The oyster farm seawater had no concerns. Mn (96.4 μg/L) in the CFPP drainage effluent was 1.9-
fold above the regulation limit. Fe, Mn, and V were detected from the cooling channel at 4379, 625, and 11.3 μg/L, respectively. The effluent 
and water from the areas surrounding the 2 CCR dump sites revealed similar magnitudes of trace element contamination. B is highly corre-
lated with Sr (Rho = 0.94, 95% confidence interval [CI], 0.80-0.98). Meanwhile, Fe is highly correlated with Al (Rho = 0.77), Pb (Rho = 0.71), 
Co (Rho = 0.75), and V (Rho = 0.84).

CoNCluSioNS: The EPA must set an explicit regulation limit for aluminum, boron, iron, and strontium in the aquatic environment. This 
exploratory research will inform policymaking regarding certain trace elements that could potentially have an adverse impact on public 
health and wildlife.
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mercury, 22% of chromium, 13% of NOx, and 60% of SO2 that 
are toxic air pollutants come from power plants.6

Aquatic pollution from a CFPP is also a crucial environ-
mental and public health issue. The coal ash generated from 
CFPPs can be classified as fly ash and bottom ash; most of it 
can be reused (in 2014, at least 46 million tons were reused in 
the United States alone), effectively reducing the environmen-
tal burden. Trace metal release from coal ash impoundment can 
be detrimental to the aquatic environment. In a study con-
ducted to investigate the levels of Se, As, and Hg in the tissue 
of fish inhabiting water influenced by fly ash, to which the fish 
have a moderate to high risk of exposure, tissue levels of Se and 
arsenic were found to be elevated.7 Coal combustion residuals 
contain variable amounts of trace metals that can negatively 
impact the aquatic environment. Coal combustion residual 
contamination affects mixture pollution as well and CCR can 
cause multi-element enrichment among a spectrum of trace 
elements in the water food web.8 The analysis of metal concen-
trations and leachability of CCR from 7 CFPPs in Florida, 
USA, demonstrates that trace element concentrations and the 
leachability of CCRs depend on soil pH, particularly in the 
case of As, Ba, Cd, Cr, Pb, and Se.9

We performed a literature review on studies examining the 
aquatic trace metals related to the CCR dumping sites and 
CFPPs in Taiwan, an island country that has expressed increas-
ing awareness of environmental preservation and environmen-
tal hazards to general health. Regrettably, only a few studies 
have focused on coal-fired power-plant-related pollution of the 
aquatic or marine environment.

In the past 2 decades, pollution sources such as accidental or 
deliberate industrial wastewater discharge, or certain cases of 
heavy metal pollution, eg, cadmium (Cd) or chromium (Cr) 
pollution on farmland or in certain rivers in Southern Taiwan, 
have been identified and reported.10–13 However, the status of 
trace element identification and quantification in the aquatic 
environment around the world’s second largest CFPP and its 
CCR dumping sites in Central Taiwan remains unexplored. It is 
notable that organic chemicals, trace metals, or metalloids, such 
as As, Cr, Cd, Ni, and Pb, would cause more environmental con-
tamination.14 Regular monitoring and publicizing of the results 
of the potentially toxic metal/element concentration in the 
aquatic environment related to a CFPP are not the usual prac-
tice in the region, and no similar research action has yet taken 
that approach. We postulated that there would exist particular 
trace element contamination in the abovementioned aquatic 
environments. To demonstrate this, we performed a cross-sec-
tional survey of the aquatic trace element concentrations in the 
west coast of Central Taiwan in the CFPP cooling channel and 
drainage ports and from the CCR dumps, in addition to 2 back-
ground sources of seawater for comparison. The data were ana-
lyzed to infer the primary sources of the pollutants. The research 
results will hopefully encourage policy making in the marine 
environment protection and elicit more research in this area.

Taichung CFPP is the world’s second largest operating 
power plant with an annual coal consumption of 21 million 

tons; in 2018, this is scheduled to be reduced to 16 million tons. 
In 2015, coal ash production reached 2007 million tons, of 
which 1807 million tons were reused in civil construction.15 
Another 10% of CCRs were disposed of at selected sites. 
Unlike PM2.5 in ambient air, the environmental impact of 
aquatic contamination on resident health and wildlife, and the 
toxicity profile of the trace metals/elements leached from the 
CCR disposition sites in Taiwan have not yet been researched 
well. Our exploratory cross-sectional analysis of trace elements 
in aquatic samples using a reliable methodology may provide a 
glimpse into this issue and help stimulate further research.

