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In 1977, the Minamata Bay Pollution Prevention Project was initiated to dispose of sedimentary sludge
containing over 25 ppm of total mercury (T-Hg) after the outbreak of Minamata Disease. The sediments
containing the high concentration Hg were dredged, but nevertheless, the residual Hg in Minamata Bay has
attracted much attention. Moreover, some studies have even indicated that the Hg remaining in the sedi-
ments near the bay has migrated to the Yatsushiro Sea.

In this study, the vertical distribution of mercury concentration across sediment layers at different sites
was investigated. Developed numerical modeling was used to evaluate the impact of sediment particle size
on the migration of Hg-containing sediments from Minamata Bay to the Yatsushiro Sea as well. According
to the results, mercury migrated from Minamata Bay to the Yatsushiro Sea, where the mercury migrating
to the southwest of the Yatsushiro Sea is more concentrated. Additionally, there were significant differences
in mercury concentrations at various depths and locations. The total mercury content varied with the particle
size. The migration of mercury-containing sediments with larger particle size was slower and the migration
range was limited.
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1. INTRODUCTION environment®. The total mercury content in the sedi-
ments of the Minamata Bay area was measured from

An acetaldehyde-producing factory released mer- 2002 to 2010%. It was found that the amount of dis-
cury-contaminated sewage into Minamata Bay from  charged mercury remaining in the contaminated layer
1932 and continued for more than 30 years until ~ Wwas estimated to be 750 + 290 kg. In 2012, a detailed
1968Y. The mercury accumulated in the sediment, bi-  survey of mercury concentrations in sediments at the
oaccumulated in fish and shellfish, and led to the Mi-  bottom of Minamata Bay was conducted”. The total
namata Disease®>. To get rid of sedimentary sludge  quantity of mercury was calculated to be 3.4 tons and
with over 25 ppm of mercury, the Minamata Bay Pol- 2.3 mg/kg dry weight basis in the bottom sediments
lution Prevention Project was started on October 1st, ~ of Minamata Bay, respectively. Moreover, it was
1977%. After the remediation project, the mercury  suggested that the mercury that remained in Mina-
concentration was significantly decreased. However, ~ mata Bay migrated from Minamata Bay to the Yatsu-
the residual mercury concentrations remained 10  shiro Sea®. Therefore, the vertical distribution of T-
times higher than the background level of the natural ~ Hg in the Yatsushiro Sea is considered extremely im-
portant. In addition, mercury is mainly concentrated



in sediments and migrates along with the sediments.
The sediment acts as a record of deposition, and its
geographic distribution of mercury could indicate the
temporal behavior of discharged mercury”. There-
fore, the prediction of mercury migration based on
sediments was regarded as an effective way.

In our previous study, a numerical model, regard-
less of particle size effect, was established to simulate
the transport of bottom sediments from Minamata
Bay to the Yatsushiro Sea!?. However, the different
particle sizes of sediments may influence gravity-in-
duced sedimentation and cause various specific sur-
face areas that result in different amounts of absorbed
mercury. Hence, in the present study, we investigate
the vertical distribution of mercury by measuring its
concentration across sediment layers at various sites.
In addition, the effect of sediment particle size on the
migration of Hg-containing sediment from Minamata
Bay to the Yatsushiro Sea is also analyzed by numer-
ical simulation.

2. METHODOLOGY

(1) Sample Collection and Processing

In this study, the sediment samples were collected
from the Yatsushiro Sea using a gravity core sampler
in August 2017. The sediment sampling points are
shown in Fig.1. Each core sediment sample was di-
vided into sections with lcm thickness (Fig.2) and
then kept in an ultra-low freezer (< -80°C) for stor-
age. Two continuous lcm sediment sections were
mixed to provide an appropriate sample volume.
Heat-shrink tubing (50 cm) was progressively rolled
to create a tube with a diameter of 14 mm on a hot
plate at 110°C. After one end of the tubes had been
sealed off with a rubber stopper, the pre-prepared
sediment samples were put into the tubes. Thereafter,
the dispersion solvent (glycerin/ethanol, 1:2 v/v) was
poured into the tubes as well. Then, the tubes should
be covered with another rubber stoppers. After that,
the samples were shaken by hand for 1 min and then
allowed to rest in a refrigerator (4°C). After two-
week resting, the samples were solidified by liquid
nitrogen and then cut into 5 mm sections (Fig.2). The

process is the same as the previous paper'".

