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l. Introduction: [ZL&I(Z

* Low level mercury(<10ppm) contains in bottom

sediment in Minamata Bay.
KRETIE, MELEGKER(<L0ppm)AEEIZEEN TS

It was confirmed that this mercury has been
spreading in the southern Yatsushiro Sea.

o, \NEREESALN>TLASIENHERIN TS

* It is considered that rest of useful life of sheet pile
cell used for the reclamation may be approx. 20

years.
IRIRIEESEXRICHBITAEIMICFEREIN =XKL DM AFEHHNTEY
F20FEREELEHLN TS

NIMD Forum 2010, S.YANO, Kyushu University



g\\i//g KYUSHU UNIVERSITY

l. Introduction: [ZL&I(Z

 |n addition, it Is necessary to evaluate the effect of
global warming on the mercury fate.
So(2, HEKREIEDRBKBINE~NDZELFTEI IDLENDHD

« Under these circumstances, development of
numerical model for mercury fate in coastal
environment is required from a perspective
understanding mercury behavior and risk
management.

INLDKRRATT, MERBEKEBDEREREZ PRI HELPIRIEED
Ao, MEETILORENKROHLONTINS

NIMD Forum 2010, S.YANO, Kyushu University



g\\:{//g KYUSHU UNIVERSITY

Il. Outline of our research process(1):

K ROHARDRN(L)

2001-2005:

* physical oceanographic features by in-situ
measurement

-tides, currents (tidal current, density current, drift
current), wave, stratification (salinity & temperature),
SS flux

B YEFIECET AR MR

B, R GRR, BER, WaER), KR, BE(RHLKIR), iFilEE
BAYMIoVIR

NIMD Forum 2010, S.YANO, Kyushu University
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Il. Outline of our research process(2):
HKRDODHARDIRN(2)

2003-present:

« water quality and mercury profiles by monthly/weekly
water sampling

-nutrient (N, P), TOC, MMHg, THg

ﬂﬁihlif&ﬂ@?ﬂknﬂﬁl FHIKEEKERD 7
RERE(ER, YA), RFR=E, *FILKIR, 2KIR

« correlation between mercury and water quality/
stratification condition

JKEREKE - BIRREE DAEES

NIMD Forum 2010, S.YANO, Kyushu University
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Il. Outline of our research process(3):
HRDPFAEDFTRAL(I)

2006-present:
« development numerical model for hydrodynamics

-2Dmodel, 3Dmodel
REETILORFE — 2RT, SKTETIL

2009-
« development numerical model for mercury fate

-3Dmodel
KEBENEEETILDRAFKE — SRITETIL

NIMD Forum 2010, S.YANO, Kyushu University



¥, KYUSHU UNIVERSITY

I1l. Review of numerical models: #{EE®TILDLE 21—
- 1st generation model #it##{EFIL -

B box model RyIR-ETIL
- Officer and Lynch(1989)
B 1D model 1:kzTETIL
- Turner and Lindberg (1978) : river environment Gr]JI[)

B Mercury cycling model k#RgEzEETIL
- Hudson et al.(1994),Leonard et al.(1995),
Gbound-Tugbawaé&Driscoll(1998), etc.
in freshwater environment ;X KFDETILHKFE

NIMD Forum 2010, S.YANO, Kyushu University
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I1l. Review of numerical models: #2{EE€TILDLE 21—
- 2nd generation model 2t {EFIL -

- Transfer across control volume surface
Key to processes

Bale (2000):
—P - Cycling within contro! volume Atmosherlc R-reducton
B Clear Lake model - aseiae oy

Clearitl €T L T
B 2D unsteady model e [y ‘n‘v_“’wiiw
EIZ ﬁ 2 ;k jTL_a QIEJ:I_E I:IJ%LI £ 7__\\} l/ g elloms) Demmo.n. . Db s Daposmmcau Torms)
*application for only water column | oo O Do | F

| Dispersion .
1 P rosion /. Dispersion

ik
i1 \ / _'%'}' - ";::3" %
- fiE ’

