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SUMMARY

I. Subject

Mevelopment of /n—situ Remediation Technique for Contaminated Groundwater with

Nitrate in Rural Area

II. Objective and Necessities of the Study

1. Objective
O Development of cost—effective /n—situ bioremediation technique to destruct nitrate in

groundwater by well—type reactive barrier systems

2. Necessities

O According to statistics of groundwater quality data managed by the Ministry of
Environment, Korea, approximately 22% of contaminated groundwater samples
collected from the national groundwater quality monitoring stations was found to be
mainly polluted with nitrate—nitrogen.

O Toxicity of nitrate has been demonstrated by vasodilatory / cardiovascular effects at
high dose levels and methemoglobinemia at lower dose levels. It can induce the
decrease of birth rates on livestock, and cause eutrophication on surface water quality.

O Even though many of people lived in rural area use groundwater for drinking water,
it 1s needed more attention and concerning to preserve groundwater quality.

O It is necessary to restore and reuse contaminated groundwater with nitrate—nitrogen
treated by suitable remedying techniques, as the era of water shortage in supply

would be come.
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IM. Contents and Scopes

1. Lab—scale studies

O Collection of soil samples on agricultural site chosen for field applications located in
Kyounggi province in Korea

O Isolation of an indigenous bacterium to use molasses as a carbon source from the soil
samples in a manure—dumped agricultural site

O Determining an appropriate C : N (molasses : nitrate) ratio

O Manufacture of a solid—form molasses (CRM; Controlled Release Molasses) as a

continuous, long—term supply of carbon source

2. Pilot—scale studies I : A controlled—release molasses barrier system

O Design and construction of a well—type reactive barriers system (L X W X D = 3 m
X 4 m X 2 m) in "Groundwater Experimental Tank; located in Rural Research
Institute of Korea Rural Corporation (KRC)

O Isolation of an indigenous bacterium from the tank soils which can use molasses as a
carbon source for denitrification

O Pilot—scale tests of a well—type permeable barrier system containing CRM (CRM
system) for controlling nitrate plume

O Detection of nitrite reductase (i.e., nrK) as an indicatior of the increase in

denitrifying activity on the tank soils

3. Pilot—scale studies II : A autotrophic sulfur—oxidizing reactive barrier system

(O Attaching and colonizing of Zhiobacillus denitrificans as a biological component on the
surfaces of sulfur granules as a reactive materals

O Pilot—scale tests of a autotrophic sulfur—oxidizing reactive barrier system (Sulfur

system) for controlling nitrate plume

_12_



4. Field—scale studies

(O Characterization of temporal— and spatial— variations of groundwater quality and
quantity of the test site

(O Hydraulic tests such as pumping test, tracer test, and slug test to identify
hydrogeologic parameters of the barrier system

O Installing a well—type reactive barrier systems based on result of hydraulic tests such
as tracer—, pumpung—, and slug—test and groundwater flow modeling generated by
MODFLOW

O Applications of the CRM system, which showed a high nitrate removal efficiency
compared with it of the Sulfur system in 'Groundwater Experimental Tank; , to the

barrier system of the field

5. Development of a computational method to analyze behavior of molasses
released from the CRM material in aquifer, and establish of standard

specifications for constructing the barrier systems

IV. Results

1. Lab—scale studies

O Isolation of an indigenous bacterium from the soil samples in a manure—dumped
agricultural site and determining it as Fseudomonas sp. KY1, which is a main
denitrifier to use molasses as a carbon source

O Determining of most effective use of molasses for denitrification at the C:N ratio of
311

O From a column test, nitrate—nitrogen of 100 mg/L. decreased to less than 20 mg/L in
180 hours at each C:N ratio of 1:1, 3:1, 4:1, and 10:1

O Manufacturing of prototype CRM material using molding technique by dispersing

_13_



molasses in hydroxypropyl methylcellulose—cellulose—silica matrix
O From a column test using prototype CRM, nitrate—nitrogen of 20 mg/L decreased with
time, showing approximate ~33% within 95 hours, ~56% 167 hours, 68% 361 hours,

and 86% within 361 hours

2. Pilot—scale studies : A tracer test

O Performing a tracer test in a pilot scale flow tank (L X W XD =8 m X 4 m X 2 m,
Hydraulic conductivity of 8.01 X 107% cm/sec) of KRC

O Application results from the test to each dispersivity equation mentioned from a few
references (Fried and Combarnous, 1971; Neuman, 1990; Gelhar et al, 1992; Xu and
Eckstein, 1995)

O Cpax values calculated from equations of Neuman(1990) and Xu and Eckstein(1995)
were in good agreement with the measured values, supporting the accuracy of the ap
values. The Peclet number estimated using these values ranged from 18.3 to 36.4,
where Di/Dq and D1/Dgq values ranged from 76 to 161 and 6 to 16, respectively.
These data suggested that solute transport in the artificial sandy media of interests

was constrained by longitudinal dispersion.

3. Pilot—scale studies : A controlled—release molasses barrier system

O Manufacturing of CRM rod (OD x L = 4 cm x 30 cm) using molding technique by
dispersing molasses in paraffin wax—cellulose—silica matrix

O Preparing of the CRM system (L x W xD = 3 m x 4 m x 2 m) in destroying
nitrate, which was consisted of three layers of discrete barriers installed at 1—m
interval

O Identification of an indigenous bacterium ZEnsifer sp KY2 from the tank soils, which
was considered main denitrifier to use molasses as a carbon source for the first and
second test

O Inoculation of a heterotrophic denitrifier Pseudomonas sp. KY1 to increase destruction

efficiency into the flow—tank sands for the third test

_14_



(O Nitrate concentrations decreased by 81, 90, and 90% at the first, second, and third
tests, respectively
(O No occurrence of denitrification not to be supplied of molasses

O Identifying of dentrification catabolic genes (nirK and nos”) from Ensiter sp KY2

4. Pilot—scale studies : A autotrophic sulfur—oxidizing reactive barrier system

(O Attaching and colonizing of Thiobacillus denitrificans as a biological component on the
surfaces of sulfur granules as a reactive materals for 60 days

O For 85 mg/L of nitrate—nitrogen concentration in liquid media diminished with time,
showing approximate ~52% for 60 days

O Preparing of the Sulfur system (L x Wx D = 3 m x 4 m x 2 m) in destroying
nitrate, which was consisted of three layers of discrete barriers installed at 1—m
interval

O For the 41 mg/L plume of nitrate—nitrogen concentrations, it decreased by ~15% for

28 days, the 63 mg/L plume ~8% for 14 days, respectively

5. Field—scale studies : Site characterizations

O Groundwater contaminants migrate from the western manure—dumped area to the
eastern stream of the study area

O Groundwater samples showed mainly Ca—HCO3 type, and its quality is effected by
manure and agrochemicals in spring season

(O Nitrate in groundwater can be naturally removed by denitrification process in reducing
environments while Fe and Mn concentrations can be increased by desorption process
onto soil surfaces

O Hydraulic conductivity is determined of 1.93X107° cm/s, and storage coefficient range
from 0.001 to 0.003 from aquifer tests

O Little heterogeneity of aquifer media from geophysical method
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6. Field—scale studies : Application of the CRM system

O Applications of the CRM system, which showed a high nitrate removal efficiency
compared with it of the Sulfur system, into the barrier system of the field

O Installing of a field scale barrier system comprised of 22 boreholes, which depth range
from 3.0 to 4.5 m

O From water quality analysis, groundwater samples from most of boreholes showed
Ca—HCOs3 type mainly, and preferential flow occurred in the barrier system due to
differential hydraulic conductivities at each borehole

O Identifying of dentrification catabolic genes (nirK and nosZ) in soil media

O Placing CRM rods into boreholes to construct the CRM system based on result of
MODFLOW modeling

