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The Minamata Bay Environmental Restoration Project was carried out in order to rehabilitate the

Minamata Bay environment.

This study presents the process of planning and implementation of the project. We also evaluate the

degree to which the environment was improved by the Minamata Project and the economic and societal

effects of the project, and analyze the actual conditions of the environmental restoration like changes of

mercury concentration in fish.
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1. PURPOSE

The Minamata Bay Environmental Restoration
Project was carried out in order to rehabilitate the
Minamata Bay environment, thereby uprooting the
cause of Minamata disease and invigorating the so-
cial economy of the region battered by the adverse
effects stemming from the degradation of the envi-
ronment. Hopefully, it is doubtful that the issue of
toxic sediment removal due to industrial effluent
will recur in Japan. However, it is thought that in
developing countries, where the removal of toxic
sediment is expected to become a practical problem.
The object of this study is to evaluate the effects of
the Minamata Project, which was an unprecedented
great task of this type, and propose a valuable refer-
ence data. for the implementation of similar projects
that may be undertaken in the future.
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Fig. 1 Map of Minamata and environs

It is important to make the scheme of execution
be able to remove the contaminated sludge safety,
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(unit: ppm)

Fig. 2 Mercury concentration distribution in surface sludge

certainly and economically when optimizing the

project. This point was reported by Hirose et al.” too.

But no one has reported on the relations, which is
important to economical efficiency in removing the
sludge, between the standards for removal and the
effect on improving the environment. No one has
evaluated the rehabilitation of the Minamata envi-
ronment by the ecological approach, such as the
capturing and removal of contaminated fish from
the area of sea covered by the project. Furthermore,
it is necessary to optimize the project to revitalize
the social economy of the region through the reha-
bilitation of the environment, in addition to optimi-
zation of the scheme of the execution.

In this paper we evaluate the degree to which the
environment was improved by removal of contami-
nated sludge and ecological method, and also evalu-
ate the social economy effects of the project. The
evaluation was based on observed data of the envi-
ronment quality before and after the project.

2. OUTLINE OF THE MINAMATA BAY ENVI-
RONMENTAL RESTORATION PROJECT”

(1) A summary of mercury pollution in Minama-
ta Bay

Minamata City is located on the southwestern tip

of Kumamoto Prefecture (see Fig. 1). Nippon Chis-
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so Hiryo (today’s Chisso Corporation) established a
plant there in 1908, From 1932 until 1968, methyl
mercury compounds, a by-product from the mercury
used as a catalyst in acetaldehyde-synthesizing fa-
cilities, were released into Minamata Bay in waste-
water from the company’s factory. The total mercury
released is estimated at 70-150 tons?, while the total
volume of methyl mercury released is not clear.

The "Minamata Disease" is a central nervous sys-
tem disorder found in those who ingested large quan-
tities of fish contaminated with organic mercury.

Mercury distribution in Minamata Bay according
to the survey of 1974 is shown in Fig. 2. The con-
centration was higher towards the inside of the bay,
where the factory’s wastewater outlet was located,
and lower at the mouth of the bay. Concentrations
were 600 ppm at some areas on the inside of the bay
and 15 ppm at the bay opening, serving as an indi-
cation of the way the contaminants were spread.

The results of a survey of seawater quality in Mi-
namata Bay are shown in Fig. 3 and Table 13). The
survey was carried out at 19 locations and found that
the amount of total mercury on the inside of the bay
measured a maximum of 0.002 mg/L(L: liter), ex-
ceeding Environmental Standards of 0.0005 mg/L.

The annual change of mercury concentration in
fish caught in Minamata Bay is shown in Fig. 4*. In
1961, some species of fish carried total mercury
concentrations of 10 ppm, but as measures were ta-
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Table 1 Total mercury concentration in seawater

unit: £ g/L

Mercury Location number
Concentration 1 2 3 4 5 6 7 8 9 10
Maximum 2 2 0.6 0.4 0.5 2 0.5 0.4 0.5 0.5
Minimum 0.4 0.2 ND ND ND ND ND ND ND ND
Mean 1 0.8 0.3 0.3 0.4 0.3 0.3 0.1 0.3 0.2
Mercury Location number
Concentration 11 12 13 14 15 16 17 18 19
Maximum 0.5 0.4 0.4 0.4 0.5 0.5 0.4 0.4 0.4
Minimum ND ND ND ND ND ND ND ND ND
Mean 0.2 0.2 0.3 0.3 0.2 0.2 0.2 0.2 0.3

ND: <0.1

14 g/1=0.001mg/L ( L : liter)

Total mercury (ppm)

1 }
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The provisional
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Fig. 4 Mercury concentration in fish in Minamata Bay

ken to deal with the effluent (complete recycling of
effluent in the acetaldehyde production facilities in
1966, and discontinuance of the production of acetal-
dehyde using acetylene in 1968), mercury concen-
trations in fish decreased. In 1973, the average con-
centration in fish caught in Minamata Bay fell
below the provisional limit (one type of environ-
mental standard) of 0.4 ppm. Some species of fish,

however, continued to maintain concentrations

higher than 0.4 ppm.