(2) Sample analysis

Each sediment section was divided into two parts:
One was used for the total mercury analysis, while
the other was for particle size distribution analysis.

For the total mercury analysis, a technique devel-
oped by Akagi and Nishimura'? and improved by
Akagi et al.'® was used to measure the T-Hg concen-
tration in the sediments, where the cold vapor atomic
absorption spectrometry (Hg-201, Sanso Seisakusho
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Fig.1 The location of sediment sampling points.
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Fig.2 The processing of sediment samples.

Co., Japan) using SnCl, as a reducing agent. Before
sample analysis, the impurities (e.g., stones and small
pebbles) in the sample were firstly removed by man-
ual and sieving method, and the samples were thor-
oughly mixed. Besides, the analysis of the T-Hg con-
centration of the sample requires the determination of
the water content of the sediment. In this experiment,
the measurement of the sample's water content was
as follows: drying it at 105°C for 24 hours in a con-
vection oven, then determining the difference in sed-
iment mass between the two measurements.

For particle size distribution analysis, the samples
were put in plastic bags and kept in an extremely cold
freezer (<-80°C). Water in the sediment samples
needed to be eliminated prior to particle size analysis.
The sediments were dried overnight in a circulating
dryer at 105°C. After drying, the impurities (e.g.,
small pebbles and stones) of the sample were re-
moved by hand, and the samples were thoroughly
mixed. Finally, a laser diffraction particle size ana-
lyzer (SALD-3100, Shimadzu Corporation, Japan)
was used to measure the particle size of sediment
samples.

(3) Numerical model

Our numerical model was established based on
Delft3D (hydrodynamic model of a coastal region).
The calculation domain in the model was defined to
contain both the Yatsushiro Sea and the Ariake Sea
(Fig.3). In the horizontal direction, the variable grid
established by Fathya et al.'¥ was utilized, where the



grid accuracy of Minamata Bay, and its surrounding
regions is up to 62.5 m, whereas the grid accuracy of
places further from Minamata Bay is 125 m and 250
m, respectively. The vertical grid adopts the 6 coor-
dinate system and is composed of five layers, each
having 20% of the total depth. Only the 4 main tidal
components (M2, S2, K1, and O1) are modified for
amplitude and phase in the open boundary condition
(Kabashima Suido-Akune). The results of the tide
measurement by Yano et al.'> were used to calibrate
the harmonic constants. Freshwater inflows come
from 8 Class A rivers, 9 Class B rivers, and the north-
south discharge gates of the Isahaya Sea Dyke. Class
A river flows are derived from hourly flows meas-
ured at monitoring stations. The discharge of each
Class B river is estimated based on the ratio of the
catchment area to the adjacent Class A river. The in-
itial bottom sediment thickness was set to 1 m only in
Minamata Bay (the area shown in the red box in Fig.
4), and the initial bottom sediment thickness was set
to 0 m elsewhere.

The erosion rate parameters determined by Chi et
al.'9, which were obtained based on in-sifu measure-
ment, were used. Regarding the selection of different
graded particle sizes, we consider using the particle
size corresponding to the maximum mercury concen-
tration at each sampling point and the particle size
with the most distribution. There are two considera-
tions for this choice below: (a) The particle size cor-
responding to the maximum mercury concentration:
This particle size is significantly affected by the mer-
cury discharged from Minamata Bay and may mi-
grate faster and more widely. (b) The most widely
distributed particle size: This particle size is the pri-
mary particle size in the process of mercury discharge
from Minamata Bay to the Yatsushiro Sea. The par-
ticle sizes corresponding to the maximum mercury
concentrations at different sampling points and the
average particle sizes with the largest particle size
distribution are shown in Table 1. Except for the par-
ticle size corresponding to the maximum mercury
concentration of YS49, the other particle sizes are all
distributed from 7 pm to 9 um, and the numerical val-
ues are relatively small (Table 1). For better evaluat-
ing the effect of particle size on migration, the parti-
cle sizes including 7.3 um, 8.6 um, 9.8 um, and 57.9
um were selected for simulation analysis.