O For the 72 mg/L plume of nitrate—nitrogen concentrations, it decreased by ~55%

7. Model application
O Development of CRM release model modified after mass transform model and MT3D
dissolution package

O Estimation of the mass transform coefficient(k,) of 1002 and proportional

number(3) of 2.1, respectively

O From numeric modeling, CRM rod can deliver molasses in a controlled manner into
aquifer media with gradually decreasing molasses concentration of ~10 mg/L in 40
days

O Molasses transports in the aquifer media are constrained by release rates of CRM for

longitudinal axis, and dispersivity for transverse axis, respectively

8. Standard specifications

O A autotrophic sulfur—oxidizing reactive barrier system : the suitable distance between
two boreholes should be closer than twice of capture zone width for one borehole

O A controlled—release molasses barrier system : each borehole should be installed at 0.2

m of distance for 30 mg/L of nitrate—nitrogen plume

_16_
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O Times of replacement for the CRM rods can be determined according to the
hydrologic and environmental conditions of the target contaminated sites, and CRM
can also be adjusted by changing ratios of the constituents to meet the cleanup

requirements of the target contaminated zone

V. Future application
O Field applications of the CRM system for contaminated groundwater with nitrate
(O Research materials to devise a plan for groundwater reuse and management

O Presentation of the CRM system in environmental journals
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} A1 7] A v}(Chandler, 1959)
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(Fernando and David, 2002), (2)
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ful

1 4+ 9JtH(Fennesy and Cronk, 1997).
(e}

24 7]

(1) 7]

[e)

T

fus

|

A5, 2008)°l o
A1 Z(blue baby syndrome or methemoglobinemia)<

3|

8

Fo] %
+ 9H(Maxy, 1950). 18] i

9

2 Qs o= 2l AARAZ]F(WHO, 1984)¢} -2t

ol 4 10 mg/l v|qtO 2
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=

=

A3, 2003), (3) HF
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el

NI
s
e
7

o] ¥ c}(Canter, 1997).

2

o] 7]

7+4 W3} (Foster

AA A &=t
- 33 -

-

1o

2EW O

and Bath, 1983; Michael et al., 2002; Mohamend et al., 2003)¢} =%2] W3} (Behnke, 1975;

Reddy and Patrick, 1981)¢°l



71

2 24, vobt a9

A By

S

=4l

arel 7l

2 o

b

S

1= A= R

o

4z 2rte 2

=]
=

tol FA7A

S

g

g

>

327}

b7t A

B

el

St Ik 1997

19943 A

1o A7) 7)o YFE Hopw

A

A Al elM =, A

SE=

7k

3
pul

ach

A2 aynt 7)o

AR A FA 27}

2

7] A5t wepA,

S

AAE 7]

X
w3

J 2t <8 1-1>& vl EPACA FA}

3|

1=
[e]

= &8o] HAd 7t

|

7

A PR H ~308 o

Ho

LSS

el
oR

¢+

ol

_34_



4r
Mo

mK

X
)

o

7= AEEA, (1)

0]
2R

o o]

LS ERS

el
=

mK
ot
<N
il
!
oy

K

—

w

JoH

"

gyl

ol
o
oF
]

X
w7

Ny

_35_



, 2008)

il
ﬁo
w5

B
-
;.oo
_E
i
il
&
4

file)

]_

A]

1

T

3—1. 2007

-
it

NI

© N N e
= A
O M <t
TRHRMBAR| =
e S o | o~ A =
HFOom = 3|5 =2
BR A o o Z | = et E © ST = =
WAL | 8 | = | © - g | © S A =
M T S| & | ~ S | & =
<+ © o~ o ~ D~ o0 o < <
X o T T S e B N B B R =
© < o <+ ~ P e — o~ =y
N T Re B 5 © st N N o o oy < -
o )
) R Ak I B2 T Q - | 5 5 ® | = S
&+ 2l 2l 22| <] w|ol|lo]|
~ el ~t N N} < m 070 % M M
A o o o o
» < <t <t — 0 o0
e = N N N o b S
K [N — — —
TN " | %O o T =

CE)
T
(%71

ml

Alr

35, 2008)

<

(

~
fi’e)

H] 3L

T

ZALA

L A5-HA Y

LHYE

TCE, PCE

_36_




Cost
50 $250,000 $500,000 $750,000 $1,000,000

USCG Support Center ?
Intersil Site E

Waterviet Arsenal |
Moffett Federal Airfield ::, $3.400.000
Somersworth Landfill SF Site
Dover AFB, DE |
Kansas City Plant, MO [e—
Aircraft Maintenance, OR |—

Caldwell Trucking, NJ |

Former Manufacturing, Fairfield, NJ | B Annual P&T O&M

Industrial Site, Coffeyille, KS | T Annual PRB O&M
Industrial Site, NY | —

Industrial Site, SC |

Nickel Rim, Ontario =

Cape Canaveral, FL |

MMR CS-10 Plume, MA |
Pease AFB,NH |—

Vancouver, Canada |
Warren AFB Spill Site 7, WY |
London, Ontario |

Moffett, Full-Scale Est, |
Dover, AFB Full-Scale Est. ;
Figure7. PRB O&M costs versus P&T O&M costs at the PRB sites.
¥ 1-1. AT HEPET) I w39 A W] -84 Hla(U.S.EPA, 2002)

Sites
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I F9 YoM E mAE gd7ES o] &3 A A AT oY AFAE
o 9o&] AldE o] $kti(Robertson and Cherry, 1995; Blowes et al., 2000; Schipper and
Vojvodi¢—Vukovié, 1998, 2000, 2001; Dutta et al, 2005; Quan et al., 2005). o] tHF-E& 2

A oA S AdATolH, AAA(NO; )= AA7IA(Ny) gkl ol vk-g-H A U

2

| oJH F72 I A FUEAE FHER Yok =R, g FHE 93 HIagol
o stz T gt HI7PF FEAJY. HbSHEA] SHAEAR FY
(woodchips), W53 A 42 Zl(leaf mulch), E W] (compost), F7} H(Fe(0)), A =

(molasses) s°] AHE5Slth

W (sawdust), YHF-EH

1. 7] ¥4 (organic carbon)
7}, &9 (sawdust)

TS FE PREdY 4% LY9EAES A3ATIE AFRAR Hol o] &HH A
& EANA =52 w7t sk Ee2FH o
U AHe e gE FHoldd 19719 EFo it 39A A S AXHA Frbo] 3ol A

o]

TAE vk A3 gl &3 BODZF 3.732 > 13.3 mg/L, ¥
E2(SS)2 8.040 > 10.3 mg/LE 74, A afo] 99.9%= 712 dsiA Agdt. 18y
HEd MARZo] god, gz AGE dAFE 149 3zt A oAHpajdel dxste]of

sh, o A ] 3~5 cmA L] Hf

il
s
L
s
e,
=
1z

shaL, 3/l WA B AZow misteol 5

kA F sl ofF o (FA7IEY, 1999).
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Robertson and Cherry(1995)+ A3}z ¢ A4 (NO; ) 298 (plume)S A& 3}7]

Al
i

o
H

A&l FHS o]83}e] killarney layer?} Borden layer 27F4] typel. = A X3t} 1d

of W= CI°, NH*" =N, NO; —N, SO.*~, DOC(Dissolved Organic Carbon)®] *E 32 H=

[‘0

S Al
=2

ful

g, NH'"' —=N& NOs —N&Z 2kgl¥]o] e w7} 74438, o] & <3 F%7t 2718 NOs —N
wie =R RN gEARl o8 w7t dA8 HAskdv. ey killarney
layerdoll A= DOC7} 75 B a5l A= 4Hs28-(oxidation) ol ¢f38l] A stz #-7F(DOC : 134
mg/L)E Tt 10 mg/LE @A 3] stopx[A| vt Fi5 "o = B &Y F7Igda(E A 712
1 frlgka)7 2o FdHo] Ao mM 86 mg/L7HA FrletH AESL M (rye
seed)E 23 = UoXE= 2100 mg/LE =7}stE HAS XYt}
Schipper and Vojvodié¢—Vukovi¢, (1998, 2000, 2001) 7& A =2] North Islandel] U=
Bardowied gl 19961 19 Aol 35 m, Z°] 1.5 m, & 1.5 mo| #&HAE At A s}