(2) Outline of the Minamata Bay Sludge Treat-
ment Project (the Minamata Bay Public
Pollution Control Works) ¥

The Minamata Bay Environment Restoration

Project (here after referred to as”simply the "Mi-
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Fig. 5 Bay area covered by the project

namata Project") is the collective title given to two
projects, namely 1) the Minamata Bay Sludge
Treatment Project (the Minamata Bay Public Pollu-
tion Control Works), which involves the dredging
and treatment of sediment sludge from Minamata
Bay, and 2) a project dealing with fish and shellfish
in Minamata Bay which aims at the resumption of
commercial fishing. Both projects were executed by
Kumamoto Prefectural Government and its related
agencies.

The Sludge Treatment Project was carried out
from 1977 to 1990 at a total cost of approx. 48.5
billion yen(see Fig. 5). The lead government agency
for the project was Kumamoto Prefectural Govern-
ment in conjunction ‘with Minamata City Govern-
ment. The Fourth Port Construction Bureau, Minis-
try of Transport, has executed the dredging and
filling up project, having been commissioned by the
Prefectural Government. Note that, however, the
project actually got underway only in June 1980,
due to an application for a provisional injunction
against the dredging of sludge in Minamata Bay.

During the formulation of the project plans, di-
verse deliberations were conducted on the following
issues:

1) Given the level of environmental contamination
and the utility form of sea area, the extent to
which the contaminated sediment would be re-
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moved (determination of a standard for re-
moval),

2) The process to be used for removing the sludge
(determination of sludge-removal method),

3) How to explain sludge-removal projects to local
residents and other concerned parties, and how
to gain their cooperation (forming a societal
consensus),

4) How development in the region would be acti-
vated through marine environment restoration
projects (regional development).

a) Determination of a standard for removal of
contaminated sludge
The standard for removing sediment from Mij-
namata Bay, which had spread beyond and extended
past the bay, was established on the basis of a
document entitled "Tentative Provisional Standards
for Removal of Mercury-Contaminated Sludge" by
the Water Quality Bureau, Environment Agency,
1973 (this document later became known as the
Provisional Standards for Removal of Sludge, Water
Quality Bureau, Environment Agency, 1975). The
formula given is as Eq.(1)%;
C=0.18 X AH/J X 1/S (1)
Where
C:
AH: mean tidal range (m),

quantitative removal standard (ppm),




J:  desorption coefficient (—),
S: safety factor (—).

From Eq.(1), and based on the results from a sur-
vey conducted in 1973, it was decided to set the
quantitative standard at 25 ppm by putting AH =
2.23,1 = 1.6 X10* and S= 100.

b) Study of Sludge-Removal Methods

Following two plans were examined with the
view of removing sludge certainly and efficiently,
and preventing secondary contamination.

Plan 1) To completely seal off Minamata Bay, to
establish harbor facilities outside the sealed area, and
to cover the confined area to prevent leakage of mer-
cury.

Plan 2) To seal off part of Minamata Bay to be
treated with temporary cofferdam, and to treat the
inside by dredging in part and by filling in part.

Regarding the plan 1) there was a danger that the
pollution occurring as a result of the work would
exceed the bay limits. It was also not appropriate
because the water quality in the bay would deterio-
rate during the isolation, and because the project
would be delayed. Additionally, the long-term ef-
fects of the covering work were uncertain, as it was
not known to what degree wave action, the passage
of ships, or ship anchorage would disturb the cover,
or how benthos would affect fish species.

Deduced from the following, it is decided that the
plan 2) was appropriate method on condition that it
was carried out under careful monitoring to prevent
secondary contamination, according to the "Provi-
sional Guideline on the Removal and Treatment of
Bottom Sediment" (Water Quality Bureau, Envi-
ronment Agency, 1974). It was predicted that no
secondary pollution would occur as a result of the
dredging work, since 1) most of the mercury in the
sediment sludge was mercury sulfide, which would
not readily dissolve in water, and 2) according to
forecasts of the spread of pollution, the use of cut-
terless suction dredgers would limit the spread of
mercury out of the bay to within environmental
standards (0.0005 ppm). The deep end of the bay
(first and second filling-up area in Fig. 5), where the
mercury concentration was high and the layer of
contamination was thick, would be dealt with by
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Fig. 6 Schema of the dredging

sealing it off, and the other areas would be dredged.
This would dramatically reduce the amount of
sludge to be dredged, and would also improve the ‘
safety of the work. The amount of sludge closed off
within the fill area was equivalent to about 80% of
the total mercury in the bay.

The revetment in the treatment area would have a
high resistance to external forces, and would also
prevent the toxic substances in the sediment from
running out or leaking. On the northern end of the
mouth of the bay, a temporary cofferdam would be
built to halt the flow in the bay during construction.

As a result the plan 2) was adopted, and the
treatment scale was determined to be approx. 2.09
million m? in area, 1.51 million m® in sediment vol-
ume, of which the area to be dredged would be 1.51
million m?, the volume to be dredged 0.78 million
m’, and the area to be filled would be approx. 0.58
million m? (see Fig, 5).
¢) Measures for preventing secondary contamination”

In addition to b) as stated above, a number of
measures were taken to prevent secondary contami-
nation caused by the migration and diffusion of
mercury in sludge during dredging work:

1) A cofferdam was temporarily placed in a part of

the bay to stabilize water in the bay, thereby
preventing the spread of turbid water during the
work, promoting sedimentation, and preventing
the spread of mercury-contaminated sludge out-
side of the bay”(see Fig. 5).