According to the Shields formula,

U.?
L7 s — )
(E - 1) gdm
and shear velocity formula,
TCT' e
Uic = :
c= @)

The critical shear stress was calculated according

Journal of JSCE, Vol.11, No.2, 23-17139, 2023.

[
% ”,
33715 l Class A river K R ,/
~\1 Class B river Rokkaku R\_i\a_?e -F-FChikugo R
& N O
5 shiotaR. , .~ =V
Kajima R. =, E /YabsiR:
. ) FSekiR.
33°00° L
Issg‘%ﬁe . Kikuchi R.
P""r N "
e & '_ETsl.!boi R.
32°45' JrpaT b :: *;9 |'Shira R.
& -
7 & 7 MidoriR.
T g - _~"Hikawa R.
gl * 3 ./ Ohtsubo R.
32°30' 'é i L . (“®=Kuma R
5 i Amakusa ‘\*
{ Islands iy
» &
LA/ é‘ { Sash|k|R
q" Yunoura R
32°15' @ ¢
: 4L ‘ . Mmamata R. N
' i
32°00'f} T Akune ™, 0 km 10 km
129°45' 130°00" 130°15' 130°30" 130°45'
Fig.3 The calculation domain of the model
IS 00 Y
f P 7% R
Amakusa \’\, »
Islands P
§

32°20' 7

32°15'

f
) Nagashima

32°10 Islands 3

51
130°10" 130°15' 130°20' 130°25'
Fig.4 Initial sediment distribution setting

to the formula as follows:
o
Tere = (E - 1) pgme*C 3)

where zxcis dimensionless critical tractive force, Usc
denotes shear velocity, o respects particle density, p
is water density, d, respects median grain size of sed-
iment core samples, g is gravity acceleration, and ...
is the critical shear stresses for erosion.

The sedimentation rate of suspended particles can
be obtained by the following Rubey formula:

36
#—1)51 / R f @)

— 1) g D3
* - 172 (5 )
where wy respects the sedimentation velocity, o; is
particle density, D is the median grain size, g respects
gravity acceleration, and v donates the kinematic vis-

cosity coefficient.



Table 1 The representative particle size of different sampling

points
The particle size cor- The particle

Sampling responding to the size with the

point maximum mercury | most distribu-

concentration (pm) tion (pm)

YS8 9.6 8.5

YS15 8.6 8.6

YS16 8.0 9.4

YS17 8.2 8.4

YS18 9.4 9.5

YS28 9.8 9.6

YS39 7.3 7.7

Y S49 57.9 7.5

Table 2 The critical shear stresses 7o~ and the sedimentation
rate of different particle sizes

Particle The critical shear | The sedimenta-
sizes (um) stresses (Pa) tion rate (m/s)
7.3 5.8x107? 4.8x107
8.6 6.8x107 6.6x107
9.8 7.8x107 8.7x107
57.9 4.6x1072 3.0x107

The critical shear stresses 7. and the sedimentation
rate of different particle sizes are shown in Table 2.

3. RESULTS AND DISCUSSION

(1) Vertical distribution of mercury in bottom sed-
iments

Fig.5 describes the vertical distribution of mercury
in sediments at different sampling points in the
Yatsushiro Sea. Comparing the results at various
points, in the horizontal direction, the T-Hg concen-
tration gradually decreased from Minamata Bay to