Methods
Study period

We chose the summer as the target research period for the 
cross-sectional survey because the annual demand for electric-
ity reaches the highest point at this time. This will translate 
into the highest output of power, and thereby its byproducts, 
from the Taichung CFPP.16 During the summer, the Taichung 
CFPP becomes the primary source of electricity and operates 
to its maximum capacity.16 The specimen sampling period was 
from September 24 to October 3, 2017.

Sampling

This cross-sectional field study selected 5 major sites, spanning 
3 administrative regions, from Taichung City to Changhua 
County and Yunlin County, for aquatic trace element research: 

Figure 1. Locations of the 12 aquatic samples collected are pinpointed in 

the Google map for trace element contamination survey in Central Taiwan 

(Map data ©2018 Google), including 3 near the Taichung CFPP, 5 from the 

Changhua CCR disposal site, 2 from the historic CCR disposal site, and 2 

from the background seawater (intertidal zone and Yunlin oyster farm). 

CCR indicates coal combustion residual; CFPP, coal-fired power plant.
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the CFPP cooling channel and drainage ports; Changhua 
CCR disposal site; historic CCR disposal site; an intertidal 
zone 3.5 km southwest of Changhua CCR disposal site; and 
Yunlin oyster farm.

The Changhua CCR disposal site, which is located ~8 km 
southeast of the Taichung CFPP, is part of a large reclaimed 
land site where solid and liquid waste is deposited and is to be 
used as an expanded industrial site. The disposal site was con-
structed as a landfill with a human-made material-lined bot-
tom, designated for final CCR disposal. Although leaching of 
hazardous substances into groundwater is highly suspected, 
thus far, there is no academic evidence of this occurrence. Solid 
CCR is delivered to the CCR disposal site by truck, and coal 
ash slurry (water and ash) is pumped from the power plant to 
the site via an ~300-mm-diameter steel pipe.

Sample characteristics (Supplemental Table S1). In total, 12 
unfiltered aqueous samples were collected from 12 locations 

(refer to Figure 1) using the US EPA Method 1669.17 Three 
aquatic samples from Taichung Power Plant (samples 10-BGA, 
11-BGC, and 12-AY; Figure 2A), 2 effluent water samples 
(samples 6-BG and 8-CD), and 3 water samples (samples 
4-S2, 5-00, and 7-OD) were collected from the Changhua 
CCR disposal sites (Figure 2B), located ~8 km southeast of 
Taichung Power Plant. The effluent water defined in this study 
was aqueous samples obtained from the steel pipes discharging 
coal ash slurry (water and ash), pumped from the Taichung 
CFPP to the CCR disposal site. A 2-L aqueous effluent was 
allowed to stand for 3 minutes, and the aqueous part was sepa-
rated for further analysis. Aqueous samples obtained from sur-
face water bodies other than the seawater, river, and the 
abovementioned effluent water were interchangeably termed 
water samples in this study. In addition, 1 seawater background 
sample was collected from the intertidal zone, located ~3.5 km 
southwest of the Taichung Power CCR disposal site (sample 

Figure 2. Google satellite map (Map data ©2018 Google) showing (A) the Taichung coal-fired power plant where aqueous samples were obtained from 

No. 10 (Sample 10-BGA), seawater sample from the power plant seawater cooling channel; No. 11 (Sample 11-BGC), a freshwater sample from the power 

plant southern discharge port; and No. 12 (Sample 12-AY), a freshwater sample from the power plant’s eastern discharge port. (B) The location in 

Changhua considered the coal combustion residual (CCR) disposal site.
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9-BGS), and 2 aquatic samples were taken from a historical 
CCR disposal site, located ~17 km south of the background 
sample site (samples 1-BG1 and 2-BG2; Figure 1). Finally, the 
seawater sample (sample 3-S1) was collected from an oyster 
farm in Yunlin, located 3.5 km south of the Formosa Plastics 
oil refinery and naphtha cracking plant (sample 3) (Figure 1). 
Prior research has identified that the Pacific oyster (Crassostrea 
gigas) can accumulate relatively high levels of copper (Cu), zinc 
(Zn), and lead (Pb), rendering it a potential biomonitor of 
these trace elements in aquatic ecosystems.18 It is the purpose 
of the research to regard the seawater samples, numbered 
9-BGS and 3-S1, as the background control samples.