Atk o] WA= FA EAS B 40m’S EFS A& A EdA (trench)ol] ¥l #E A
1
1

A Ao AAFEE 5~16 mg/Lol 1997d ~1998d 27 AAFrEE A3k AFH
= 6.9~13.3 mg/L, ¥FSHA o = m| A E] ot AWE A (biodegradation)ol] ¢Jal 0.1
2~1.06 mg/L, A&t 75l 0.33~8.1 mg/LE 1997 12€9 AH = A9stas vk
Al oaf A mAE Qe AFiol Hs) w7k 9A ekt 199749 129 A(EE BY
Agel AstFgHe] shste] whEEA AE(1.5 m)ET ol 2.9 (plume)o] WHSHA S

sHekA A eEhE s2r] wEe] Aowm ArmEHAY. 2dar Fatd A S (nitrate

£

removal rate)= o] (& 2—-1)3 o] AHolsta 2 dFF Hb-gH Ao AA AAES AL

o

AAAAAE = q X A X A[NO; —N]/EA A (2-1)

293 597 WSUAE 2% A%E BEAGEH, BSUA A AR

SEE AR e sEWEks loj: BA AA o]F 1,600 o] F¥H = FS 16 mg/Lel

=3
Oll

A9 mg/LE FAasHA R Hbed A o= && A (denitrification) o] &d] Z7|o= 2
mg/L o1 Algto] ZAipge wel 1 mg/lolst®E sE7F Wolds Bl

Eyre AdAeTolERD o AUEES Holn, B A9 e, 54 o
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(@]
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=
&
fru
of
4
i
o,
)
DN
ol
ol
(o
fr
ot
as
I
2
2
rlj
=
olo
({1
X,
fru
Y
>,

. YFE9(wood chips)
FHZ o] YHE"(wood chips)S 5 A gl AL +
ol wet th2m F=8 E3 chips AAS 27 2 F5 AL we 2o, AEES

=27} wjdd FHE Y vAgse] AAD & e RS ¥ke #2d 5 o o] a3t

noi'

A w el ANFEA RETA Yol BLF FRL W 2P (pume) I A
ol 5o AR FHeA slo] sk 1S Ak Avt 2eee Lantone] FHSHm
L

o] = 1993 69 HFuf| A]~® &< v](large—capacity septic system tile field)o] A v}

0

PO, NOs & AlASH] 918t A9 funnel—and—gate system< A%, €339 th. Funnel
2702l sheet—filing wall®] =% gateoll A 12 ft(eF 3.6 m)7FA] B X% Qlt}. Gate= =] 6 ft
(¢F 1.8 m)olar A&7t theF 5 ft(eF 1.5 m)olth o] 32 F 79 Aoz sojir). PO,
= 9gk A2 FAE 2 ft(2F 0.6 m)olal NO; & $13 AH2l¥2 FA7F 4 ft(F 1.2 m)9]
t} POSTE 98k Ael¥l L 6% Fe/Ca oxide 2, 9% high—Ca limestone, 85%2] A9 4=
o o]& F&¥ Ca—PO.Z A=l A
A" F ATk NO; & 918 A8 S FrIgAa( 272 sHodvh. AAkd S vhd gl ot

o] g8 o7 AL 2d Foto] A~ mUHE Ax #99 PO FEE 1.0 mg/L~

g
B
Hl
-
2,
)
r]I
olo
rfo
xch
i
H
s
_{
i
g
O
>,
O
[‘ o
MJ

g0
1.3 mg/Lolar ¥hgd oA #E9 PO v EE HE 2219 9 0.01 mg/LelAdrh 1 ¥ 5

T Asle] 0.1940.04 mg/Lo2 A&tk NOs 27 5% 23 mg/L~82 mg/Lo]il ¥
9oyl A WEE TR 2929 EUEHE 7bES 1 me/L vt w FAHAT YFEES

Eol 23 ABE&| 28 (biodegradation) S 93k f7]gARE AFEE ¢ Qo
Ewto 2 Ho] o] Evlpg BEiE=d AQ%HE 7)7te] ¢ A7) ujiLo] wreEAZ A}LE

WA 7|kl B A Aow ddHY. fr|dihsdS WEEAR AT dde frleAa

—
=

[e)
o

o] oJFFoz 213 DOC(Dissolved Organic Carbon)® %7} < BOD, CODY Z717F &4
Hoz AidAds AR gk HksEd 2 Aol T AA fU|EAHS AET
o]
AN

= Bt Ax e A7 23kt (Robertson and Cherry, 1995).
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2. AlS-2}o] E (zeolite)

g ma7h A

s

S AaE A7

o}
™

(Na®, K*, 1/2Ca”")xy[(SivAlx)Ozx+v)]1zenH0 =,

5 o
[ ESS

3}

13kl A] Na¥, K¥ & Ca® 7} o] Z& =0} charge balance

s

]

2 H]X - (zeolite Group)olt}. ¢

FAT

=
=

2SitT7E APTR %

o Al & eho] Etol

o)
=

(e}
A

°F 40997K ] FEFol

=
°

nitrolite, mesolite, thomsonite, heulandite

-
s

=

]

)
(;:o

e

1
(Na*, K, Ca®", sr**, Ba®", Li", Rb", Cs™, Ag™, Cu™, Pb" 5)0.2 #A A3 (o]u3h)Hr} o

3
pul

s} w4

A5

]
=~

el Nat, K" == Ca’fo] 77

q=

!

m

A o) Al

=
=

A

=
Aais} we Aew 2 daA 3l

grofo] &

a9k

—_—

%]

dlefl 22

s

EYo}l ol& AlA

o]&l ghmijo} o] 29

=
°

M

=
4r

—

}o] clinoptilolite®] ¢

5]

4
o= ol FakEo] w7

22

g o]

1=
[e]

KeN
=

I

A

2 0.98). Ahsan

P
T

&

>

¥ A] (waste paper), AWl EH 7]

=4 A (shell), 43|14, ZAZEH7|

KeR
T

et al.(2001)

el

o

il

&, nitrolite (A &2} 9]

AR FEE

T
| Y

=& POy

KeR
-

7zt 248 AYass B SS¢ COD Adas

nitrolite7} 7}

2l

=
o

%

1
s

7V = YERSEAL, nitrolite

Hl (biodegradation)

3|

|=]
s

A

s

AR, NO; = mAdEe] ¢

PN
T

gholl A Al asrt =

Hr

& (denitrification) &2 9] tjFi w3lH = vAAES F

A HeEbs .