YS28 YS39
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the northeast and southwest of the Yatsushiro Sea, in-
dicating that mercury migrated from Minamata Bay
to the Yatsushiro Sea, consistent with the previous
numerical simulation results'”. At sampling point
Y'S28 which is closest to Minamata Bay, the mercury
concentration increased rapidly from the surface
layer to the depth of 9 cm, and then decreased rapidly.
Its dramatic change reflects the human intervention
on mercury-containing sewage discharge and control.
In other words, the T-Hg of sediments far away from
the surface layer (depth >20 cm) is considered close
to the background value due to no disposal of mer-
cury-containing sewage. With continuous mercury
pollution, the mercury concentration in the vertical
direction increased distinctly (9 cm<depth<l2 cm)
whereas, and sharply reduced when stopping the
swage discharge and carrying out the mercury-con-
taining sediment dredging (depth<9 cm). At points
YS39 and YS18, where there is a certain distance
from Minamata Bay, the high mercury concentration
at a certain depth indicated that the mercury dis-
charged into Minamata Bay had migrated to the
northeast and southwest of the Yatsushiro Sea as
well. It should be noted that the different changes be-
tween those two sampling points were considered
due to the change of sewage outlet in 1958. At YSS8
and YS17, similar T-Hg concentration changes in the
vertical direction were obtained, that is, the mercury
concentration remained stable from the surface layer
to 8 cm deep and decreased rapidly after the depth
exceeded 8 cm. However, although the point YS8 is
farther away from Minamata Bay, its higher T-Hg at
the same depth compared to YS17 may cause by the
geomorphic effect. At points YS16, YS15, and YS49,
the mercury concentration was relatively stable as
well as low. As the distance from Minamata Bay in-
creases, the amount of migrated mercury becomes
smaller. Moreover, the mercury concentration at
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Fig.5 The vertical distribution of mercury in bottom sediments



YS16 and YS15 is significantly higher than that at
YS49, indicating that the mercury migrated to the
southwest of the Yatsushiro Sea and is more concen-
trated. This was mainly because the mercury in the
southwest of the Yatsushiro Sea could not migrate to
a wider area due to the impact of the closure of the
islands, while the northeast of the Yatsushiro Sea had
a wider range of migration, and the mercury was
more dispersed with lower concentration.

(2) Relationship between particle size and total
mercury concentration

The relationship between particle size and total
mercury concentration is shown in Fig. 6. At point
YS28, the particle size is in a minor range from 6 um
to 25 um, suggesting there is no significant change in
particle size, subsequently resulting in an inconspic-
uous relationship between T-Hg concentration and
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particle size. Except for point YS28, the total mer-
cury concentration at various sampling points was in-
versely proportional to the particle size of the sedi-
ments. Overall, with the increase of particle size, the
T-Hg decreased gradually. It completely demon-
strates that particle size has a great influence on the
distribution of T-Hg. The smaller the particle size of
sediments, the larger the specific surface area, which
provides more effective sites for mercury absorption.
On the other hand, the migration speed of sediments
with smaller particle sizes is considered higher be-
cause of the gravity effect, leading to a higher amount
of Hg accumulation. Therefore, sediments with small
particle sizes have a high T-Hg concentration.

(3) Migration simulation of different particle sizes
Fig. 7 depicts the effect of particle size on the sed-
iment migration simulation, where the particle sizes