Sample 10-BGA was collected from the seawater cooling 
channel of the power plant, which releases discharges into the 
sea from a submerged port. Sample 11-BGC was collected 
from an area inside the plant’s southern discharge port, which 
drains into the Dadu River mouth Wildlife Reserve, and sam-
ple 12-AY was collected from an area adjacent to the eastern 
drainage port, which drains into a diversion channel that flows 
to the Dadu River.

Chemical analysis

For aqueous samples, both the preparation and analytic meth-
ods followed either EPA 200.7 or 200.8 standard.19 We used 
inductively coupled plasma optical emission spectrometry 
(ICP-OES), also referred to as atomic emission spectrometry 
(AES), in radial and axial modes to determine the boron and 
iron levels in aquatic samples, in accordance with the US EPA 
Method 200.7 Version 4.4. A Thermo Scientific iCAP 6500 
Duo ICP-OES charge injection device (CID) spectrometer 
(Thermo Electron Limited, Cambridge, UK) was used for this 
analysis.20 In brief, ICP-OES is based on the measurement of 
atomic emission by an optical spectrometric technique. The 
aquatic samples were nebulized, and the aerosol produced was 
directed to the plasma torch where desolvation and excitation 
took place. Argon gas was used to create the plasma. The 
atomic line emission was produced by radio-frequency induc-
tively coupled plasma. A grating spectrometer then dispersed 
the spectra, and line intensities were monitored by a photosen-
sitive CID detector. Photocurrents were processed and con-
trolled by a computer system. To compensate for the variable 
background contribution during the determination of the trace 
elements, a background correction technique was applied.

All other trace elements were determined and quantitated 
using inductively coupled plasma mass spectrometry (ICP-MS) 
with the Agilent 7700 ICP-MS (Santa Clara, CA, USA),  
in accordance with the EPA Guidelines Method 200.8 for  
bioanalytical method validation. Method 200.8 is a well- 
established method, promulgated by the EPA for the analysis 
of aquatic samples using ICP-MS.21 The technology couples 
the ICP system to mass spectrometry with the ions from the 
plasma extracted through a differentially pumped vacuum 

interface into a quadrupole mass spectrometer. The ions are 
separated by their mass-to-charge ratio, and a Faraday detector 
receives ion information proportional to the concentration. 
The concentration of a sample is then determined through 
calibration and processed by the data handling system.

Testing. pH, temperature, and 13 trace metals (limit of 
detection [LoD]), including aluminum (10 μg/L), arsenic 
(0.50 μg/L), boron (50.0 μg/L), cadmium (0.080 μg/L), chro-
mium (total; 0.50 μg/L), cobalt (0.50 μg/L), iron (50.0 μg/L), 
lead (0.10 μg/L), manganese (0.50 μg/L), selenium (0.50 μg/L), 
strontium (0.50 μg/L), thallium (0.10 μg/L), and vanadium 
(1.0 μg/L) were tested.

Sediment sampling and analysis

Sediment samples were collected from 3 sampling sites: two at 
the Changhua CCR disposal site, approximately 8 km south-
east of the Taichung CFPP, and one from a historical CCR 
disposal site, approximately 17 km south of the CFPP. We col-
lected approximately 100 g of solids from the top 2 cm of bot-
tom sediments using a plastic scoop. Before elemental analysis, 
we adopted the EPA 3050 guidelines on preparing soils for 
acid digestion. For reference values, we prioritized the use of 
the Canadian Sediment Quality Guidelines for the Protection 
of Aquatic Life developed by the Canadian Council of 
Ministers of the Environment. For the interpretation of trace 
element concentration of sediment in the context of aquatic life 
protection, we adopted the levels from the interim marine sedi-
ment quality guidelines (ISQGs), which are equivalent to the 
threshold effect level (TEL), defined as the threshold level 
below which adverse biological effects rarely occur.

Quality control of the chemical analyses

Quality control of the chemical analyses was implemented 
using the blank method, performed through the complete 
preparation and analytical procedure. The blank spike dupli-
cate (BSD) was performed in duplicate to determine if the pro-
cedure was working within established control limits. The 
recoveries of the spiked analytes were evaluated to determine 
accuracy. Comparison of the blank spike to the BSD was made 
to yield a precise measurement. The matrix spike duplicate 
(MSD) was analyzed to determine if the procedure was work-
ing within established control limits. The recoveries of the 
spiked analytes were evaluated to determine accuracy in a given 
matrix. Comparison of the matrix spike to the MSD was per-
formed to estimate precision in a given matrix. Continuing 
calibration verification was used to determine if the sample 
analysis was within control limits.

