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An abnormal increase of copper concentrations was ob-
served in both the oyster tissues and sediments of the Sien-
San coastal area in the north-western part of Taiwan. As
much as 200 and 5000 ppm of copper was found in sedi-
ments and oysters. These excessive concentrations of
copper were introduced to the coastal area within a short
period of about 4 yr. Copper concentrations increased 50
and 100-fold respectively in oyster tissues and sediments.
The green oyster phenomenon occurred as a result of these
rapid increases in metal concentrations. The appearance
of green oysters and the abnormal concentrations of
copper demonstrated that the Sien-San coastal area is
undergoing a drastic change as a result of copper pollu-
tion. This pollution problem represents a serious threat to
the local ®shing community. Ó 1999 Elsevier Science
Ltd. All rights reserved.
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Toxic metals released into the marine environments tend
to accumulate in sediments and subsequently are taken
up by ®lter-feeding organisms. Marked variations in the
bivalves heavy metal concentrations along the US coasts
demonstrated that bivalves such as oysters and mussels
are valuable biomonitoring tools for assessing the
chemical pollution of the coastal environments
(Lauenstein et al., 1990; Presley et al., 1990; Goldberg
et al., 1983).

Oysters and other bivalves accumulate metals such as
copper and zinc and can tolerate very high metal con-
centrations without apparent signs of any detrimental
e�ect. Up to 1700 ppm of Cu and 14 000 ppm of Zn were
found in oysters from Tasmania (Ayling, 1974), and
1413 ppm of Cu and 8629 ppm of Zn from Hong Kong
(Phillips et al., 1979). In the US Mussel Watch, the

highest copper concentration (2100 ppm) was found in
oysters from Honolulu Harbor, Hawaii, and zinc (13 000
ppm) from Delaware Bay, Delaware (NOAA, 1989).
Most studies indicated that elevations of contaminants
in oysters and other bivalves were found in the marine
ecosystems near heavily populated locations or locations
receiving runo� from lands used for industrial or agri-
cultural purposes.

The main purpose of this study is to assess the status
of oyster and sediment heavy metal concentrations in
the coastal region of Sien-San and the extensive changes
occurring within a period of 4 yr. The study involved the
collecting of oysters and sediment samples inside a semi-
enclosed bay, analyses of the heavy metal concentrations
and comparison of the results with those samples from
1993 in the same area. This paper describes the unusual
heavy metal contaminant levels in oysters and sediments
and the occurrences of green oysters in the Sien-San
area.

Materials and Methods

Site description
Sien-San is a small city of about 55 km2 with a pop-

ulation of 58 328 (1997) in north-western Taiwan. Oyster
cultivation was a major source of income for the local
community prior to recent developments. Its oyster
production for 1996 was 53 tons (Fisheries Bureau,
1997). A blooming computer-related high-tech indus-
trial park has been established in the vicinity. A mu-
nicipal open-®eld coastal garbage dump and incinerator
facility are located approximately 20 km north of the
study area.

Oysters are cultivated along the central waterway of
the semi-enclosed bay throughout the year for purpose
of mariculture (Fig. 1, shaded area). The entire area
(Fig. 1, white area) is ¯ooded at high tide (1±2 m deep)
and partially exposed to the air at low tide. The deepest
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area of the bay, about 5±6 m deep extending in a north-
east/south-west direction, is used for a boat channel. At
low tide, the south-west opening provides the only
source of seawater.

Sampling and analyses
Oysters (Crassostrea gigas) and surface sediments

were collected in 1993 and 1997 (Fig. 1). Oyster samples
were collected directly above each sediment sample from
the oyster farming racks. Sediments adhering to the
oyster shell were washed thoroughly in the ®eld. All
samples were packed in an ice-chest at 4°C while being
shipped back to the lab. Each individual oyster was
shucked and washed with deionized water (Milli-Q, �18

X), dried, weighted and stored frozen in a pre-cleaned
glass bottle prior to digestion. Surface sediments were
stored in polyethylene (PE) bottles at 4°C in the ®eld
and frozen in the lab until drying. Sediments were
freeze-dried using a Labconco freeze-dryer (Lyph-Lock,
6 l) for one week, and ground to a ®ne powder using an
Agate mortar and stored in PE vials.

Each oyster sample was individually digested with
concentrated nitric acid (Merck, Tracerpur) in a water
bath (90°C) for 4 h in glass vials. The extractant was
stored in acid-cleaned PE vials for metal analyses. Sed-
iments (�0.25 g) were digested in a Te¯on lined diges-
tion vessel using a CEM microwave (MDS-2000) based
on Kokto et al. (1992). A mixed reagent (conc. HNO3/
HF: 5/2) of 2.5 ml was added to each vessel and heated
with 100% power for 10 min. At the second step, the
microwave was set up at 75% power for 20 min and
25% power for 5 min. After the pressure dropped to 1
atm, the digestion vessels were opened and 10 ml of 4%
H3BO3 was added and the above heating procedures
were repeated. Upon completion of the digestion pro-
cess, the digested solution was stored in PE vials for
analyses. A NIST-1646a Standard Sediment and a
CNRC DOLT-2 Standard Dog®sh liver were used in
each batch digestion for recovery test.