(ERIXKIFEIZDLNTODH)
B sediment-water and air-water
exchange modules
Fgﬁ . 7}(%@&*@%:)1_)[/ [Bale(2000):J.Env.Engrg. 126(2)]

B Dbiogeochemical and food chain module
AWK IEF R - RMEHKIREREED 21—

NIMD Forum 2010, S.YANO, Kyushu University
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I1l. Review of numerical models: #2{EE€TILDLE 21—
- 2nd generation model F2##KETIL -

Sirca et al. (1999):

B 2D unsteady model 2xtIEEEETIL

B Hydrodynamic module fR&xAZED 21—
B sediment transport module E&#ZEED1—IL
B mercury cycling module kEEFHEEETS1—IL

sedimentation
5 deposition (atm.)

STATRM _ oy Vi

ADVECTION-DISPERSION MODEL FOR

methylation
reduction
demethylation

NON-CONSERVATIVE POLLUTANTS

A | Soéa river
L] \_7 sea currents
_— =
MIKE 21 MT ~ winds
tide
SEDIMENTATION MODEL Soda river

PCFLOW2D-HD
HYDRODYNAMIC MODEL

[Sirca et al. (1999):Env. Model. Soft. 14]

NIMD Forum 2010, S.YANO, Kyushu University
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1l. Review of numerical models: #{EETIILDLE 1—
- 3rd generation model #E3#rEFIL -
Rajar et al.(2000), Rajar et al. (2004), Zager et al. (2007):
B 3D unsteady model 3xTIEEEETIL
B Hydrodynamic module fR&xAZEED 21—
B combined with sediment and air-water exchange modules
EEEDA—IILEKKRERBED A —ILEDHES
B biogeochemical module A#thekibFrI/KEEEIREES 21—
: first order transformation (1 X%t TXIT)

ater hang:
deposition o
PCFLOW3D water model ‘
dry wet
air-water exchange \M
methylation
Hg MODULE demethylation g demethylation
PCFLOW3D-HG rec::ctiion M m ﬁWﬁo_n’
oxidation reduction
A-D MODEL FOR MERCURY sedimentation v
(transformations and fluxes) E TS
oxidatiol
5 ttiing & @ seftling &
r 5 e =/ 5 | || resuspens ion
I | river loads uspenss decay g ; decay P
g - Seacurrents = gl %
PCFLOW3D-ST ol " sea bottom processes settling T| |settling
> g bottom layer|release
SEDIMENTATION MODEL ] |
PCFLOW3D-HD W Sesohes
thermohaline forcing [l particulate
HYDRODYNAMIC MODEL ‘“.';"d“ @ plankton
tide [] gaseous

river inflows)

[Zager et al. ((2008):Marine Chem. 107] NIMD Forum 2010, S.YANO, Kyushu University
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V. Computational Results of Particle Tracking (1)
*ﬁ%iﬁﬁﬂ]‘%"’ﬁ@%fﬁﬁf%(l) [Tai&Yano,2007]

JT/ W

R eVl

Initial Condition (¥ #i5{4) After 3 days (3B #)

NIMD Forum 2010, S.YANO, Kyushu University
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V. Computational Results of Particle Tracking (2)
*ﬁ%iﬁﬁﬂ]‘%"’ﬁ@%fﬁﬁf%(Z) [Tai&Yano,2007]

After 5 days (5B %) After 10 days (108 #)

NIMD Forum 2010, S.YANO, Kyushu University
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V. Computational Results of Particle Tracking (3)
RAFEMETEDETERKEEQ) [Tai&Yano,2007]

E water in MB can spread
overall YS for 1 month
In barotropic condition

IKEZDEKIE, EREBEE
TlX17AT/\KiBEEKIZHE
m3.

NOTE: This result dose
NOT mean sediment in
MB can spread overall
YS.