2) In order to minimize turbidity during dredging,
cutterless suction dredgers were employed. Ad-
ditionally, turbid meters were used to continu-
ously measure turbidity near the intake, and the
dredgers operated accordingly'(see Fig. 6 ).

3) In order to avoid methylation of mercury by the
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sludge’s exposure to air®, the filled areas were
kept in a submerged state until discharged
sludge was completely confined with mountain
soil(see Fig. 6).

4) In order to prevent spreading out of mercury-
contaminated sludge from the filled area, the
contaminated sludge was covered and confined
with mountain soil after casting the sludge into
the area’.

5) Water quality, fish and plankton were monitored
regularly, based on a stringent monitoring plan,
with all results being immediately reflected in the
work”.

6) In order to ensure the safety of aquatic biota in
the sea outside the bay, a partitioning net would
be positioned at the boundary between the work
area and the open sea. Sound emission equip-
ment was installed in the waterway, to control
the movement of fish there'(see Fig. 5).

d) Forming a societal consensus®

In the Minamata Bay case, almost all local resi-
dents were in favor of early implementation of the
program. The Kumamoto Prefectural Government
also worked towards the formation of a societal con-
sensus regarding the work, by carefully studying
work methods that prevent secondary pollution
during the formulation of the work plans, as well as
taking legal proceedings such as the public inspec-
tion of the application for reclamation work includ-
ing evaluation of the project’s effect on the envi-
ronment. The government also conducted seminars
in order to gain the backing of the local residents.
Some local residents, however, feared the environ-
mental risk of secondary pollution, and submitted an
application for a provisional injunction against the
work. Legally it would have been possible to pro-
ceed with the work, but emphasis was placed on
obtaining the agreement of local residents, and
thereby suspending the work for two and a half
years. In spite of the application for an injunction
being overruled, the agreement of local residents
towards the program was obtained, thanks to the
scientific discussions of risk conducted in court, and
the introduction of work monitoring by a neutral
committee.

In addition, after the resumption of work, the
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support and trust of local residents towards the work
was reinforced by disclosure of field data.
¢) Regional development

Minamata could not be revitalized without a resolu-
tion of the Minamata disease issue. A variety of efforts
are currently underway to achieve this end, such as
extending aid to patients. Meanwhile, it is also impor-
tant that the implementation of the Minamata Project
restores fertility to the sea and helps build a promising
future for the region. From this standpoint, it was de-
cided to aim primarily at the resumption of commer-
cial fishing, to enhance the port and harbor facilities
which play an important role in regional development,
and to include in the program the creation of wide and
open spaces through the construction of a reclamation
site. During the planning stage, it had not been
determined how to utilize the reclaimed land, but ex-
pectations were high that such a large tract of Jand
would play a leading role in the development of the

region.

(3) Results of the bottom sediment treatment

In order to implement monitoring aimed at pre-
venting the occurrence of secondary pollution, sur-
veys were conducted” to monitor water quality,
bottom sediment, and marine life, in accordance
with the master plan for monitoring activities. Sur-
vey results indicated that no secondary pollution oc-
curred.

Asurvey was taken in 1987 to verify the completion
of dredging. This survey found that the maximum
mercury concentration was 8.75 ppm. It was, therefore,
confirmed that treatment had brought the concentra-
tions down to sufficiently low levels given the removal
standard of 25 ppm (see Fig. 7.1, Fig. 7.2).

(4) Outline of the Project dealing with fishes in

~ Minamata Bay

Since, even after the completion of the project
outlined above, some species of fish still carried
mercury concentrations of more than 0.4 ppm, the
Kumamoto Prefectural Government established the
Council for Minamata Bay Fish and Shellfish
Treatment to study measures for dealing with con-
taminated fish in Minamata Bay. In response to the
council’s recommendations, Kumamoto Prefectural
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Government aggressively carried out the capture of
contaminated fish in order to lower the mercury
concentrations in the fish.

3. PURPOSES AND EVALUATION OF EFFECT
OF THE MINAMATA BAY ENVIRONMENTAL
RESTORATION PROJECTS

Sludge-removal is a means of restoring the Mi-
namata Bay environment, and true objectives of the
Minamata Bay Environment Restoration project are
the six as follows.

This section evaluates the effect of the Minamata
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Bay Environment Restoration Project, according to
each of the six objectives as follows.