YS28 YS39 YS18 YS8
1800 1800 1800 1800
e y=163.38In(x) y = -78.97In(x) + 776.93 y =-100.5In(x) + 997.4 y = -90.62In(x) + 747.55
1500 .  +319.55 1500 | R?=0.1126 1500 R?=0.1358 1500 | R?=0.1539
R?=0.0078
51200 ’; . 51200 > 51200 51200
£ 900 X € 900 ] ) £ 900 2
£ X £ = £ 900 oo
3 Wy 5 L . 5 o ’Qg 5 -
600 A K600 [ o = [ - 3 3
ﬁ., Ry i T AP *.“ . .,_E F 600 ..*n.'. ,.-_{:.*.“
L e L A 0% o
300 ... 300 -, gi. 300 300 b I
. -
o I I I o 1 1 1 0 1 1 1 0 I I n
1 4 16 64 256 1 4 16 64 256 1 4 16 64 256 1 4 16 64 256
D50(um) D50(um) D50(um) D50(um)
YS17 YS16 YS15 YS49
1800 1800 1800 1800
y = -41.63In(x) + 490.15 y = -71.52In(x) + 750.21 y = -83.5In(x) + 810.05 y =-19.29In(x) + 289.1
1500 | R = 0.0742 1500 | R? = 0.5742 1500 R® = 0.4452 1500 | R2 =0.0931
51200 5 1200 5 1200 5 1200
£ 900 2 2 2
5 5 900 5 900 . 5 900
1 v . O Ld O
= 600 “". . . E 600 i,;...-‘ 25, E 600 ?—'—-....._____.“: ., E 600
chve. s . .. . .
300 ey 300 I B 300 . 300 .. ‘.’.a"'-.' o 2
. & . .' J-p
(1] L L L 0 " 0 N N N 0 N N h
1 4 16 64 256 1 4 16 64 256 1 4 16 64 256 1 4 16 64 256
D50(um) D50(um) D50(um) D50(um)
Fig.6 Relationship between particle size and T-Hg concentration
8.6um (after 2 month) . 9.8um (after 2 month) 57.9um (after 2 month)
45| 45| ;" 45|
40 40 J 40|
1 1 t E 1
E E 35 E 35 ;:“ g 35 X;05
1-7 E 30 :a'; 30 4 :_; 30|
£ EPY £ o H M
b Tt T 25 § 2
g - ) : § s
> >20 >20 [ > 20 _
h £
15] 15 - 15 2 ¢
L8
‘"30 35 - 40 5 5 60 65 1"30 35 40 5 55 60 65 ‘"30 35 40 45 50 55 60 65 4l\n 35 5 60 65 1 ‘E
X coordinate (km) = X coordinate (km) — X coordinate (km) = X coordinate (km) = g
0=
7.3um (after 4 month) . 8.6um (after 4 month) 9.8um (after 4 month) 57.9um  (after 4 month) K
“ “ n
o 1=
* "v‘v .t: ‘é‘ “ A i 4 nAyt “ gy "":" g “ 2 §
40 o (l 40 "f‘"-'r'n 1 a0 N j w 5
. o ; T 3 < K 3 g
TE J Gk A é’ T J‘ o * T {‘i\ 1 S
2 2 30] L 230 2 30|
E R g H
% § 25 -_L “: ‘4 g 25 '§ 25 5
- =20 2 - >

é.

3

=2 15

10

30 35 40 45 50 55 60 65 0 35

60 65 0
X coordinate (km) —

5!
X coordinate (km) —

35

60 65 30 35 60 65

40 45 55 40 5!
X coordinate (km) — X coordinate (km) =

Fig.7 Numerical simulation of the migration of mercury-containing sediment



of sediments were 7.3 um, 8.6 um, 9.8 um, and 57.9
um, respectively. When the particle size is smaller
than 10 pum, the Hg-containing sediments first spread
to the area around Minamata Bay, and then gradually
transported to the northeast and southwest of the
Yatsushiro Sea. Compared to the small particle size,
the migration speed and scale of Hg-adsorbed sedi-
ments with big particle sizes were smaller. For parti-
cle sizes of 57.9 um, the Hg-containing sediments, a
certain amount of erosion and accumulation of sedi-
ments occurred only in Minamata Bay. It should be
noted that sediments with larger particle size are con-
sidered to migrate over a long distance with relatively
long time. In other words, for such larger particle size
sediments (57.9 um), it may take many years to mi-
grate to the Yatsushiro Sea, which is also consistent
with the fact that the larger particle size sediments in
the Yatsushiro Sea are less abundant. Overall, the
smaller the particle size of the sediment, the faster the
migration speed and the wider the migration range.
Once the particle size exceeds a certain value, the mi-
gration of the sediments becomes extremely difficult.
The gravity-induced high weight caused by particle
size hinders sediment transport.

6. CONCLUSIONS

This study investigated the vertical distribution of
mercury by measuring its concentration across sedi-
ment layers at different sites. Based on the T-Hg con-
centration changes, the transport of mercury from
Minamata Bay to the Yatsushiro Sea was confirmed,
and the mercury migrated to the southwest of the
Yatsushiro Sea is more concentrated mainly due to
the geomorphic effect. Moreover, there were signifi-
cant variations in mercury levels at various depths
and locations.

On the other hand, the total mercury concentration
decreased gradually with the increase of particle size.
Considering the effect of particle size, our previous
numerical model was developed for predicting the
mercury migration from Minamata Bay to the Yatsu-
shiro Sea with time. The smaller the particle size of
the sediments, the faster the migration speed and the
wider the migration range, while the migration of the
sediment exceeding a certain particle size becomes
quite difficult.
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