AR COFRIIKEEDEERN

I\NRBEEANLA>TNSS
After 30 days (308 %&) &;u,-k ﬂ:@\t{iuﬁ

NIMD Forum 2010, S.YANO, Kyushu University
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V. Problems of existing numerical models for
application to Minamata Bay:

BESIEETIILOKRE~DERIZEITHREER

B need to use c-coordinate system due to very large
tidal range(>4m)

BN KEWN-OOERREFERAT IVLENHD.

B tidal flat modeling
FRETIL

B evaluation of freshwater inflow rate
RIKMAZEDIRTE A

B mercury attached various sediment (mud — sand)
PRRIGEE GE~) 21 E LT=/KER

NIMD Forum 2010, S.YANO, Kyushu University
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VI. Brief description of our new model(1): _

FLWLWETILOEQ)

Ariake Bay (HBAiE)
area (kM%&) 1,700km?
(18km wide, 96km long)
mean depth (FE7K %) : 20m

Yatsushiro Bay (J\ X&)

area(&RMEFE): 1,200km?
mean depth (FF57Ki%E) : 22m

Computational domain (Gt & f815)

&
N
N
$
)
3

A Lo Minamata

O :tide measurement point

| |
129.833 130.000 130.167 130.333 130.500 130.667
NIMD Forum 2010, S.YANO, Kyushu University
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VI. Brief description of our new model(2):
FLWLWETILOE(2)

DELFT3D:

«  o=grid in the vertical (c-FE1E %)

«  highly resolved horizontal grid (G {&EKFES1)VR)
(0.1° x 0.1° app.Ax=250m)

sub-grid scale model: horizontal (SGSET /L : /KF)

« k-eturbulence model: vertical (k-e¢ELFRETIL:$RE)

 tidal flat: dry-wet process(FiEETIL)

«  hydrostatic approximation (&%7KEuT{Ll)

. f-plain approximation (f S E ¥ {LL)

«  forcing with 40 tidal constituents (40f 5 12k &%)

NIMD Forum 2010, S.YANO, Kyushu University
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o-grid system: o-FEEIZ R i

x-z? F'HEI X-0. E FHEI
X-Z Space X-0 Space
* * * Z_U(X,y,t) 2_77

X =X Y =Yy,t =t o= =—
H(x,y)+n(x,y,t) D

¥, KYUSHU UNIVERSITY NIMD Forum 2010, S.YANO, Kyushu Universit
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Basic Equations(1): ZE#EAER (1)

3D-RANS(Revynolds-Averaged Navier-Stokes) eqs. (RANSHFE )

PP v wd 1P
ot OX oy 0z

8—V+U 8_V+V6_V+W8_V+ fu :—E@-l-
ot OX oy 0z

W gW W Ntk

a o ox oy @
Continuity eq. (E#ED )

op , oY), apV), o) _
o x| oy | e

State eq. for density (ZEDIKEHIER)

p=p(S,T)

\¥2 KYUSHU UNIVERSITY

NIMD Forum 2010, S.YANO, Kyushu University



W, KYUSHU UNIVERSITY

Basic Equations(2): 2 AER(2)

Advection-Diffusion eq. for salinity: &% D& 5 FE =

§+U§+V§+W 0> = g FSX+£FSy+£FS
OX oy oz OX oy o/

Advection-Diffusion eq. for heat: 7K;8 (ZV) D #gi %k A2

a—T+Ua—T+Va—T+W o = g FTXngFTy+£FTZ+ST
OX oy 0L  OX oy o/

1 dg_  a - B
ST—pCp dZ_pCp(l pR, exp{-aln—2)|

ZIT, S, Y, z, 0): 385, T(x, Y, 2, t): KR, Fg (X, y, z, )EE IR D& FH M O ELFRIE AL flux,
Frd% Y, 2, )2 &E  KBD R A MO E TR ELflux, Sp: B & GERMRET) 12k S ERIE,

C,: LB [~3.93~4.18 x 10%)/kg/K], B: B E THHUIRZE(0.06~0.4), Q=(1-n)l,[W/m?] : i E
ETCOEMBHE, 1,;: BEE[W/M2], r: 7ILRE(0.06~0.09), a: HEZE$H[m'](=0.1)THS.