=)
S,

3. 07} A[Fe(0)]

1
s

A (reactive material) =A] Fe(0)
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£ PCE, TCE, VC, DCE $)& A gsl= deol AFE

e HAY, AAAE ST 4bste o] ol QA =93t f{TER Aol A 9f o] nAlE
[e=]
-

o gehEAlEEY Tl

ity

=2
Lo
ol

sk A 53l (biodegradation)©|t}. vl ZF2&}%=5 Durango A
LdE AstE AHsAelstr] fske] 19951 109 Sandia National Laboratoriesoll 4] 07} &
= AHESte] FAdRbkeEAlE AASlY. 07 H& AS e &5 (foamed zero—valent
iron bricks)¥ ZFH B A steel woo)E REE0] BhgEdE ARE, StRUYo} H| A&, Jl=H, A5F,
g3 B, ALY, g, Ads, ek, v, ofd s o® 29 E %% (plume)S A
At ols 9= AE T A (nitrate)d FYUHE TEE 25~36 mg/LE FA| T

b AE ARG A= 20 me/L, A § 5099 o] FFH= Ao HEol oF 2 AX

h o] &% WL HRE AFAEol
ol& Ha= o] gk} Dutta et al.(2005)> 3 40 m, Z°] 55 m, Z°] 6 me A g oA
dx B vAE Gd TS FFAI717] Y&l G yeast extract Z12]3l trimetaphosphate
o3t

A 2138 biobarriere] 7F$do] ZUEE #ALS AX

o
rfo
L
rot
off
o2
e
filo
)
m
ol
o
N

A}, In situ biobarriers & 87 A X3 o YEFH o=
ol AAde] Asts BYHAH st A
Ao 19 Fot F3qHRem F 400 gallonse H3 <o 47 gallons® B3I} 13 1bs<

1

¢

trisodium phosphate, 28] 3l 2—3 lbs9] yeast estract® ¥ &= Y XA &5 HIAE
%3] biobarrier® 63 T3ttt A8 A7 g2 U AAdY =r= %27 275 mg/LE
2B 1 mg/L oldt= A 7= ATt Biobarriers A3 47/ A 2 E clogging & €13+ 4=2] 84
59 weto] WA O™ air blowings 3 T5& U biomassE AASIATE Quan et
al.(2005) 52 7k &all | FES ol &ste] =AIAY Hg o AL A AAE A% AT
E 33 v} 9lal, Naijafpour and Shan(2003)2 ©He]
7} 7] wol] gdu &l o]t 734 (diodegradability) o] woxm
of dFFE ThEaetel AeE doF S ARG vb dTh webA, G mAdE A
(biodegradability)& S7HA717] fei= A7bisl dell AstAe s o= 2o d3as <

;(]oﬂ 1:00] S Bol 1;]}_ O]]q.
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5. &

)

3% a3

Flere and Zhang(1998)< AsMAAR o<d®l Ast+E A7l 9t upflow
fixed—bed sulfur—limestone autotrophic denitrification(SLAD)E o] &3}o] A A8 =4S
Abet Adp Eixtel As|AS HoH] 2 0 12 3 fixed—beddlA 29 E F3IF 175-225 g
NOs~ =N/(m*day)7} 11412 Wel] 95% 744 AstE ot B8k¢lth Kim and Bae(1999)%

1,500 mg/Le] HE=+E A3k Axp, @A dAo 999% o)l AA HAo 25~40%7}

N0 REAoE el HAvky RusAth 1ot A% FAS AWY Axe] 79
Y FRANAE dgelme] FHe| Y TR

Wang ei al.(2009)& A|s}rol EA8t= A2 AALE AASH] Ysle] fiber—based
biofilm reactor® AH&s oM ejFgtade] JFS Hastet HH CON HE == st
C/N Hl& 1, 1.25, 1.5, 2.0, 3.0014] A3 F33F3 ). biofilm reactoroll Al A4 A4 %=
100 mg/L ©]aL C/N Hl& 1.25¢ w, A A= 99% AA S Aeh £3 NO. 9] FHE o
ojubz] ¢kt 1Eal o]wje] COD ARE HUlE o|Fox &F CODw= 09 7MA 574
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o
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=

Syt A= 2,000 o] % AXAR B - A ek e Nks S5
EdAsty #Ael AP EdAstr edAsivIEs AEste]l SAALY] 90% oldE
TUW7|E2 AISH7] 9138 Alde] EAH o7 AgE Y. o] Ax, 2008 dF-E 2017d7FA] 10
del A4 AEYG 2 At Ay s S s oF 1,6319¢0] FAHE= R&D

ul

Atdol dAl 8 Folth(www.kiest.re.kr). =AY At Fod=4dQ AL ALs At
s A= Y7 @7 S o &g U, S 3 E ol &3 WY, @3 push—pull WH S

of tfate] FE=gk A7 FelEo] Sth(H g 9, 20015 A G 9, 2004; 34 £]., 2005).
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1985a;
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Thiomicrospira denitrificans,
T

o] A9

AlA AA

-
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wj o) (Claus and Kutzner,

+ 38H,0 + 4NH,*
— 48 —

Thiobacillus denitrificans,

A2 71A(N2) =

u g 27

1
s

o]
e A
o]

=
[e)

<
555 + 20CO: + 50NO;

Thiobacillus thiooxidant
9t (Hoor, 1975; Holt et al., 1994; Kelly and Wood, 2000). 3&2 nAyE2 o7}

Lampe, 1996), 299



— 4CsH;0:N + 25N, + 55S0,%7 + 64H" (2-2)

olglgt et mAES o]&sto] 2wt mul-elF o ueke A Ast At
T o] ¢k (Hashimoto et al., 1987; Kruithof et al., 1988; Koenig and Liu, 1996; Zhang and
Lampe, 1999; Kim and Bae, 2000; Lee et al., 2001; Moon et al., 2004), o] &3+ Y E=9] &
4548 B8] o9 A 4] A9A AT BU WAl A5 AT} 2R

2 FadE R FdE vk Qo (Moon et al., 2004; =34 2], 2005; A=A 9], 2006),

ZF&odor gz Lok vd nAEZE Pseudomonas  spp., Bacillus  spp.,
Paracocos spp., Achrobacter spp., Bosea spp., Ensifer spp. 5 Ths =571 glom o] =
ot m A&t Aty 542 ol Z dE A dvh(Casida, 1982; Zumft, 1997; Song et
al., 2000; Dandie et el., 2007)(%} 2-3). Z2g]aL A3t T DS A7) A7 o= ¥
7hedl, 95 BAado R A gy FEHGY g4 mAES o8 dadd A A 1
ot ¥ A3 Fo 93] 43¥ up At} (Cunningham et al., 2003; Dutta et al., 2005;

Quan et al., 2005).

Ci2H22011 + 48NO3  — 24Nz + 60CO; + 480H (2—3)

2hA, A3l A3 H8l AGFALAHE ol &k Fak A EA o AstrE A

L Askeke 7ol a7 HTh

_49_



a3

2] 7

el

jpuze)

ojo

N

B

el

s
a

7}k gl

b o] AtellA Al

p 4

ko)

&7 a7

-

R

tod 8ol wE HE

<]

4712t 437t 7he

s
a

ZFo] ol

=)

o FeAE

Njo

ﬁo

o-
N

]

Mo

Nk
I

i
=y
T
o
N
Ho

B

—_
fite]

Sp.

+AH 3 Pseudomonas

=

Thiobacillus denitrificans, 1A TEA3}A| e} &=
o)

=

|y

u] Al
KY2 (Ensifer adhaerens®t 97%

Ensifer sp.

n A=

14

El
KY1(Pseudomonas fluorescens 99% +A})<] €4

=

S
a8

_50_



olue}

o ¢

7 71 el A=A tieEA SA A4 EH7] A9 drId A

S|

I AHgolut

B

-

3}
o eqg®Ast 1 Y3

=l

2 ol

-
it

g7, A

R
°

A7} A7) H 3, AA L AR

Hes 7o

°©

L

2 4£E3 thRold Stk 19704 FukRE 54
N

Stoll A 5= o] F-01%]

e}

of wet
2 AP A A

=]
=

Al 8}
717 A

=1

QL

3
=

oluz}

LS

BH

CEIRE

oF & THA]
=13
=

3]

Plo
S

)

M
il

3

Ao} ¥

st

s °olE

R

ﬂ
file)
)
Bl

—_
fiTe)

b
% olg

°©

A
_]

7

N
wAl A5

s D7l 9

o=
T

3

fe13
=

18

s
A

HA

oA TCEYW PCEZF DCE, VC&E 3l ¥+

°©

R

[}

]

Y2

bob el ol

ACEEERELE

245
o] A}

S|
<

Ens

o] u}

al

7

_51_

3

{8

%
o

=

-

o
<
—

]

S

olg] 7kxe] 7iW&

'c;sjl-
bt
1

o
pul

X
=

°©

go] o]

I
%
Hsola Ae

H,

-

-

= o
=

|

H
H

SEIE

-
T

Aot m=rel A

shol g

[

4

e}



1

o g3tatg ol

0]
AR

A=

JoH

£l

oA Aol =z}

¥

XO
B

)

3-1).