Statistical analysis

Results of trace element measurements are presented as mean, 
standard deviation (SD), minimum, median, and maximum 
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values. In addition, the number detected and number beyond 
the regulation limits are displayed. A summary table of trace 
metal or element concentrations in aquatic environments, 
including the Taichung CFPP vicinity, coal combustion resi-
dual disposal sites, intertidal zone seawater, and a remote oyster 
farm, is displayed. When the analyte concentrations (data 
points) obtained were below the LoD of the method used, 
those “missing” data points were treated according to the rec-
ommendations by the US EPA Data Quality Assessment.22 
Spearman rank correlation coefficient (Rho) was adopted with 
a 95% confidence interval (CI) (Fisher Z transformed), meas-
uring the strength of the relationship between pairwise trace 
elements determined from all aquatic sampling sites. A Rho 
value > 0.7 indicates a high correlation.

Availability of data and materials

The dataset supporting the conclusions of this article is included 
within the article and its additional file.

Results
Out of the 13 trace elements examined, 7 were within the 
national limit or the environmental quality standards of other 
advanced countries. These were As, Cd, total Cr, Co, Pb, Se, 
and Tl, in which Cd, Se, and Tl were undetectable in all 12 
aquatic samples (Table 1). In total, 6, 8, 3, 6, 1, and 3 samples 
were identified to be above the EPA limit for Al, B, Fe, Mn, Sr, 
and V, respectively (Tables 1 and 2 and Supplemental Table S1). 
The EPA limit values are listed in Table 2.

Conditions of seawater trace elements in the 2 
control regions

The seawater sampled from the Yunlin oyster farm was tested 
for the 13 trace elements, among which only the level of boron 
(4550 μg/L) was identified to be above the Japanese envi-
ronmental quality standards for human health (4.5-fold) but 
was still considered normal by the Canadian Water Quality 
Guidelines for the Protection of Aquatic Life (5000 μg/L; 
Tables 1 and 2). In the seawater from the intertidal zone (sam-
ple 9-BGS), only aluminum (217 μg/L) and boron (2680 μg/L) 
were slightly higher than the referenced standards (Table 2).  
It is noteworthy that the literature reports boron level meas-
ured in seawater to be between 4500 and 5000 μg/L.23 Hence, 
from the available data, it is likely that these 2 control water 
samples do not identify any apparent influence from the nearby 
CFPP or the CCR disposal sites.

Status of trace elements in the aquatic samples 
obtained from the periphery of the Taichung CFPP 
compared with the control surface seawaters

Although the levels of aluminum, arsenic, boron, cadmium, 
total chromium, cobalt, lead, selenium, strontium, and thallium 
were within the regulation limit in all the aqueous samples 
obtained from the CFPP, the level of manganese was 96.4 μg/L 
in the effluent obtained from the eastern drainage port, which 
was 1.9-fold above the regulation limit, set at 50 μg/L (Figure 
2A and Supplemental Table S1). Iron, manganese, and vana-
dium were detected at 4379, 625, and 11.3 μg/L, respectively, 

Table 1. Summary table of trace metal or element concentration in the aquatic environments including the Taichung coal-fired power plant vicinity, 
coal combustion residual disposal sites, intertidal zone seawater, and a distant oyster farm.

TRACE METAL
OR ELEMENT

N (%) 
DETECTED

MIN (μG/L) MED (μG/L) MAx (μG/L) MEAN (μG/L) SD N (%) ABOVE
EPA

Al 8 (66.7) 7.1 98.1 22 200 2105.4 6350.1 4 (33.3)

As 5 (41.7) 0.35 0.35 27.3 5.0 9.1 0 (0)

B 10 (83.3) 35.4 2830 4550 2480.1 1821 8 (66.7)

Cd 0 (0) 0.057 0.057 0.057 0.057 1.45E–17 0 (0)

Cr (total) 1 (8.3) 0.35 0.35 42.3 3.85 12.1 0 (0)

Co 3 (25) 0.35 0.35 9.7 1.7 2.9 0 (0)

Fe 10 (83.3) 35.4 179.5 31 400 3373.7 8937 3 (25)

Pb 3 (25) 0.07 0.07 7.9 0.7 2.26 0 (0)

Mn 9 (75) 0.35 42.9 774 176.8 264.3 6 (50)

Se 0 (0) 0.35 0.35 0.35 0.35 5.8E–17 0 (0)

Sr 12 (100) 51.2 4775 7980 4423 2955.9 1 (8.3)

Tl 0 (0) 0.07 0.07 0.07 0.07 1.45E–17 0 (0)

V 4 (33.3) 0.71 0.71 76.4 8.8 21.7 3 (25)

Abbreviation: EPA, Environmental Protection Agency.
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from the seawater cooling channel (Figure 2A and Supplemental 
Table S1).