Y4

NIMD Forum 2010, S.YANO, Kyushu University
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Horizontal Eddy Viscosity: 7K & R D@ ENFE T %R 3K

- SGS(Sub-Grid Scale) model: SGSET /L
Smagorinski model: A3 XF—-FETJL

Vin = (CSA)Z(ZSijSij ’ (i,j=12)

1{oU, 0dU,
Si == +
2( 0X; O

2 2
ouY 1(ou oV oV
&) 2loy ax) ey

where C: Smagorinski constant, A:Filter scale(=(AxAy)Y?)
ZZT, C,:SmagorinskiFE$, A: 74 JLA—IE(=(AxAyY)Y?).

¥, KYUSHU UNIVERSITY NIMD Forum 2010, S.YANO, Kyushu University
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Vertical Eddy Viscosity: #n [ E A R D EENFETEREL

Two equation model: 2 52X ET )L
-k-emodel: k-cETJL

U. = +V, + —&+————
ot OX, OX \ oy OX OX; 0% ) OX; P Oy, OX,
ceq.. e AHEX:

- oU. . 2
@—'_Ui ag = a Vt ag +C15£ Vt aUI + J aUI +gia_p(:l'_CBg) _CZEE_
ot oX  OX \ oy, OX K OX; 0% | OX; p o, O% K

where, C =0.09, ¢, =1.44, ¢,.=1.92, ¢y =1.0, ¢;,=1.3

\¥, KYUSHU UNIVERSITY NIMD Forum 2010, S.YANO, Kyushu University
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VII. Computational result; stE#ER

Comparlsnn cal VS mes TL at Mlnamata(15i1 0/2003:40¢c:BC amp{D 9}&phase C=50: sllp)

2|:||:| e preees s : ............ g AR ............ ............ g o ............ g g : ............ R R e R e
ﬂ | P I O R T p—
| C ®  minamata_meas

100 B S S N ) OO O 0 0 O 0 0 O 0 L 0 O OO AU e sovoseooessvmovo v— ;

ol & 2 ; ; PN ! b e : $ oy 08 : ; :
o E O T : : ak : : : i f Y | S L - : : :
POITLT ek TR A X o

]
|
—r A SO
: o
T H
S

TidalLevel[cmm)]

5 i S A
100 =B 3 1 SO SO - SO OO -
N S L

200 e e T

-300 i i i i | i i i i | i i i i | i i i i |

Time[10min]

temporal variation of tidal level at Minamata: #1;9 Z & (JKIZ )

NIMD Forum 2010, S.YANO, Kyushu University
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VII. Computational result; stE#ER

TidalLevel[cm)]

-100

-200

Companson cal VS mes TL at Kurono- Seto{15f1 0/2003:40c:BC amp(D 9}&phase C=50: sllp}

200 -

150 =

100 v

L
=
|

=
]

!

L

=
|

180 -

kuro_cal :
v kuro_measg [~

720 1,440 2160 2,880
Titne[10min]

temporal variation of tidal level at Kurono-Seto:

Y EE (R HF)

NIMD Forum 2010, S.YANO, Kyushu University
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VII. Computational result; stE#ER

Companson cal VS mes TL at Ushlhuka{15f1 0/2003:40¢:BC amp{D 9}&phase C=50: sllp}

2|:||:| —eeaeaaaa gy poy poe ............ g o ............ ............ g o ............ g g poe ............ R T St
: : : : : : : : : : : : : : : : Ushibuka_cal
= ushibuka_meas

150 =

100

TidalLevel[cm)]
()]

(o} (o}

| L

!