1=

-
st

Zigs

2] 2] ¥ (in—situ
PZs

ol A <]

LAY
7 Al AR

&

et @
71E} %

19 9ol A e] A% (ex—situ remediation) &2 F-EFHTH(
: water based solutionS QA EY Y& E3A 70 ZH E

A

z|

O
=

o
a-

1) Biodegradation
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. methanotrophic biological degradationS %A 7]7] 9
C A E] 9E f71S

. white rot fungus

Ao =M, vy E o

=

[e)
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6) Oxygen enhancement with air sparging
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3) Soil vapor extraction :
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7k Aol A

=4S w=
soil vacuum extraction®]#} &#]7]%=

4) Solidification/stabilization (S/S) :
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I 3-1. LAEY F Aot AEAY V= (FHF FH7INEAL 2001)
T8 T ¥ gl A
1) biodegradation
EoF
2) bioventing
EoF
3) white rot fungus
EoF
7}, A E-5HA 4) co—metabolic process
A8
Ast7)= 5) nitrate enhancement
e
6) oxygen enhancement with air sparging
e
7) oxygen enhancement with hydrogen
A8
peroxide
1) pneumatic fracturing EoF
2) soil flushing L=
(1).9=] o) 3) soil vapor extraction EoF
(in—situ) ol A 2] 4) solidification/stabilization(S/S) EoF
A2 v, 2a).glet 5) air sparging A 3}
A A3}7]| 6) directional well enhancement A s}
& 7) dual phase extraction 2] &4
8) free product recovery ks
9) hot water/stream flushing/stripping A &=
10) hydrofracturing enhancement A s}
11) passive treatment walls ks
o} I 1) thermally enhanced soil vapor extraction B9
7= 2) vitrification EG
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¥ 3-1. A%

TE T 7 28w A
1) composting L=
2) controlled solid phase biological treatment EoF
7t A
3) landfarming L=
Asl7)=
4) slurry phase biological treatment EoF
5) bioreactors ] s}
1) slurry walls
A5}
2) vacuum vapor extraction
SEE
3) chemical reduction/oxidation
EoF
4) dehalogenation
EoF
(basecatalyzed decomposition)
EoF
5) dehalogenation (glycolate)
EoF
6) soil washing
. E=g-3)gt L=
7) soil vapor extraction
(2)2dA 9 9] 2 A3y EoF
. 8) solidification/stabilization(S/S)
(ex—situ) oA <] & A=
] 9) solvent extraction
A 2]l 2| 8}
10) air stripping
A 84
11) filtration
A 84
12) ion exchange
A5}
13) liquid phase carbon absorption
A 84
14) precipitation
A 84
15) UV oxidation
1) high—temperature thermal desorption B9
2) hot gas decontamination B9
3) incineration L=
o} g3
4) low—temperature thermal desorption B9
7l
5) open burn/open detonation (OB/OD) Eof
6) pyrolysis EoF
7) vitrification Y
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11) Filtration : ¥ LA stTE A WAE 34X A LHES Lote 7IE=A,
T8 e oA Atele] Skt o3 FEHEHE A

12) Ton exchange : 2.9 &2 3} w3hu) A (exchange media)7te] %ol W L-0] 25 WIHA]
A Fo2H A3t Ul o] 2ELS AASE WHOoEA, T2 §& a5 EE €
A3 & A3} nitrate, ammonia, nitrogen, silicate’} ¥ 7|<2 A A 7}s.

13) Liquid phase carbon absorption : Y% A4S TS Estsle= ddo A
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Precipitation : & <
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1) High—temperature thermal desorption : 7| & o] =& U {70 FEHS 3uA]7|
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4) Pyrolysis : AF&7F Rl Aol A dell 8 F71ES EalA7Ie WHORA, oju
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=2

3-2. LAEY R Astr AstAE AAu]-egr] vl (FHEF FA7IEAE 2001)

33 24 H] 3

—A8to] o] 38~151 I/EY w HAIFEA FYR)
: $3,500~5,000

- 4=E&] 38~151 I/&Y u air sparging®| H]-E

@ A91A : $3,500~5,000
A =54 —Alst A1 0 ImE AAH] $33~66
A7) (H-8-2 Azt 5400 we} 25w diAd o= 170 A9
(in—situ $20,000~200,000)
biodegradation) =8 4 2 A5 AAH] 0 1mE $49~66

2. 7]
—air sparger aerations ©]-8A] AZF H] © $5,000~10,000
—Zrkslga Az F291] ¢ $3,500~15,000

—Aak ASH(37H 8574, 4319 57) ¢ $5,000

—9E :1m% $55~66

—casing : 1m%3d $65~82

@ 4917 2. gdel
A% ~A 3}

T FARA (casing E3F, 3719 #=A, 43])/1d) : $5,000
3}

(soil flushing) —ARSGAA A 1kgd $1.43~1.94

—4$ZHEHAZ (0.19~7.6m 3/hr) @ $400~1,000

-9} &5 ¥ (chemical feed) : $100~1,000
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7 3-2. A%

A3 284

H] 2

® A3
(remediation
of natural
attenuation,
passive

remediation,

1. 5]
—Wilcox cover?] A& : A18Y $100~200
—I=A Z28) e Alg BAH] 0 1mE $65

#=574 AA1] (0.15m, PVC) : 1m3 $49~66

—F7)1He A AHS A=A Bn]) 0 A7 $10,000

(non—in situ

technology)

RNA) 71 BAAQ A 7)ol
1 A, BAFH], 32
: $0.55~1.10/ton, limn -2 H]5 $0.6/ton
land © $0.55~1.10/ton treated material
dump truck : $80,000~100,000
@ B A LA tracer 0 $23,000
43 rototiller  : $17,000

discharrow : $33,000

spriker : $1,000
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1980t 7h4] S AEF B Ast5 AatA sy 9kl ¥7] s FHsAY AA
Fastel AA R & A Fodets eo WS Weol ARgshsith ey o)kl Wy

g0l Wol ~gd Wk oyt AVIHE offal AdelM Azl Al Fil=so] E g 24
ol & 5 7] wiell, 90dthFEH Aol M= L 9A G Wl A sk WSl ko
Fol AFsHA Hlth o5 F ATl EAMAE A FH dgSRg B 12 heE
A& do] e9H Astrrt o] HAES FHstUA WA whgeto] Akl ¢ =S A

Agk permeable reactive barrier’} #<t el A AFEH I =d, B AF= olE

el

A wked g Wyslth, o] 7]4e 19859 McMurthy$} Eltond] 98] AS H1¥9)
1990d ] o]% 7} st A A Wy 3 9lom, o= 2147]d AN Al E

HA71%2A E98 Aol Agsng, v 47128 A Bat gl B ATu
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X

J] (Permeable reactive barrier)s= 54 2] 8] ¥
(permeable treatment beds)e}ilE sh=tl], FFAANSHAZE oA #AAE 11+ olf+ O
Agu) gl da avrt 23, @ 9 JsHo R Aglslr] o]Ha vl §o] Wo] =& 94