Results of trace elements in the aqueous samples 
from the CCR disposal site in Changhua compared 
with that from the historic CCR disposal site

The effluents and water from the surrounding areas of these 2 
main targeted research sites disclosed similar patterns of the 
potentially hazardous trace element contamination. In both 
sites, 6 trace elements (As, Cd, Cr, Pb, Se, and Tl) were of no 
concern. In an analysis of the effluents sampled from these 2 
CCR disposal sites, marked increases in the levels of other trace 
elements were readily noted: aluminum—up to 22 200 μg/L; 
boron—up to 4550 μg/L; cobalt—9.7 μg/L (mildly elevated in 
one of the historic disposal sites); iron—up to 31 400 μg/L; 
manganese—up to 774 μg/L; strontium—up to 7980 μg/L; 
and vanadium—up to 76.4 μg/L. All trace elements with the 
highest concentration were detected in the historic CCR dis-
posal sites except for manganese (Supplemental Table S1).

Correlation between trace metals examined using 
Spearman rank correlation coeff icient (Rho)

When the arbitrary cut-off point estimate of Spearman Rho 
used to indicate high correlation is set to >0.7, boron is highly 
correlated with strontium (Rho = 0.94, 95% CI, 0.80-0.98). 
Iron is highly correlated with aluminum (Rho = 0.77, 95% CI, 
0.35-0.93), lead (Rho = 0.71, 95% CI, 0.23-0.91), cobalt 
(Rho = 0.75, 95% CI, 0.32-0.93), and vanadium (Rho = 0.84, 
95% CI, 0.52-0.95). In addition to iron, vanadium is highly 
correlated with lead (Rho = 0.84, 95% CI, 0.52-0.96) and cobalt 
(Rho = 0.90, 95% CI, 0.66-0.97). Arsenic is highly correlated 
with manganese (Rho = 0.78, 95% CI, 0.36-0.93) and cobalt 
(Rho = 0.76, 95% CI, 0.34-0.93). Manganese is highly corre-
lated with cobalt (Rho = 0.74, 95% CI, 0.29-0.92; Table 3).

The results of the trace element concentration in the sedi-
ment retrieved from 3 CCR disposal sites are presented in 
Table 4. The levels of cadmium, chromium, copper, lead, and 
zinc from the sediment were all below ISQG levels, indicating 
no significant ecological risk. Although the levels of arsenic 
were above the ISQG (TEL), they were still well below the 
probable effect level (PEL) above which (41.6 mg kg−1) adverse 
effects frequently occur.

Discussion
We have discovered that the levels of the 13 selected trace ele-
ments of the background surface seawater, sampled from the 
intertidal zone and oyster farm, are within the national regula-
tion limits or the quality standard established by the EPA of at 
least one of the advanced countries. Unfortunately, there are 
some concerns regarding the unchecked effluents from either 
the historical or Changhua CCR disposal sites. Al, Fe, Mn, and 
V are particularly noticeable. Regrettably, Taiwan EPA has not 
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set any regulation limit yet for trace elements such as alu-
minum, iron, cobalt, and vanadium in the aquatic environment. 
Background values of these trace elements determined mainly 
by local geochemical factors should be established first. Risks 

of contamination of air, soil, and aquatic ecosystems associated 
with trace element leachates or other forms of contamination 
are closely linked to biogeochemical conditions, material leach-
ability, and contaminant mobility. In evaluating the possible 

Table 4. Trace element concentration in the sediment retrieved from 3 coal combustion residual (CCR) disposal sites.