L

=
|

-100

-1450

-200 i i i i I i i i i I i i i i I i i i i |
1] 720 1,440 2160 2,880
Titne[10min]

temporal variation of tidal level at Ushibuka: #1;5 Z &) (&%)

NIMD Forum 2010, S.YANO, Kyushu University
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VIl. Computational result:

ETEIGR

5
b ]

=
|

TidalLevel[cm)]

100 -4 ............ ............
Foly O Fow G : [ :

3 1F %l AT I ER ! Tl
W] ¥ itk L VO T I , i g ; s
b i 5 . A B |6 3 T
_1 |:||:| P T SO L . ........ [ETTTRS . PTTPEA - N L | ERP % PEPR S SO Y PO Bl Sk
1 i [e § § § PR oL : i
T 5 5 5 5 ) :
| e : : : : L : T
L B M M M M M M M 3 H M
B M M M M M o =] M

1 P O ............ ............ ............ ............ ............ ............

Comparlson cal VS mes TL at Amakusa{15f1 0/2003:40¢:BC amp{D 9}&phase C=50: sllp}

B meeeereeregereeeneneny IR o e s SR e e IR R S s
E E : : E : 5 5 o

amakusa_cal
= amakusa_meas

-300

Titne[10min]

temporal variation of tidal level at Amakusa:

N EE(RE)

NIMD Forum 2010, S.YANO, Kyushu University
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Sendai, Japan, 15/Sep./2009

Comparison between measured and calculated tidal ellipse:

HIER O

LEER

KE01 4M2Vmesam
K501 4Meal_2

T
1307 30E
Shimahara Wan

. Ew-comp. [mis]
I

S— ]

0:2 04 06

KS017M2Ymes10m
KE01TMZYVeal_2

KS0110M2Vmes10m
KE0110M2Veal_2

e ]

04 06

Kuimiarme

b

Measurement points in

2001 by Odamaki et al.
(2003):
INEES(2003)I2 & B8
A =

0 10

PP IS SO

NIMD Forum 2010, S.YANO, Kyushu University
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VIII. Fine (cohesive) sediment transport model:

WAL (ME IR OEEET IV

Advection-Diffusion eq. for sediment (L&) D #1E A FER)

EwZwEiw-w)2-2(0,2)+2(0, 2] 2(0, )

ot OX oy oz OX ox /) oy oy ) oz o/

B Numerical experiment for erosion/sedimentation of fine sediment
(mud, silt)

METEERMCE, VILNGE) DRR-HRIEROTANTE

-to confirm characteristics of erosion/sedimentation of fine
sediment in Ariake Bay and Yatsushiro Bay
ARE /\REBIZEWT—FEEDOEENSTMLTLSIEEDZ
ﬁ iﬁ*ﬁﬁﬁ@ﬁﬁm

NIMD Forum 2010, S.YANO, Kyushu University
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Parameters: st & /5 A

Settling velocity GEF§IEE)

Critical shear stress for deposition

(EFRITH T HRFE ARG A) :

Critical shear stress for erosion

GREICXT HRFAEAMIGN)
Erosion parameter GRE/\TA—4):

Reference density (T FZE):

—3

w,=1.8mm/s (Nakagawa&Yoshida,2008)

Ter g—1000N/M? (default)
7o e=0.025N/m? (N&Y,2008)
M=0.00033 kg/m?/s (N&Y,2008)
C..,;=1600 kg/m?3 (default)

Note: These values were determined for Ariake Sea.
AE IO DEIFEREBICOVTREINT-2DTHS.

NIMD Forum 2010, S.YANO, Kyushu University
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Comparison with cumulative sedimentation/erosion(1 month later):

HE-RROLER(15AR)

sedimentation:

cum. erosion/sedimentation (m) cum. erogionfsedimentation (m) iﬁ*i
w10t 31-0ct-2003 00:00:00 w10t 31-0et-2003 00:00:00 R
14 T T T T T 14 T T T T
< 2
12+ . 12+ .
1.5
10+ . 10 .
1
gr . gr .
T T
E E
ai} ai}
T Bl 1 E st 17 s
= =
=] =]
] [
[ [
T4t 1 7 o4r -
—0
2r . 2r .
~-0.5
| _ il _ l
-1
2 | 1 1 | 1 2 | 1 1 | 1
2 a 2 4 G a8 1 -2 a 2 4 G a8 10 . .
¥ coordinate (m) — <10t ¥ coordinate (m) — « 10t erosion: ;-%ﬁ
- . !
the present (3H;5%) no tidal flat (F /= EL)