=452 AdE F 7] WEolt

sto] 29 A Aol FRPUHAT AR sAL, AskE AdTuel o3 odH Ak

A7t FebAA wAE Babete] MAURY weRAN BeF T AH Ak OE &

Hwg Ba TR Ho) Atk 3-1). & T4 MSuAE AdsE 58S whe
=

Mo] olel 0REAL T Ho
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Waste Area

e E——

LL— PRTZ
-"*-_-—-_-.._,_r:l_ -':
Groundwateres , . ] }qﬁemedl.ate:j
Flow Direction= "aulter 17 - Water
Aquitard (=
U 2494, L9 (plume) ¥} FAukeE Aol ok AapAe EA=(0tt N,

2000) (%PRTZ : Permeable Reactive Treatment Zone)

ground surface

groundwater level

clean
groundwater
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Vidic et al.(1996)°] ¢]3}
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(7} & (sorption) (W}) A A (precipitation)

(t}) #3&f(degradation)

£ 2A% (EPA, 2001)
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¥ 3-3. FFEAANSHA Al LAED Y gEH] #3 AlE AT (EPA, 1998)
LEEZ BSE3
_ et o e A4
(ASIA IR ER) (FA-s8A /ER)
1,2— DCE. TCE, Freon, VC Fe Treatment Wall
1,2,3—trichloro propane Fe Column
1,2—dibromo—3—chloro—propane Fe & H»/Pd/ Al:Os; Batch
) ) Mineral oxides in presence of
10 monosubstituted Nitrobenzens Batch
Fe(II)
10 Nitrobenzens Iron, Fe—reducing microbes Column
2,3—dibromopentane /n Batch
11 Chlorinated solvents Al, Fe, Zn Batch
2—chloro—2—propen—1-ol, CT,
Pb/C Batch
Chlorobenzene
4—amino—azo—benzene(4—AAB) Fe Batch
4—chlorophenol Pd/C Batch

acid mine drainage

mixture organics,

sulphate—reducing bacteria

Reactive wall

Fe Test Reactive Wall
Al, Cd, Co, Cr, Fe, K, Mg, Mn, Ni, )
Fe Electrochemical Cell
Pb, Zn
Alachor, Metalochor Fe Batch Kinetics
As, Se, Mo, U, sulfate, nitrate Fe Foam Batch, Column
) Fe Batch
Atrazine -
Fe Batch, Soil
Azo Dyes H202/Fe Power Batch
Background hydrocarbon formation Fe Batch
Fe Column, Batch
Corrin, reductant Batch
Fe Batch
Fe Column
Fe Reduction kinetics
Al, In, Cd, Bi, Sn, Ag, Ge, Sb,
) Batch
CCL4 Cu, Hg, Pb, Th, Pd, Ti, Mn, Cu
Fe and sulfur Batch
Fe, Zn Batch
Pyrite Batch
Sn, Zn & Mg Batch
Sulfide, Biotite, Vermiculite Batch
/n Batch
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¥ 3-3. A%

{i’.‘ﬁ%ﬁ gER o
(BA=d¥E2) (F8uteu A wriE4)

Halogenated organics Fe Batch
Halo—organic compounds Fe Wall, Borden
Hexachlorobenzene (HCB) Zn Batch

Hydrocarbon (HC) formation Fe Batch
Mine Waste Organics mix, anaerobic bacteria Batch
Amorphous ferric oxyhydroxide Batch
Mo, U Chemical Barriers Column
Fe and sulfur Batch, Column
Nitrate Fe Batch
Nitrate, Nitrite Fe Batch
Nitrate—tile drainage mixed organics, bacteria in—line bioreactor
Nitrobenzene Fe Batch
Nitrobenzene and carbonate Fe Batch
Organics Ni—Fe wall in situ—Otis AFB, MA
PCB Fe, Pd/Fe Batch
PCB, TCE Nano—Fe or Pd/Fe particles Batch
PCBs (Aroclor 1221, 1254) Fe Batch
PCE Fe Batch
Fe Surface chemistry
PCE, ¢DCE, TCE Fe Ni/Fe Canister, NJ
Fe Column
PCE, TCE, cDCE, VC Fe Pilot—scale Test
PCP Fe Batch
Phosphorous metal oxide .from steel manufac., Columnj cylinder,
limestone reactive wall
Precipitation fe Batch
Fe Column
Se Ferric Oxyhydorxide Batch, Site Sample
Sr, Cs, TCE zeolite, 3 media types Containers, TN & OH
1,1,1-TCA Al Batch
TCA, TCE Fe Batch, Column
TCE, DCE, VC, dichloromethane Fe Batch, Column
TCE, ¢DCE, VC Fe Funnel—and—Gate
TCE, DCE Fe Column
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¥ 3-3. A%

LHEZ H3E3 PRy
AA AL EZR) (F4e-eHA wWAEZR)
Fe Batch
Fe Batch, Column
Fe Column
Fe Funnel—and—Gate
Fe and FeS Batch, Column
Fe, Mg Batch
TCE Fe, Mg, Ultrasound(US) Batch
Fe, Ni/Fe, Pd/Fe Column
Fe, Pd/Fe Batch
Fe/Pyrite mixture Column
Palladized iron (Pd/Fe) Batch
Pd/Zn Batch
Fe, Ultrasound(US) Batch, Column
TCE, DCE, VC Fe Batch, Column
TCE, DCE,

cis&trans—1,2—dis—
chloroethylene PCE

Palladized iron (Pd/Fe)

Batch

TCE, PCB Fe, surfactant Batch, Column
Fe Reac. Wall, Borden
Fe, Sulfur Batch
TCE, PCE Fe, US Site demo, Moffett, CA
Iron filings/pyrite Batch

Column, reactor,

TCE, PCE, TCA Fe
Belfast, Ireland
TCE, CCL4 Fe Batch
TcOs Fe(II) Batch
tDCE, ¢cDCE Fe Batch
Te99 Steel wool Column
Tracers, D20 Fe Column
Fe Batch
Fe Column
U Fe Pilot barrier in CO
Iron oxid aggregate Batch
Organics, inoculated w/ bacteria Batch, Column
U05™*, Mos'~, TCO4~, CrO4*" Fe Batch
) Fe Colloid Barrier Batch
Various Fe Colloid Barrier Column
VC Fe Batch
Velocity measurements PRB Tracer
VOCs In situ Fe Wall Field site CA
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Flurme Gate (reactive materials)

CONTAMINANT

(th) =924 5544 w-E¥ A (injected treatment zone)

a9 3-3. FRAWSWA FF (Vidic, 1996)
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0@ ol st FHYYLAN A

a7

=
=
9Ue B9 Badow o g3 59 @9 EF 24 AL $Y

b4

-

1=

>

Aldoe] AdAE A7 OOA e & B4 a5 HAF s =0l 2.5m ofu)olr &

it
d

28} th 50 mL tubeol 0.8% A9 20 mL3 8% EX 10 g& Wi 2—-3 27F vortex® %
A £50] & FH 156 ®3F AASTE 74 A A= EG AREFE "ozl WA
e #]ol] HFsth AstE 10,000 Xg 2 A4

WAL WA AR} npehae

il
—
8

—
AN
ol
o
2
23
)
=
D)
2
r
o\
ol
38
i)

butyl rubber®} alum cape ©]&3sle] 7|3t o] FA3 gAYl vix|o A 25 o]
ASAIZ mAES dEo] FAdg vl 1A #j Al spreading st Z7te] FREUE &
o wjokaslgith. mAMAY] FALS <F 4-2>9 AA WA =AY A o7 15g9)
agar powder(BD corp., USA)S go|Ft}.