SITE CHANGHUA CCR 
DISPOSAL SITE

CHANGHUA CCR 
DISPOSAL SITE

HISTORIC CCR DISPOSAL
SITE

REFERENCE VALUE FOR 
SEDIMENTS

Sample ID B E 1

Corresponding to the aquatic 
sample in Supplemental Table S1

5-00 8-CD 1-BG1

Date 10/03/17 10/03/17 9/24/17

Time 10:15 11:00 10:00

pH 8.3 9.1 −

Temperature (°C) 32.7 32.9 −

Matrix Solid Solid Solid

Percent moisture 43.7 46.7 60.8

Latitude (decimal degree) 24.15425 24.15127778 23.98128889

Longitude (decimal degree) 120.4269444 120.4247222 120.3441667

Unita mg/kg av.6010/6020 mg/kg av.6010/6020 mg/kg av. MET 6010/6020

Aluminum 9580 20 700 15 700 No guidelineb

Arsenic (11-33 mg/kg)c 13.9 18.3 16.8 7.24

Boron 59.0 538.0 53.0 No guideline

Cadmium (0.65-2.49 mg/kg)c <0.12 (undetectable) 0.28 <0.16 (undetectable) 0.7

Chromium (total) (76-233 mg/kg)c 23.7 24.8 24.3 52.3

Cobalt 5.8 16.3 11.2 20d

Copper (50-157 mg/kg)c 16.3 23.2 15.0 18.7

Iron 18 600 15 000 27 200 No guideline

Lead (48-161 mg/kg)c 16.4 14.1 19.4 30.2

Manganese 196 186 410 152–1152 (East China Sea)e

Selenium 4.4 6.2 2.0 No guideline

Strontium 73.8 501.0 119 No guideline

Thallium <1.2 (undetectable) Not measured <1.6 (undetectable) No guideline

Titanium 99.8 711 133 4160d

Vanadium 29.5 75.5 24.7 170d

Zinc (140-384 mg/kg)c 71.0 Not measured 78.3 124

Abbreviation: EPA, Environmental Protection Agency.
a Results are reported on a “dry weight” basis and adjusted for percent moisture, sample size, and any dilutions.
b For the reference values, we prioritize the use of the Canadian Sediment quality Guidelines for the Protection of Aquatic Life developed by the Canadian Council of 
Ministers of the Environment. In the context of aquatic life protection, we adopt the interim marine sediment quality guidelines (ISqGs) level which is equivalent to the 
threshold effect level (TEL) defined as the threshold level below which adverse biological effects rarely occur.

c Taiwan EPA established reference values of various metal concentrations in the sediments to represent the sediment quality.
d Value is ‘World’s average suspended sediments’ from the publication by Alagarsamy R and Zhang J. Geochemical characterization of major and trace elements in the 
coastal sediments of India. Environ Monit Assess. 2010;161:161-176.

e Derived from the paper by Fang TH et al. Distribution and contamination of trace metals in surface sediments of the East China Sea. Marine Environ Res 2009;68:178-187.
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impact of different biogeochemical conditions on the mobility 
of hazardous trace elements, one should consider the mainte-
nance of acid and oxidative conditions, the sustainability of 
biogeochemical processes affecting element transport, leachate 
composition, material leachability, metal solubilization, geo-
chemical characteristics of sediment, and basic soil geochemis-
try (eg, pH, Fe, Mn).24-29 Leaching simulations performed in 
the laboratory identified that the pH and ash/water ratio 
determine the CCR contaminant abundance and geochemical 
composition of the impacted water.25 In a study of fly ash from 
Koradi and Khaperkheda, thermal power plants located in 
India, disposal is performed in an area surrounded by many 
small villages whose residents use the groundwater for drinking 
and domestic purposes. The investigators discovered relatively 
high concentrations of Mo, As, B, and F in circulating waters, 
associated with the leaching from fly ash. This has a direct spa-
tial correlation between the concentration of fluorides in the 
groundwater and their closeness to the ash ponds.30

High concentrations of Al and Fe (up to 222-fold and 104.7-
fold, respectively, above the quality standard set by the Canadian 
Water Quality Guidelines), Mn (up to 6-fold above the national 
regulation limit), and V (up to 25-fold above the Dutch quality 
standard proposed for short-term concentration peaks) in the 
effluent water collected from one of the CCR disposition sites 
indicate that contamination of the surrounding aquatic envi-
ronment via metal leachability could be an issue.

Most of the manganese metals enter bottom and fly ash in 
the combustion process at CFPPs.31,32 Manganese over-
exposure could lead to several neurologic disorders, such as 
Parkinson disease, as Mn is deposited in the basal ganglia 
causing neurodegeneration.33 The Canadian Water Quality 
Guidelines for the Protection of Aquatic Life set a long-term 
exposure limit value at 430 μg/L for dissolved Mn. The highest 
abnormal result of the 3 abnormal aqueous samples was 
774 μg/L, detected at a Changhua CCR disposal site. We 
think it is necessary to conduct further study to control the 
release of Mn into the wildlife environment.