(1) To prevent the potential fear from the Mi-
namata disease spreading further, and to
prevent the spread of contaminated sludge
outside of the bay

By the time the Minamata Project commenced in

1977, fishery products from Minamata Bay were no

longer being supplied for human consumption. If,

however, one considers it possible for the disease
not to attack in other areas through the flow of pol-
luted material out of the bay or the migration of

contaminated fish out of the bay, then the projects



Table 2 Species-specific total mercury concentration before and after the project (average in edible parts)

unit: ppm
Before * After

Species 1978~1980 1989 1992 1994 1995
First latter first latter first latter first

Half half half half half half half

Stingray - 0.99 0.47 0.57 0.89 0.51 0.30 0.36
Silver Whiting - 0.95 1.04 0.87 0.79 0.49 0.39 0.35
Scorpionfish 1.11 0.83 0.68 0.56 0.53 0.31 0.31 0.25
Black Sea Bream 0.88 0.38 0.63 0.55 0.26 0.26 0.20 0.19
Bambooleaf Wrdsse 0.57 0.31 0.40 0.26 0.25 0.18 0.20 0.16
Rock Fish 0.34 0.22 0.28 0.27 0.22 0.15 0.14 0.06
Japanese Sea Bass 0.42 0.30 0.27 0.15 0.07 0.15 0.10 0.12

*1987 : completion of the dredging work

can be evaluated as having had a effect in con-
tributing to the prevention of further casualties.
Mercury concentrations in the bottom sediment had
fallen to below 25 ppm, which means that the source
of the pollution was reduced and the danger of con-
taminated sludge spreading outside the bay was
eliminated.

(2) To lower mercury concentrations in fish and
to rehabilitate fishing grounds to their previ-
ous fertile states

One of the objectives of the project was to,
through the dredging of sludge, lower mercury con-
centrations in fish down to levels permitting the re-
sumption of commercial fishing in the bay.

Table 2 shows a comparison of mercury concen-
trations in fish caught in Minamata Bay prior to and
subsequent to the implementation of the project®™?.
The reduction rates of mercury contamination dif-
fered according to fish species, but even the Sting-
ray and the Silver Whiting, which were the last to
exceed limits, finally fell to below 0.4 ppm in 1994,
and currently the average value does not exceed 0.4
ppm in any fish species. After the lapse of ten years
(1994) from the completion of the dredging work,
the partitioning net was removed and commercial
fishing in the bay was resumed.

Putting aside the issue of whether a duration of
ten years (1987-1997) is long or short, the success in
lowering mercury concentrations in fish to within
allowable limits through the project, and the fact
that the regeneration of the previously fertile fishing
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grounds in Minamata Bay have emerged, should be
evaluated positively.

(3) To protect fishing grounds in the vicinity of
Minamata Bay

For a time, due to growing interest in environ-
mental pollution all over the country, the price of
fish caught in Minamata Bay and nearby fishing
area outside the bay declined sharply. Measures
were taken to prevent the spread contaminated fish
outside the bay, by isolating the bay fish from other
fish, in January 1974. In addition to the installation
of partitioning nets surrounding the port area, a 3
meter-high net was installed on the seabed with
sound emission equipment to assist in preventing
the migration of fish at the entrance to the waterway.

The fact that, due to the installation of partition-
ing nets and the prevention of migration of the bay’s
fish, the price of fish outside the bay was normal-
ized despite having once plummeted, shows that the
measures had a considerable effect in removing the
public’s fears and consequently protecting fishing
grounds in the vicinity of Minamata Bay. The meas-
ures had the effect of preventing the migration of
contaminated fish from Minamata Bay.

(4) To make possible the revitalization of pro-
grams utilizing Minamata Bay

The cargo handling volume in Minamata Port

grew at a faster pace before the project, and existing

facilities were cramped due to the lack of large

wharfs. The construction of new facilities, however,




was impossible because of the concern for secon-
dary pollution due to the construction work.

The Minamata Project expanded existing port fa-
cilities and constructed a new harbor with larger
wharfs using reclaimed land. This has contributed to
the expansion of economic activity in the region.

Minamata Bay has always been an area of scenic
beauty, and offers potential for tourism. Now it will
be possible to develop this potential and construct
new facilities at Minamata Bay and environs
without the fear of secondary pollution. The Mi-
namata Project can thus be said to have had a pro-
found effect on improving the environment, in terms
of the maritime utilization of Minamata Bay.

(5) To invigorate regional development utilizing
land reclamation

The reclamation site already serves as a quay, and
construction and preparations are underway for a
planned "Minamata Ecological Kenko (health)
Park.” Minamata has relatively small flat land. The
birth of a 58 hectare land area in the form of a re-
clamation site will have an extremely significant
impact as a nexus for the rehabilitation and recrea-
tion of the environment. The efforts to revitalize the
region through the construction of a reclamation site,
made as a product of the Minamata Bay Sludge
Treatment Project, are held in regard.

(6) To improve the image of Minamata-city and
Minamata Bay

Since the occurrence of the Minamata Disease,
the negative image of pollution has haunted Mi-
namata and stagnated. the local atmosphere.
Needless to say, the victims of Minamata Disease
continue to suffer from their disease. For the victims,
Minamata Disease is not a closed issue, nor has their
past been settled. However, the fact that commercial
fishing has resumed symbolizes that Minamata Bay
has become a "Sea of Life," bringing nature’s bounty
to the region. The beneficial effect of the Minamata
projects in rehabilitating the image of Minamata
City and Minamata Bay is significant.

Therefore, as six objectives of the project have
almost been brought to fruition, the hard work of

those involved in the ‘Minamata Bay Environment
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Restoration Project should be greatly appreciated.