v dF EF g4 nAE] AlETA A4S f8 3 Agu Aol A 253 vk
sk H, 92 colonys TAMAESHA A4 WHS Eoto] FASAT. wElE HAES cell

pallet AE]Z 3]43}o] Wizard® Genomic DNA Purification Kit (Promega, USA)E o|&,

DNAES FZ35l9 1 33 DNAY 16S rDNA H-#S5 PCR (Polymerase chain reaction) 9
o7 ZFXZ3Jt} o] dr] AYEL EA3e] BLAST (Basic Local Alignment Search Tool)

searchE &3l GenBank (EMBL, DDBJ, PDB)°ll S55 o] &= 7]& vA=E vl Wkl

100 mg/LE 7I£22 74 O/N (w/w) ¥l&el weh 32& Fdsto] vh= wixE |74

S FA387] $13Fe 160 mL serum bottle] 98 mL & &3 ¥ Ar 7}F~= 2 #3F
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Compound Quantity
KNO3 4 g/L
K2HPO, 0.4 g/L
KHPO, 0.15 g/L
NH4Cl1 0.4 g/L
MgS047H20 0.4 g/L
Trace element solution SL—10° 10 mL/L

Carbon source (molasses)

C/N &l &

_74_




=5

4—2. njgFAE g0 SL-10%9] %A

Compound Quantity
HCl (25%; 7.7M) 10 mL/L
FeCly-4H20 1.5 ¢g/L

ZnCly 70 mg/L
MnCl2-4H>0 100 mg/L
H;BO; 6 mg/L
CoCl26H-0 190 mg/L
CuCly-2H20 2 mg/L
NiCl2-6H20 24 mg/L
Na:MoO42H20 36 mg/L

rom DSMZ media 320
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purgingsle] §FEAIALE A A €719 AF-E butyl rubber®} alum caps o83t 7S
o] AFE-3F T o] WH-3 serum bottleS autoclave® W3k T vl vjY3t AFERM B E
< 2 mL A HEsta 25TCA 12 &<k vjdstiaA Aol wep datol 2y AA7MAE

4 ek,

. AFEZGEAAEL] Ag 71dE &<

AR At edE=dola AAFEAQ A AL dFEARGEANEES
A7 d =z 2ZHget=xE5 &Qlstr] Adte] FdHAT. Aol s A 24 5% 10, 20
40, 80, 100 mg/LE 7|2 & GES C/N H& 3/12 Fote] e wixE IV HHE &
A35t7] 91ske] 160 mL serum bottled] 98 mLA 53 F Ar 7}==2 2F3F purgingste] &
E4taE AASIL £7]9 = butyl rubber®} alum cape ©]-838te] 7|EEta A s
A= vl RIS kinetic AA3 Zo] wg] vigd AFEAAES I AGaAe 2 mL
A A Fskar 25TCollA 73 vieFeta A AAskait. A AL A A=E ] 9

slo] Azbol e WikE FAIE olgakd] 2 mLA AETYaln AielLe] BEE ZHay

2 AFS olates whEal 1 F 2olv A A9 tubing(masterflex no. 13)< AZA3s}o

42 dead volumes FH23} vl 3
<¥E 4-1>3 o] nFhs 4 buffer o] 02 ZAHH A Aa €9 100 mg/Le HAAF &
o] Aol FagN 7}7+S 1 L Duran bottleo] Fof 121°CollA 15 psiz 18%7F WA 7l 5 A+

2o A fF5FFA HXEI(peristaltic pump)ES o] &3te] F HiAZHEH YIS A FHo

_

0.1 mL/min°] ¥ %% 3sto] Agde] FYSATE A2 25T o]FofHom A o T3
¥ Ottawa Sand= 20—30 Mesh® 2F 0.4 um9 A4S 7[A 11 Yo}, Ado] AFEH AHo &

B> % 6% #o] 1/1, 3/1, 10/1 Al A 0.37¢]aL 4/1 A=A 0.380]t}. A &

rﬂé

3

i

2 % 100 mg/LE 7I=o2 727 C/N(w/w) Hl& 1/1, 3/1, 4/1, 10/1°014 =83}t
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A A=A Pyrex
S Ottawa sand
FB A4F Masterflex
L Peristaltic pump
T T 0.1 mL/min
C/N Hl&4 A4 1/1 3/1 4/1 10/1
Sand 7 (g) 962.4 970.3 956.7 973.6
&= 3 (mL) 87.7 89.17 89.77 88.55
A7 739 (mL) 239 240 234 242
ITE 0.37 0.37 0.38 0.37
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Influent com position
NOy-N ; 100 [me/L]

C /N Ratio .
0.1927 1/1 Effluent sampling
0.5779 af1 with time; NO5 and
e id il Y COD analysis and
1.9272 10/1 Ar ARl

cell count

Electron Accepter
Nitrate
(NO; )

0.1 mL/min
Different C/N Eatio

29 4-12. B ALEFGANAEZE o] 149 A Aaw
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2

A ottawa sand= 33]9 AA v @i z+ vt} vortexingdte] sand®] &=

EE

S u=2A Pt nE2A F=AE ottawa sandE FE AP FYFI dAEA FEES

—

T JEF A SHE COE FTHoted AH=E FEFHEF 281 purging siith ZH
purgings vl AHE MU E g3 A~eto] ATk AxE AYol deionized waters
ol A 0.1 mL/min® 2 FYPAA BE 55 52 AL 7 A4S AAsdn vy %
et A EZG AN A ES 0.8% Phosphate Buffered Saline €492 23] cell washingS
A A]8le] suspension FEHIZ 400 mLES THSFSI T MAES X &3 suspension £ cell
countE A3 Ay} nAE] F=7F 10° CFU/mL itk o] mAE &8s Agow £33
T AEE AP vAE A8 G 87]E closed systemoZ 7435 0.1 mL/minS2
Ade FATe =S BT A2 vABES ottawa sandol W7
Al 48A17F FoF WAl TE, m A &2 starvation AJE]OlA] EPSE W

ofilme F4sts Aom wHA vk teoE 39 glo] AWy Ak

L. Ottawa Sand?t @9 JAFEHGAWPES ©]&3 CRM (Controlled Release
Molasses) #-& F7443

2 Aol AREH AHE o] 14 em, A4 2 cm®] o= E A Axlolth(1H 4-2).

Ao FdF9 570l 94E tubing viton tubing o1 A7 o] FHE wiH-E 20-30

mesh®] ¢F 0.4 um®| A4S 7V ottawa sandolth. AR <i 4—4>¢} o] A4 3] 33

mLol| &= 53] 12 mLe]™, porosityi= 0.364 °Jtf. Ao dFomhy A2 SAv=&

HEskr] flste] 2 AdEEjxel A g gl ol & wWzkA] wigsiv. dFgEREAv =

it

S wjekst wix = d7)A AEE X387 Y8 160 mL serum bottleo] BIXE 100 mLA &
F3tal He 7}~ 287F purgingste] £E44AE A ASH
alum cap2 ©]&35}o] 7]d3 F AFE3I o 25T A

ot Eztgrdn| A Eo] FHo A AEjol A vAlES ESHSIAL )& suspensions cell countE

2719 5+ butyl rubber®}

K

jus)

fF3kSlith. Kinetic Ao =25H

AA 3 H AR FErE 10° CFU/ML 95 wl A7l HEs3ch. o] wAE suspension



+—~Acryl mesh

a8 4-2, 9 AFZEZRG AN A E CRM (Controlled Release Molasses)S 283 129 4
2
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obz12)