NIMD Forum 2010, S.YANO, Kyushu University
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IX. Plan for mercury cycling modeling
JKEBEALETID DEHE

B 2 components: Total-Hg, MM-Hg
2R (HA7KER, AFILIKER)

B methylation/demethylation processes
AF I ERLBTE

B settling, resuspension
LB, BREEE

B Hydrodynamic advection-diffusion
AR N FRIIERE TR - HhRERE

B not to take into account air-water exchange, biouptake,
transformation in bottom sediment,

AE—EKEOZR, ENMOBMYRH, ERENELEERLEL

NIMD Forum 2010, S.YANO, Kyushu University
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X. Conclusions: #&H Y|z

m Our attempt to develop new numerical model for
mercury fate in MB Is quite primitive. We need
many data from in-site measurements and
laboratory experiments, and also correction from
other sectors.

RROBIEETIVORREIFLBEIENMYTHY, SEOERD
E=OICIE, 2LOBMFE, T—FINE EAXRBRINDELEZOND.

NIMD Forum 2010, S.YANO, Kyushu University
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m further datasets: § & WELT—2tvk

-bottom sediment features (ex. grain size distribution,
critical shear stress, etc.)

EEDOMHRT—2MER T, REALAMLAEE)

-discharge of B-class rivers around MB
IKREEDD28ANNRE DRET —H

-relation between mercury concentration and grain size of
sediment

B R K ER 0D HiL B Al o0 fn A 1
-precise bathymetry in MB
FEEGKREDMMET—4
-measured current data in YS
I\REORERERNT—4 etc.

NIMD Forum 2010, S.YANO, Kyushu University
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m further knowledge : S & HELHMER

- governing methylation/de-methylation process in MB
- effects of salinity, temperature, SS, light condition, etc?
IKIRETHEMEAFIVEHEBOEEESETILE
185, KB SS, AEHLELEDFE?
- exchange rate of mercury between sea and air
JEE- KK OKERELRE
- mercury process in pore water in bottom sediment

JEE BIFEK R D IKERD i E 32

etc.

Interdisciplinary collaborations: &) i B %

NIMD Forum 2010, S.YANO, Kyushu University
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TU Delft, Delft, The Netherlands,30/Jan/2009

Bed boundary condition: JEmE &R &4
At z=z,,

where

D,, : vertical eddy diffusivity : S8 B ELFRIE AR ER [m2/s],
D : deposition rate : #F&3EE [kg/m?/s],

E : erosion rate: ;2 B1RE [kg/m?/s].

NIMD Forum 2010, S.YANO, Kyushu University
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prll

Deposition rate : ¥ 5 1R &

Krone’s formula 20— @ = (Krone,1962):

T
_ b .
D — WSC - ,Tb < Tcr,d

z-cr,d

=0 , Ty > Tor g
where
¢ : sediment concentration in bottom layer: JBEE £ D T #EE [kg/m3],

7, - bottom shear stress: JEE A BTG 71 [N/m?],
74 - Critical shear stress for deposition: [R5 & ARG 71 [N/m?].

NIMD Forum 2010, S.YANO, Kyushu University
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Erosion rate: R BRE
Ariathurai(1974)-Partheniades(1962) formula:

T
_ b .
E — M - ’Tb > Tcr’e

TCI’ ,€

=0 » To < Tore
where
M : erosion parameter: ;2 B/\TA—4 [kg/m?/s],

7, - bottom shear stress: & & ARG 51 [N/m32],
T Critical shear stress for erosion: [RF & A BT 73 [N/m?].

NIMD Forum 2010, S.YANO, Kyushu University



On development of a numerical model for understanding mercury
behaviors in Minamata Bay

Shinichiro YANO, Kyushu University

A major part of mercury has been removed by dredging bottom sediment highly
contaminated by mercury (>25ppm, dry weight) and disposal them by coastal reclamation in
Minamata Bay. However, bottom sediment contaminated by low level mercury (<25ppm) was not
dredged. Thus, low mercury less than 10ppm has remained in bottom sediment at the present day
[Tomiyasu et al., 2006], and has been spreading in the southern part of Yatsushiro Sea [Tomiyasu et
al., 2000].