Heavy metals (Al, Fe, Mn, Zn: ¯ame; Cu, Pb, Cd:
graphite) were determined using a Hitachi 8100Z atomic
absorption spectrometer. For metals high in concen-
trations, i.e., iron, manganese and zinc, the extracted
solution was diluted (20±200 times) with deionized water
and the concentrations were determined by calibration
curves prepared from Merck Standard Metal Solution.
For copper, lead and cadmium, the standard addition
technique was employed in order to minimize the matrix
e�ect. The accuracy of the metal analysis was deter-
mined by the total dissolution of the NIST-1646 Stan-
dard Sediment and CNRC DOLT-2 (Table 1). Relative
errors, as compared to the Standards, were better than
6% for the measured metals.

Results and Discussion

Green oyster
The ®rst sign of change in oyster colour was detected

in June 1997. Initially, the tissue colour appeared in a
very faint green colour with an average copper concen-
tration of 478�175 ppm (October, Table 2). The colour
(Fig. 2) rapidly turned to a bright green within 5 months
after the ®rst sign of change was observed. Meanwhile,
copper and zinc average concentrations progressively
increased with time (Table 2). The average copper con-
centration reached 2074�742 ppm dry weight (n� 95)
for those samples collected between January and Feb-
ruary 1998. The highest copper concentration of 4752
ppm was also found in the same period. Green oyster
was a common phenomenon by February 1998. All 95
oyster specimens collected throughout the area showed
signs of green colour with a lowest copper concentration

Fig. 1 Study area and sampling locations. The shaded area (hori-
zontal lines) depicts the presently existing oyster racks.

961

Volume 38/Number 11/November 1999



of 506 ppm. Zinc also showed a similar pattern with the
highest concentration of 5829 ppm found in the study
area.

The high copper concentration observed in the Sien-
San area is one of the highest in the existing literature. In
addition, very few reported a persistent presence of a
high copper concentration on a scale similar to the Sien-
San area. Phillips et al. (1979) reported a rock oyster
copper concentration of 1413 ppm as an indication of

metal discharge into Victoria Harbor, Hong Kong.
Pridmore et al. (1990) reported a copper concentration
of 1219 ppm for oysters from Manukau Harbor, New
Zealand. With the exception of 2100 ppm copper found
in Honolulu Harbor, Hawaii (NOAA, 1989), very few
oyster copper concentrations exceeded more than 500
ppm in the US from the Mussel Watch studies (Presley
et al., 1990; O'Connor, 1996). The highest oyster copper
concentration was 2722�98 ppm reported by Han and

TABLE 1

The analytical accuracy and precision of this study using the NIST Standard Sediment and CNRC DOLT-2 standard tissue.

Metal analysed NIST 1646a DOLT-2

Certi®ed This study (n� 5) Certi®ed This study (n� 10)

Fe (%) 2.008�0.039 1.98�0.10 ± ±
Zn (ppm) 48.9�1.6 47.5�0.65 85.8�2.5 81.0�3.1
Cu (ppm) 10.01�0.34 9.99�0.45 25.8�1.1 25.2�1.6
Pb (ppm) 11.7�1.2 11.3�0.95 1.91�0.04 1.80�0.02
Cd (ppm) 0.148�0.007 0.164�0.02 20.8�0.5 20.4�1.4

TABLE 2

Monthly average and ranges of copper and zinc concentrations (ppm, dry weight) in whole soft parts of oysters from the Sien-San area.

Sample time
(month/year)

Sample numbers Cu (ppm) Zn (ppm)

Range Mean�1r Range Mean�1r

10/1987 80 221±993 478�175 536±2190 1100�350
11/1987 10 93.2±1080 503�258 170±2610 1030�670
12/1987 10 252±973 679�242 708±2120 1330�486
1-2/1998 95 506±4750 2070�742 877±5830 2620�926

Fig. 2 Green oysters from the Sien-San area. The length of the shell
measured diagonally is 7.3 cm (left) and 8.2 cm (right).
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Hung (1990) as a result of e�uent pollution from the
scrap metal reprocessing plants in south-west Taiwan.

The high copper concentrations found in the oysters
grown in the study area clearly indicate that these oys-
ters are undergoing a severe stress of copper pollution.
The appearance of a green colour once oysters were
exposed to an abnormally high concentration of copper
was ®rst noted as early as 1886 by Lankester (1886). The
name ``green-sick'' oyster was used, and the green colour
was attributed to the copper contained in the ¯esh.
George et al. (1978) further showed that the colour-
ization of the oyster ¯esh was the result of a self-de-
toxi®cation e�ect from the copper pollutant. The oysters
grown in the study area are evidently subject to the se-
vere stress of copper pollution. Almost all oysters grown
in the entire area showed high concentrations of copper
with varying degrees of green colour.