4. DISCUSSION ON THE ENVIRONMENTAL
RESTORATION FORTHE PROJECT

It is important to determine a removal standard
when restoring a marine environment by removing
sediment. This is because the removal standard sig-
nificantly affects the effect and cost of such a proj-
ect.

The Japanese standard for sludge removal is de-
fined, to be such that there are no adverse effects on
the human metabolism if consumed, when the mer-
cury concentration in sludge is below the removal
standard, considering the safety factor(10~ 100).
Fig. 8 shows a flow chart of the factors affecting the
determination of a numerical removal standard.

When determining a removal standard, it is impor-
tant to deepen understanding regarding the various
phendme'na indicated in the flow chart. Therefore, in
this section we will consider the improvement of water
quality through the Minamata Project and the extent to
which mercury concentrations in fish were lowered.

The IPCS (International Programme on Chemical
Safety) describes how the ingestion of mercury-
contaminated seafood affects the human body. Hence-
forth the assumption will be that it is necessary that the
mercury concentration in fish is less than 0.4 ppm.

(1) Changes in mercury concentration of seawater

From the implementation to the completion of the
project, the mercury concentration in seawater was
found to be less than 0.0005 mg/L (0.5 £gL) which
was the detection limit at that time and also the
equivalent in the environmental standards. Mecan-
while, the mercury concentration in fish was gradu-
ally reduced as a result of the project. This was an-
ticipated to be becduse, although the initial mercury
concentration in the seawater was less than the detec-
tion limit and higher than normal level, it continued to
decrease gradually, thanks to the implementation of the
project.

According to William et al.'®), the concentration
factor of mercury in maritime fish is 1.7X10% It
may be estimated to be 1,000% according to the for-
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mula given in "Tentative Provisional Standards on
the Removal for Mercury-Contaminated Sludge". In
this case, if the supposition is made that the detec-
tion limit at that time of 0.0005 mg/L of mercury is
contained in the seawater (Mercury concentration in
Minamata Bay at that time might be much lower
than 0.0005 mg/L as shown in Table 3), the use ¢f a
concentration factor of 1,000 would mean that 0.5
ppm of mercury is concentrated in the fish, exceed-
ing the provisional limit of 0.4 ppm. In other words,
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the possibility exists that dissolved mercury, at lev-
els less than the detection limit, has an influence on
mercury concentration in fish. Hence, it is necessary
to estimate the effect of restoration through the de-
termination of a lower concentration than the detcc-
tion limit for mercury in seawater.

Because the direct measurement of such a low
concentration of mercury in seawater could not be
carried out at that time, the concentration was esti-
mated through the use of a bioconcentration process



Table 3 Mercury concentrations of seawater estimated from mercury concentrations in zooplankton

unit: 4 g/L

Survey period

Survey district No.11

Before Dredging (1974/8~1983/4) 0.029
During Dredging (1983/6~1987/12) 0.012
After Dredging (19922~ ) 0.005
14 g/1=0.001mg/L (L : liter)
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Fig. 9 Annual change in Zooplankton mercury concentrations (district No.11)

presented in this paper. The estimation was carried
out by using Zooplankton of which the intake rate
was fast and whose mercury load during a short du-
ration in the planktonic body can be estimated be-
cause of a rather short life (several months).

The mercury concentrations in Zooplankton (see
Fig. 9) in the survey district, No.11, shown in Fig. 3,
have been divided by a mercury concentration factor
of 33X 10" for marine invertebrates given by Wil-
liam et al.™® to estimate the mercury concentration

in seawater. The estimated values are displayed in -

Table 3. (The mercury concentration factor for
Zooplankton varies considerably between different
species of plank;on. Since the extraction of -only a
single species of zooplankton was difficult, there is
a limit to evaluating the accuracy of the mercury
concentration of seawater in this manner.)

Table 3 shows how the mercury concentration in
seawater, estimated from the mercury concentration in
Zooplankton, though less than the 0.5 « g/L limit, de-

creased throughout the project implementation period.

One phenomenon is the considerable decrease of
the fluctuation in mercury concentrations in zoo-
plankton in 1986, the year after the innermost area
of the bay —the sediment of which had high mercury
concentrations — was sealed off with a revetment (see
Fig. 9). This is thought to be due to the two effects
of,: a) isolation of the marine area with a high mer-
cury concentration by the revetment, and b) the iso-
lation and elimination of the tidal flats, where the
methylation of iﬁorganic mercury is thought to have
occurred.

Mercury concentration was the further decrease
and smaller fluctuation in 1988, the year after
dredging was completed (see Fig. 9).

These facts signify that the removal and treatment
of sludge had a considerable -effect on lowering
seawater mefcury concentrations in Minamata Bay.
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Fig. 10 Changes over the years in mercury concentration in the scorpionfish

(2) Thoughts on the actual conditions of the low-
ering of mercury concentrations in fish

Fig. 10 shows how mercury concentrations in the
scorpionfish (Sebastiscus marmoratus)have changed
from 1978 to the present. (The species of fish which
were the last to exceed the limit were the Stingray
and the Silver Whiting (see Table 2), but as no data
existed for these species from before the imple-
mentation of the project, in Fig. 10, the scorpionfish
was given as an example of a species in which the
time required for a drop in mercury concentration
was relatively long.)