In addition, it is considered that rest of the useful life of sheet pile cell used for the
reclamation may be approximately 20 years. So, we need to devise some countermeasures to prevent
from leakage of sediment containing very high mercury. From a perspective of understanding
mercury behaviors and risk management, it becomes to be necessary that a numerical model to
reproduce and predict mercury fate for a long-term from a few months to one year (or more) in
Minamata Bay is developed.

Since 2001, our research group has been trying to understand characteristics of
hydrodynamics (tidal currents, density currents, drift currents and stratification) [Tada et al., 2005],
sediment transport (horizontal SS and suspended mercury exchange between Minamata Bay and the
Yatsushiro Sea) [Yano et al., 2003; 2004; 2006] and mercury profile (dissolved/suspended total/
mono-methyl mercury) in water column [Matsuyama et al., in preparation] by in-site measurements
in Minamata Bay. Based on the results of these measurements, we started to develop new numerical
model of mercury transport and its transform consisting of three sub-models: a three-dimensional
unsteady baroclinic hydrodynamic (HD) module, a sediment transport (SD) module and a mercury
transformation (MT) module. Until now, HD and SD modules have been developed for overall
Yatsushiro Bay [Yano et al., 2009].

In this presentation, we will report on existing numerical models in coastal environments,
progress of development of our numerical model, and additional problems with the further

development of accurate numerical model in Minamata Bay.



KREIZE T HKBHEDOEBD-HDEBIEETILORFEIZDONT
JUNRE:, REFE—RB

EEEOKETHRINT-IEE (25ppm B L, HEE) OB L W REENTIC &
D, KEBIZEBIT2KBOREFIIBREIN TS, LLRERD, (KEEK
R (25ppm LLF) LR LTV o TR O R E ISV TS, B S e )
ST, LTS T, 10ppm UL F MK L~ULKEENBRETH EEFRICEENLTEBY
[Tomiyasu et al., 2006], J\f\YEREERICHED > TS [Tomiyasu et al., 2000].

AT, ST SN RRELVOFMDBIR VR 20 FRETHDLEZEZX D
NTWs., £o7T, EFITEWVKEZEALE WO Z S HFRPLE L S
NTWD, KEEREDPIME L U 2 7 EHOBLEN G, KEBIZB T 55, A
H14 (FFb o2 OFEH) ORYIMICHI 2/KBOEREZ FHIHL L T
TELOHEETNVORBNLEL > TETWVD.

2001 4ELISK, Fox OBFFE 7 NV —71%, KIRBIZBT DFEIIFE 72850 ()
TR, BEPEERE, WREEWE, FE) [Tada et al., 2005], EE#E KRB &)\
DN I T KT MO RREY) & BB REKERDOZZHL) [Yano et al., 2003, 2004,
2006], 72 5 NTAKIEF OKEED A (AR TRERE DFBKER A F /L IKER)
[Matsuyama et al., () 2B+ L2 L 2BHFHEIC LV AL TE .
INHOMEORERE G LIZ, KB L EDEILOFH LWEBIEE T /L OB
DB HENTWD., TOETIIL, LFDO 320V 7TETF MLV #EkES T
W5 SRILFHEF A0 7Y =7 (HE) WEAEIFHD) Y 2 —b, EE
EED)ETa—, RHWIKBZLM)EY 22—V ThHD. ZHETIZ, N
KRR E G LE LD £ 2—bE SD FY 22— /LI OW TR E L TH
A [Yano et al., 2009].

ARIOFEF TR, WFEERETICBT 2BEFOREET LV, Bx OFEET
JVOBRAFEIRI, 72 B NI AKIRBIZEBIT DR E B WEEE 7 AU EIC R ToOM
BERIZOWTHRAE L2V,
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