Rapid increase of metals
The oyster metal contents in the 1997 sampling period

were compared to those obtained from the same area in
1993 (Fig. 3). A drastic change in oyster Cu, Zn, Pb Cd
concentrations was found between the 1993 and 1997
samples. The metal concentrations in the 1993 oysters
samples were within a narrow range (Cu: 40±200 ppm,

Zn: 110±470 ppm, Pb: 0.11±0.98 ppm, Cd: 0.06±0.42
ppm) (Fig. 3), as compared with the drastic increase of
metal concentrations of those observed in the 1997
samples. Copper concentrations increased to 200±5000
ppm, an increase of 5±50 times, and zinc 890±6000 ppm,
representing an increase of 8±60 times in a matter of 4
yr. Lead and cadmium concentrations also increased but
at a relatively lower level, about 3±8 times more. The
magnitude of pollution in the Sien-San coastal area is
clearly demonstrated by the dramatic increase in the
oyster copper and zinc concentrations.

In addition to the rapid increase of oyster metal con-
centrations, surface sediment metal concentrations also
showed a concurrent change with the exception of cad-
mium for those samples collected in 1993 and 1997 (Fig.
4). Similar to the oysters, surface sediment metal con-
centrations for the 1993 samples varied within a rather
limited range (Cu: 0.183±2.41 ppm, Zn: 17.1±83.2 ppm,
Pb: 4.85±20.1 ppm, Cd: 0±99.5 ppb, Fe: 0.4±1.18%), as
compared to the copper concentration of the 1997 sedi-
ments which increased to as high as 200 ppm, nearly 100-
fold within a short period of 4 yr. Zn and Pb increased
only slightly, about 2±3 times more than those in 1993.
Increases of copper concentrations in the 1997 sediments
were astonishing as compared to the 1993 sediments.

Fig. 3 Concentrations (ppm, dry weight) of Cu/Zn, Pb/Zn and Cd/Zn
in whole soft parts of oysters collected in 1997 (d) and 1993
(s).
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In the Sien-San area, the highest sediment copper
concentration was 190 ppm. Back in 1986, the highest
Cu concentration found in sediments beneath the oyster
was no more than 51 ppm when green oyster occurred in
the Er-Jin Chi area, south-western Taiwan due to the
huge quantity of e�uent from the scrap metal repro-
cessing industry (Su et al., 1986). The average copper
concentration of the Sien-San area is 61.0�54.9 ppm as
compared to the 18�9.1 ppm that was observed in the
Er-Jin Chi sediments. Consequently, the extent of cop-
per pollution in the Sien-San area is most likely even
worse than the pollution in the Er-Jin Chi area during its
peak time.

This extensive pollution may subsequently resulted in
a great ®nancial loss to the ®shing community. Back in
1986 the year the ®rst green oyster pollution was found,
a rapid oyster price drop from US$3 to $1.50 per kilo-
gram and a sharp oyster production decline from 29 000
to 21 000 tons was observed within 2 yr right after the
incident (Chien, 1992). The decline in oyster production
was not a direct result of the detrimental e�ect of the
scrap metal pollution; rather it was a reaction to the
market as the oyster retail price dropped rapidly. The
total loss as a result of the 1986 green oyster pollution
amounts to approximately US$70 million, representing
50% of the entire oyster business in Taiwan (Chien,
1992). The impact that this green oyster incident will
have on the oyster business is not clear since the statistic

of the 1997 oyster production has not been released yet.
The recurrence of the green oysters indicated that the
Sien-San coastal environment is being polluted as a re-
sult of the rapid development of a computer-related
industry in the region. This pollution problem represents
a serious threat to the local ®shing community.

Conclusion

The Sien-San coastal area of north-west Taiwan is
undergoing rapid change from urban development and
computer-related industries. Contamination of the
coastal area by toxic residues such as copper is re¯ected
in the extreme high levels of metals found in the oysters
and sediments.

Copper concentrations in the sediments and oyster
reached as much as 200 and 5000 ppm, respectively. The
green oyster phenomenon occurred as a result of these
rapid increases of metal concentrations. In addition, the
accordant rapid increase of copper concentrations in the
sediment and oyster within a short period of only 4 yr
demonstrates that the Sien-San coastal area is under the
drastic stress of copper pollution. This pollution prob-
lem represents a serious threat to the local ®shing
community.
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Fig. 4 Concentrations of Cu, Pb and Cd versus Fe in the sediments
collected in 1997 (d) and 1993 (s).
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