As stated above, although the Minamata Bay
Sludge Treatment Project improved water and sedi-
ment quality, mercury concentration in the fish did
not lower suddenly, but lowered gradually with the
lapse of time. This was because it took time for
mercury to be discharged from the fish.

The monitoring of mercury concentrations in fish,
which continued even after the completion of the
sludge treatment project, revealed that in the later
1994, for the first time, concentrations fell to below
the provisional limit 0.4 ppm in all of the species.

In other words, seven years had to elapse after the
completion of the dredging operation before lower-
ing the mercury concentration in fish to the extent
below the provisional limit (see Table 2).

Mercury concentrations in fish within the bay are
thought to decrease in the two following ways.
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1) A reduction of the amount of mercury ingested
by each fish to a level below the amount
egested, due to the purification of the sea.

2) A decrease in the proportion of fish with high
concentrations of mercury, due to their death,
capture, or migration out of the bay.

The absorption of mercury by fish occurs rela-
tively rapidly, but no established theory exists for
the egestion rate of mercury. Nonetheless, it seems
that there is agreement on magnitude, i.e. that the
half-life of mercury in fish with high mercury con-
centrations ranges from several years to a decade.

This suggests the following: Purifying the sea
does not lead to an immediate decline in the mer-
cury concentration levels in fish; a certain time-
delay is inevitable. Therefore, the projects should
not be viewed skeptically because of the time-delay.
If Minamata Bay is taken as an example, even
though seven years lapsed after the completion of
dredging, the success in lowering the mercury con-
centration in fish below the objective of 0.4 ppm
should be accorded due regard. The effects of the
capture and disposal of contaminated fish also were
reflected in the lowering of the mercury concentra-
tion levels in fish. No definitions are madc here re-
garding the proportion to which the clean up of the
sediment contributed to the lowering of mercury
concentrations in fish. (It was considered that the
migration of contaminated fish to the open sea could




be minimized by installing partition nets and catch-
ing the fish inside the netted-area.)

As it is a significant aspect of the project to be
able to determine how many years is required for
the concentrations to be reduced, further studies are
necessary concerning the rate at which mercury is
dissipated from fish (biological half life of mercury),
and on the life-span of the fish.

Kumamoto Prefectural Government stepped up
the capture and disposal of contaminated fish in
1992. An examination of the measured values in
scorpionfish shows that the mercury concentration
in the fish after 1992 falls more rapidly than prior to
that year. This shows that direct action on the fish
— capturing and disposal of polluted fish (the
"ecological approach") —had an effect in lowering
the mercury concentration in fish.

(3) Simulation of Mercury Concentration in Fish
by Using of a Modeling Formula
a) Outline of simulation

To evaluate the effectiveness of marine environ-
ment restoration projects fu'rther, using a formula for
modeling changes in piscine concentration due to
the purification of the sea.

In the previous section, it has been stated that the
lowering of mercury concentrations in fish has a
time l;;g in response to the lowering of mercury
concentration in the water.

In this section, the changes in mercury concentra-
tions in fish through the reduction of mercury con-
centrations in seawater are studied. The conditions
for changes in the mercury concentrations in the
seawater were given, and an equation for estimating
changes in the mercury concentration in fish was
derived from a concentration factor and decrease
rate, or biological half-life, of mercury in fish.

b) Construction of the equation

As long as the mercury concentration in the
seawater is steady, the mercury concentration in fish
is also steady, to equilibrate with the rate of decrease
in mercury concentrations in the fish (half-life). In
this case, the mercury concentration in fish C; is
equal to the mercury concentration in water C,, mul-
tiplied by the concentration factor N as given in

Eci.(Z) and Eq.(3). However, if the mercury concen-
tration in the seawater has been lowered due to
sediment removal work, the mercury concentration
in fish decreases until equilibrium is reached. After
completion of the work (it is assumed that the work
is completed instantly after commencing), the con-
centration of mercury in the fish after a period of t
years is C(t). Assuming that the decrease rate for
the difference of C{t) and C is the first order reac-
tion as given in Eq.(4), and that the difference of
C(H) and C; at the time t=H(half-life) is shown as
Eq.(5). Then C{t) is equal to the remaining amount
after t years, i.e. the difference in mercury concen-
tration in fish before the work Cg and when equilib-
rium has been reached Cy, plus Cy., Eq(6).

C, =NXC,, )
C. = NXC,, 3)
d(C(1)-Ce)
- = AC-C) OF
C{H)-Cr. = (Co-Cre)x1/2 ©)
Ct)=C + (Co - G ) X2 ©)
Where
C(t): mercury concentration in fish after t years
(ppm),

C; :mercury concentration in fish before the
work has been completed (ppm),

C{H):mercury concentration in fish after H(half-
life) years (ppm),

Ci :mercury concentration in
equilibrium has been reached (ppm),

fish when

C., :mercury concentration in the water before
the work has been completed (mg/L),
C.. :mercury concentration in the water after the
work has been completed (mg/L),
H :decrease rate of mercury in fish (biological
half-life) (year),
N :concentration factor of mercury in fish
(concentration relative to seawater).