Whereas the boron concentration in the background sea-
water (sample IDs: 9-BGS and 3-S1; Supplemental Table S1) 
may reflect geogenic sources, namely, seawater, the high con-
centration in other effluent aqueous samples from the CCR 
dumping can only be explained by anthropogenic activities, 
particularly the byproducts from the CFPP nearby. Boron and 
strontium exhibited a very strong correlation coefficient 
(Spearman Rho = 0.94). The potential toxicities to human after 
significant exposure to boron (from boric acid [H3BO3 con-
taining 17.48% boron] and sodium borates [B4Na2O7 contain-
ing 11.34%-14.85% boron]) have been under investigation, 
mainly regarding reproductive toxicity and potential non-
inheritable adverse effects on the development of offspring.23,34 
Coal combustion residuals comprise fly ash, bottom ash, flue 
gas desulfurization products, and boiler slag, which are typi-
cally enriched in toxic elements such as As, B, Se, Hg, Mn, and 

Sr.35 It has been documented that the ecosystems surrounding 
rivers are sensitive to fly ash spilled into rivers, with higher con-
centrations of arsenic, iron, manganese, and selenium found in 
turtles from rivers affected by spills.36 Nonetheless, no research 
report examining the implications of aluminum, boron, iron, 
manganese, and vanadium in Taiwan has been reported.

Strontium (Sr) is an alkaline metal; once in the environ-
ment, it is mostly present as the divalent cation Sr2+ or various 
complexes, depending on the physicochemical characteristics 
of the environment.37 In the United States, CCRs are the most 
abundant industrial waste; they are mainly stored in surface 
impoundments and landfills.38 Harkness et al,38 in their recent 
work on evaluating possible leaks from coal ash ponds on  
the geochemistry of seeps and surface water from 15 sites in  
5 US states (Tennessee, Kentucky, Georgia, Virginia, and 
North Carolina), identified that strontium and boron exceeded 
the background values of 100 and 150 μg/L, respectively, at  
all sites.

There are several limitations in this study. Serial monitoring 
over time and more extensive sampling of different aquatic 
sources surrounding the CFPP were not available due to 
resource limitations. Moreover, although the impact on public 
health is potentially recognizable, this pilot screening survey is 
not feasible for model building.

Contamination of aquatic systems with trace metals such as 
those in this report is a significant public health problem 
worldwide.39–41 Coastal trace metal contamination has been a 
long-standing environmental protection issue, and the long-
term consumption of seafood contaminated with metals has 
been reported as an important route of human exposure to 
abnormally high trace metals in Taiwan, where fish is con-
sumed on a large scale.42,43 The elevated concentrations of trace 
metals identified indicate the introduction of pollution into the 
wetland from human activities such as agricultural non-point 
sources,39 urban wastewater treatment, and other possible 
sources such as a CFPP. The Taichung Power Plant wastewater 
discharge ports should be the focus of continued monitoring 
and water sampling to determine the frequency and magnitude 
of trace metal contamination over time. To inform environ-
mental health policymaking in a time-sensitive context, the 
results of this aquatic pollution pilot survey can raise the aware-
ness of certain trace elements that could potentially have an 
adverse impact on human health and wildlife through aquatic 
contamination.

The potential health impact from toxic-level trace element 
exposure is one of the primary rationales for our research. In 
recent years, there have been many studies examining the asso-
ciation between certain trace metals and type 2 diabetes, includ-
ing metabolic syndrome.44–47 Although the exact mechanisms 
are yet to be revealed, human overexposure to trace metals is still 
believed to induce oxidative stress, damage, and inflammation 
in human tissues. A report on the Chinese residents of Wuhan, 
China has identified that urinary aluminum, titanium, cobalt, 
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nickel, copper, zinc, selenium, rubidium, strontium, molybde-
num, cadmium, antimony, barium, tungsten, and lead were sig-
nificantly associated with increased risk for altered fasting 
plasma glucose, impaired fasting glucose, and diabetes, after 
adjusting for potential confounders.47 This Wuhan study sug-
gests that human metabolism, such as glucose homeostasis, 
could be altered by certain trace metal overexposure.