This can be schematically expressed as shown in
Fig. 11 (provided that C, is expressed by mg/L
because of mg/L = ppm).



If C;, = 1.0 ppm, C, = 0.2 ppm, H =1 year,

Immediately after 1 year 2 years 3 years
completion after after after
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Fig. 11 Schema of the formula

c) Parameters for estimation
Requisite parameters were set down as follows.
* Prior to completing the work concentration of
mercury in seawater, C,,, is constant.
Prior to completing the work concentration of
mercury in fish, Cy, is constant.
The mercury concentration in seawater is in-
stantly lowered to C,, by completing the work
and becomes uniform. The value of C,. is se-

lected appropriately in view of the mercury con-

centration in each fish species.

* The intake of mercury by fish is instant, and
the concentration factor N is 2,000 (based on the
concentration factor of mercury in fish proposed
by William et al.'*? of 1.7 X 10%). The relation,
mg/L = ppm, is assumed.

The concentration of mercury in fish after a peri-
od of t years, C(t), is affected by Cy, Cg, Cy; Cucs H,
and N for each fish species. In Minamata Bay, C{t)
and C, have been measured, but the other variables
have not been measured adequately (C,, and C,, for
each fish species, which are necessary for reliable
estimation, cannot be estimated because they are
lower than the detection limit. Information available
on the ecological habits of each fish species is now
limited). Mercury concentration in the benthos, whi-
ch is necessary for estimation of the influence of
food, has not been measured, either.

By reason of the above mentioned, assumptions
are required for the value of C,,,, C,. and N. Estima-
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tion was carried out using by this equations un-
wiltingly, because it is important to presume the
process for changing of mercury concentration in
fish.

d) Simulated Results on Decreases in Mercury

Concentration in Scorpionfish

The scorpionfish is one of the fish species that
showed high mercury concentrations before the
implementation of the project. The scorpionfish is
susceptible to mercury contained in the seabed
sediment because this species is highly sedentary
and dwells near the seabed.

Fig. 10 shows a curve representing changes in
mercury concentration in the scorpionfish. Based
on measurement results, by putting C;, = 1.0ppm,
C., is 0.0005mg/L since Cy/C,, = N = 2,000, here,
C.. was assumed 0.0001mg/L. The biological half-
life of mercury in fish, H, was calculated on 1, 2,3, 4,
5 years.

Note that the equation for the estimation takes
into account only the “reduction of the amount of
mercury ingested by each fish to a level below the
amount egested, due to the purification of the sea.
It is evident from the calculation results that the
mercury concentration in fish is gradually lowered.

According to the method of estimation, the de-
crease rate is reduced with the time, and hence the
curve of the rate of decrease in concentration forms
is a convex towards the bottom; the value asymp-
totically approaches, 0.2 ppm, which is C,. X N:
(0.0001 ppm X 2,000). The calculated results on
H=3 are fitted into mercury concentrations meas-
ured in 1989 and 1990.

However, an examination of the measured values
in scorpionfish shows that the mercury concentra-
tion in the fish after 1992 falls more rapidly than
prior to that year. Kumamoto Prefectural Govern-
ment stepped up the capture and disposal of con-
taminated fish from 1992. The difference between
the estimated and the measured values is thought to
be attributed to the effects from the capture of con-
taminated fish. .

This shows that direct action on the fish —
capturing and disposing polluted fish (the "ecologi-
cal approach") — is effective to lower the mercury
concentration in fish.
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e) Considerations on the Effect of Mercury Con-
centration in Sea Water on Mercury Concen-
tration in Fish
Equation (4) was used to examine the effects of

the mercury concentration in the seawater and the

rate of decrease in mercury concentration in the fish
after the project on the variation trend of the piscine
concentration. The piscine concentration before the
project, Cy, was assumed to be 1.0 ppm. The mer-
cury concentrations in the sea water after the project,

C.., of 0.0002, 0.0001, and 0.00001 mg/L, and the

rates of decrease in mercury concentration in the

fish (half-life H) of 1, 5, and 10 years were also as-
sumed. The changes of piscine concentrations thus

obtained are shown in Fig. 12. 1-Fig. 12.3.

One of the things Fig. 12. 1-Fig. 12.3 show is that
the time required for reaching equilibrium wvaries
considerably depending on the half-life. For exam-
ple, in Fig. 12.2, which shows the case of C,. =
0.0001 mg/L, the time required for the piscine con-
centration to decrease to a safe level (below 0.4
ppm) (expected duration for attaining objective T,[in
years]) is 2, 10, and 20 years, respectively. These re-
sults indicate that the half-life, which is thought to
be dependent on such factors as metabolism, causes
considerable variations of T, among fish species.

Examination of changes in mercury concentration
in each fish species reveals that if the half-life of a
fish species is 5 years, in the cases where the mer-
cury concentration in the sea water has been low-
ered to 0.0001 mg/L and 0.00001 mg/L, the time re-
quired for the piscine concentration to fall to below
0.4 ppm is about 10 and 7 years, respectively. How-
ever, in the case of the mercury concentration in the
sea water of 0.0002 mg/L, the piscine concentration
does not fall to below 0.4 ppm even after the lapse
of 20 years (in the case where the mercury concen-
tration in the sea water is 0.0002 mg/L and the con-
centration rate 2,000, the mercury concentration in
the fish is 0.4 ppm, which is theoretically lowest of
concentrations). This indicates, although it is quite
obvious, that when planning and implementing a
project for the purpose of lowering the piscine con-
centration, it is necessary to consider the concentra-
tion factors of the fish species involved and purify
the sea so that the piscine concentrations can be low-

_ered to below the target level.

Comparison of the rates of decrease in the two
cases involving the mercury concentrations in the
sea water of 0.0001 mg/L and 0.00001 mg/L reveals
that the values of T, for the two cases are about 7
and 10 years, respectively, and that despite the ten-
fold difference in mercury concentration in the sea
water, the difference in the rate of decrease is smaller.
This means that although the mercury concentration in
the seawater can be effectively lowered to a certain
level through the implementation of a project of a cer-
tain scale, an additional project of a greater scale will
not make much difference in the piscine concentration.
The 10-fold difference in the mercury concentration in
seawater will lead to a considerable difference in pro-
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ject costs.

From those mentioned above, the following con-
clusions can be drawn with respect to the planning
and implementation of a project aimed primarily at
lowering mercury concentrations in fish:

1) Mercury accumulation and egestion character-
istics of a fish species are greatly affected by
such factors as the habitat, feeding habits, and
metabolic characteristics of the species.

2) The rate of decrease in mercury concentration
varies widely depending on the characteristics
(especially Cg, and H) of the fish species con-
cerned. When considering the expected dura-
tion for attaining objectives (T,), therefore, it is
necessary to conduct a study for each fish spe-
cies in order to identify which fish species is
critical.

3) T, is infinite unless the mercury concentration
after the project falls to below a certain limit.
Achieving higher water quality (i.e., a mercury
concentration much lower than a certain limit)
will make T, shorter, but too high of a water
quality standard is not very effective in shorten-
ing T.,.

4) From the example above, it can be concluded
that in order to shorten T, effectively or mini-
mize the project cost, it is important to make
use of an appropriate combination of the tech-
nological approach of purifying the sea by
means of sediment removal, etc., and the
ecological approach including the capturing
and rejecting of contaminated fish. The project
cost can be reduced significantly by removing
sediment containing mercury concentrations
exceeding a certain limit, which is determined
as a limit to lower the concentration of the al-
most fish species to 0.4 ppm in view of factors
such as chemical form changes of mercury and
the dissolution rate of mercury, and by inten-
sively capturing and rejecting of specific fish
species of which. mercury concentration is
critical (giving accumulation and egestion).

(4) On the removal standard of 25 ppm at Minamata
The removal standard affects directly and pro-
foundly both the cost of the project and the effec-

tiveness of the project. The Minamata Bay sediment
removal standard was determined by the formula,
Eq.(2); it was decided to dredge sediment containing
more than 25 ppm of mercury at a total cost of ap-
proximately 48.5 billion-yen. The formula handled
numerous variables using a safety factor, and now
that experience has been gained from the Minamata
project, several problems regarding the formula can
be pointed out.

The mercury concentration in the fish fallen be-
low 0.4ppm in seven years, and resumption of the
commercial fishing was in ten years after the com-
pletion of the dredging work. This fact supports the
suitability of the value of 25 ppm. It can also be said
that this figure will be used as a guideline for
sludge-removal in other contaminated sea areas.

The value, used for Minamata Bay (25ppm),
should be regarded as a range of standards whereby
proposed projects can compare the conditions of
their sea areas to those of Minamata, and arrive at
an appropriate removal standard. On the basis of the
comparison and taking the results reported here into
consideration, changes in mercury concentration in
each fish species should be predicted, and a removal
standard should be determined accordingly.

5. CONCLUSIONS

Based on observed data on the quality of the envi-
ronment before and after the Minamata Project, this
paper has made a post-project evaluation of the
project, studied the state of the environmental reme-
diation.

In the study, the following were clarified:

1) While improvement of the environment is the fore-
most purpose of environmental restoration projects,
it is also important to, through the projects, help the
economic and societal rejuvenation of a region ad-
versely affected by a deterioration of thc environ-
ment.

2) Even if most of the mercury in sediment is mer-
cury sulfide, not readily dissolvable in water, the
removal of contaminated sediment has an effect
on the improvement of the water quality.

3) Even if the removal of sediment is carried out,
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the mercury concentration in contaminated fish is
not lowered immediately; there is a time lag of
several years to.a decade. In order to estimate the
time lag in advance, it is necessary to carry out
ecological research on the biological half-life of
mercury in fish and on the generation time of fish.

4) In order to promote the lowering of mercury con-
centrations in fish, it is effective to pursue an
ecological approach, involving the capture and
elimination of contaminated fish, in addition to
the engineering approach, i.e. the removal and
disposal of contaminated sediment.

S) The’ determination of a removal standard is an

important factor in the removal of sediment. In

future similar projects, the removal standard of
the Minamata Project, 25 ppm, should be of refer-
ence. Changes in mercury concentration in each
fish species should be predicted, and a removal
standard should be determined accordingly.
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