The disposal of CCR is generally conducted in surface 
impoundment or landfill ponds, after it is mixed in certain 
appropriate proportions of water to form a slurry. Accidental 
leaching of CCR effluent into aquatic ecosystems would cause 
deleterious environmental effects impacting human health, 
either through direct exposure to contaminated water or indi-
rectly via exposure of CCR in the food web.48 Some of the 
abundant metals and trace elements present in CCR are readily 
taken up at high concentrations by aquatic organisms. A previ-
ous study using biota dosimetry, rather than water dosimetry, to 
evaluate heavy metal contamination status in the aquatic eco-
systems, was performed along the inshore area of Changhua.18 
The study identified that the soldier crab (Mictyris brevidacty-
lus) in aquatic ecosystems accumulated relatively high levels of 
Cu, Zn, Pb, and Ni. The relevance of this study is that the data 
may be extrapolated to a spectrum of potentially hazardous 
trace elements derived from CCR, which may be taken up into 
aquatic food web and ultimately consumed by humans. Coal 
combustion residual exposure may also lead to numerous histo-
pathological, behavioral, and physiological (reproductive, ener-
getic, and endocrinological) effects in certain vertebrates and 
invertebrates.48,49

Moreover, in regions with dense populations, CCR is often 
stored in landfills and slurry ponds located near residential 
areas, indicating a high potential for increased health risks. An 
interesting community-based study involving 4 neighborhoods 
adjacent to a large coal ash storage facility in the United States 
was conducted by the University of Louisville School of Public 
Health, using focus groups to identify themes regarding chil-
dren’s exposure to coal ash and resultant children’s health.50 
Most of the parents (85%) self-reported that their children suf-
fered from respiratory, emotional, and behavioral disorders and 
strongly implied that exposure to coal ash from the landfill was 
the cause of their children’s health issues.50 Studies such as 
these are lacking for the Taichung CFPP’s CCR disposition in 
Taiwan. The authors believe that there is an excellent rationale 
for human and health research to gather local evidence in this 
regard.

Conclusions
In this pilot screening survey, we researched the trace element 
contamination associated with the vicinity of the world’s sec-
ond largest CFPP and combustion residual residue disposition 
sites. The effluent from one of the drainage ports from the 
CFPP was identified with an increase in Mn concentration, 
nearly 2-fold above the national limit. The levels of Al, B, Fe, 

Mn, Sr, and V in the effluents from the CCR dumping sites, 
particularly the old historic disposition site, were a matter of 
some concern as well. Boron levels were markedly correlated 
with Sr levels in our analysis. The leachability issue is evident 
in this exploratory cross-sectional study on the effluent water 
obtained from the CCR dumping sites. This exploratory 
research will elicit further national coordinated efforts to estab-
lish a guideline for the effective control of point-source trace 
metal pollution and eagerly awaited regulation limits for those 
trace metals neglected in the past.
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Erratum to a “Pilot survey of potentially hazardous  
trace elements in the aquatic environment near a  
coastal coal-fired power plant in Taiwan”

Kok VC, Winn PR, Hsieh Y-J, Chien J-W, Yang J-M, Yeh G-P. A pilot survey of potentially hazardous trace elements in the aquatic 
environment near a coastal coal-fired power plant in Taiwan. Environ Health Insights. 2019;13:1-11. https://doi.
org/10.1177/1178630219862236

In above-referenced article, units in header row of Table 1 were incorrect.

Correct version of Table 1 is as given below:

954546 EHI0010.1177/1178630220954546Environmental Health Insights
correction2020

Table 1. Summary table of trace metal or element concentration in the aquatic environments including the Taichung coal-fired power plant vicinity, 
coal combustion residual disposal sites, intertidal zone seawater, and a distant oyster farm.

TracE mETal 
or ElEmEnT

n (%) 
dETEcTEd

mIn (μg/l) mEd (μg/l) max (μg/l) mEan (μg/l) Sd n (%) abovE 
EPa

al 8 (66.7) 7.1 98.1 22 200 2105.4 6350.1 4 (33.3)

as 5 (41.7) 0.35 0.35 27.3 5.0 9.1 0 (0)

b 10 (83.3) 35.4 2830 4550 2480.1 1,821 8 (66.7)

cd 0 (0) 0.057 0.057 0.057 0.057 1.45E-17 0 (0)

cr (total) 1 (8.3) 0.35 0.35 42.3 3.85 12.1 0 (0)

co 3 (25) 0.35 0.35 9.7 1.7 2.9 0 (0)

Fe 10 (83.3) 35.4 179.5 31 400 3373.7 8937 3 (25)

Pb 3 (25) 0.07 0.07 7.9 0.7 2.26 0 (0)

mn 9 (75) 0.35 42.9 774 176.8 264.3 6 (50)

Se 0 (0) 0.35 0.35 0.35 0.35 5.8E-17 0 (0)

Sr 12 (100) 51.2 4775 7980 4423 2955.9 1 (8.3)

Tl 0 (0) 0.07 0.07 0.07 0.07 1.45E-17 0 (0)

v 4 (33.3) 0.71 0.71 76.4 8.8 21.7 3 (25)
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