Ottawa sand

Viton tubing

Peristaltic pump

53.8 ¢

12 mL

33 mL

0.364

0.1 mL/min
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3# 4-5. CRM A&A]9 2d5s H7ke AT A4
T T4 38 %
Molasses 48 g/105 g
Silica 9 g/105 g
ARpEolA)
(Controlled Release Molasses) (Microcrggi:ﬁlﬁlie bowvder) 27 ¢/105 g
HPMC 14 g/105 g
A A48 (Nitrate Sol.) NO3 —N 100 mg/L
A A= Pseudomonas sp. KY1
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¥ 4-6. o] AEutEIHY ] Bz

Parameter Condition

Column IonPac AS4—SC 4 mm 043174
Detector Conductivity

Eluent 1.8 mM NaHCO3/1.7 mM NayCOs
Flow rate 2.0 mL/min
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¥ 4-7. 7k ARvEOHI e A2

Patameter Condition
GC 600D (Younglin, Korea)
Column 1.8 mx3.2 mm, S.S. Porapak Q (80/100)
Detector TCD
Carrier gas He gas, 50 mL/min
Injector temp. 40°C
Detector temp. 100C
Oven temp. 50C
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@ 5, e colony® EAAENH /ML ol g3kl FARAHLY 4-3). AFelA weld
n &L cell pallet AE|Z 43} Wizard® Genomic DNA Purification Kit (Promega,
USA)E ©o]&3to] DNAE F=st
A

FA18le] BLAST (Basic Local Alignment Search Tool) searchE %3] GenBank (EMBL,

F=3%F DNA9 16S rDNA HES PCR (Polymerase

32
K

Oft

d

Chain Reaction) WHo = S . PCRE %3] d& AFgeRaduagEe 97 Ade

DDBJ, PDB)oll SEHo] &= 71& vASEY vugt 23 BEY Yo &3] EAsts F&
g2 v A E-Q Pseudomonas fluorescens®t 100% SimilarityE 7FA+= Aoz AT, dF

EZn A E-L2 DDBJO Pseudomonas sp. KY1(Accession number: AB362313)2.2 S=3}% S

W 1 AlEeA dAEE <19 4-4>9F 7t} Archaea domain®| Desulfurococcus fermentans
(Z—1312)¢} Desulfurococcus mobilis (M36474)= ¢ Phylogenetic Tree2 Out Group©]th.
Scale Bari= Nucleotide™ 0.05°] &3t Z} wlt]je] A+ Bootstrap #< YWEFATE Tree

7 9129 '@ Pseudomonas sp. KY1; & o] Ao AL nAE-o|},

2. AT S T 92 ol & dF EF 24 v ES 2459 kinetic test

Pseudomonas sp. KY1-& ©o]-&3%F 3|32 A3 Ax= <Oy 4-5>FF <19 4-9>3}

2 24 SxE v8EE Zo]E BYoy CODY ARSS O/N HjEHEE 34 4tal F
T gd AEQ dAarta A A2 e WelA AolE Bl dAAd HAe AR
8% C/N BlE 1/114 %= 300A1ZF ofiell Z=7] AAd HA 55%(100 mg/L)e] 60% ©lsl,

C/N H]& 2/1914 = 300AIZF o]Ulel 40% o]tz A=At ™A C/N H]& 3/1, 4/1, 5/1,
231 10/1& 100A|1ZF ojuie] %x7] AAHd A4 s==2HE 20% olst=2 AU, 53],

C/N Hl& 5/13 10/19] 75 At A7 50413 ool 10% o= A= 7 =il
e 27k = FEeY COD= EE Hl&

o Ax AEE Qo] ExfolE Holx| gttt 247t C/N Hl&¥H 24 CODE 1/12 237.5

We gde By @9, 2RE 49

)
[
-
o]
2
19,

mg/L 2/1-& 475 mg/L, 3/1& 712.5 mg/L, 4/1-& 950 mg/L, 5/1S 1187.5 mg/L 1&]1L 10/1&
2375 mg/L °|th. 18, 159} zto] C/N H|& 3/1, 4/1, 18|31 5/1& 1/1, 2/1, 10/1 Kt} 96 A]
b ol CODE| A&R7F 33%~50% U olFojxlem o= x7] C/N Hl&E 2 %9 60%
olatgit}h. olel wka] C/N vl & 1/13} 2/1914 & COD £F7F A9 o] Fo] XA il 80% ©

Fol zHFatsith. AAZ COD7F AL ARHA &2 Z7]§% 475 mg/Le] C/N H]& 2/1%
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65 @ Pseudomonas sp. KY1 (AB362313)

99| pseudomonas cannabina CFBP 2341T (AJ492827)
100

Pseudomonas fluorescens ATCC 13525 (AF094725)
Pseudomonas aeruginosa DSM 500717 (Z76672)
Thiothrix nivea JP2 (L40993)

100 |: Achromobacter xylosoxidans DSM 10346T (Y14908)
Alcaligenes faecalis SP03 (EF427887)

Nitrosomonas europaea ATCC 25978 (AB070982)

I Burkholderia hospita LMG 205987 (AY040365)

1ol Burkholderia cepacia ATCC 25416T (U96927)
Caulobacter vibrioides CB51 (AJ227754)

wo| [ Asticcacaulis biprosthecium DSM 4723T (AJ247193)
99l Asticcacaulis excentricus DSM 4724T (AJ247194)
yiDesulfurococcus fermentans Z-1312 (AY264344)

 —
0.05

19 4—15. Pseudomonas sp.

10l pesulfirococcus mobilis (M36474)

KY19] A§gd #Ax=
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C/ C0 (Nitrate-mg/L)

oe®
Qo
@
o) 100 200 300 400
Elapsed time (hr)
@ C/N1/1
O C/N3/1
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@® C/N10/1

% 4-22. Pseudomonas sp. KY1S o]&3t 129 Ao Ae] ArdA A A7t
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17F 580 wet <% 4-14>9} o] 7844 6,131
mg/L—CODZ &&=t &5 oIME 1,168%2 F-F 3,306 mg/L-CODZ &&=t} ol
we} Pseudomonas sp. KY1d 938t @de] 2m7F %27] 109 mg/Loll A 2,825 mg/LZ =713}
Fors GRlaleh. Aad Aaes <3 4-8>3 Zo] x7] 20 mg/LEFH 95 A oy
33%, 167 A|ZF Well 56%, 215 A1zF ol 68% 18]aL 361 AlZAlel 86% A AL
4-15). A9 AY T8 F A& EF 24 vAEQ] Pseudomonas sp. KY1S] F-2FElE &
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¥ 4—8. Pseudomonas sp, KY1ol| 2]3k CRM A -8A|e] &8 a8

Azt 2444 = (mg/l) 33 a&(%)
0 20.00 -
20 15.24 24
27 15.69 22
73 10.67 47
95 13.36 33
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167 8.80 56
215 6.46 68
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AR TS AFESATH (1™ 5-1). o] ¥, Bear(1961)9] (2] 5-1)& &&3}o] 7 #5X]
o] HHHEETE=(Cra) B AR o] W, HdHEs% @t & SFES VA= BATE
4742 ¥2A14= 74 4 (Fried and Combarnous, 1971; Neuman, 1990; Gelhar ef al, 1992; Xu
and Eckstein, 1995)& o]-&3lo] AF=slthH(3E 5-1). ZLg]dto], 4709 217] & HdHdEs=
Ao} AAZ S49 AN S5 =X vlalste], 2} B AA4 Y A4S AES
t} o] o], BHEo] Bx}&AA 4 (diffusion coefficient; Dg)E= 1.74x10"* m?/day(Li and
Gregory, 1974)E, =9 2% A< (tortuosity constant; )& 0.1, 8382 3 EAA S
(longitudinal hydrodynamic dispersion coefficient; Dr) % FEAMX|FE(ar)E FHEA 2
AAG (DY) 2 FRAATF ()] 10% 2 3 tH(Fetter, 1999).

- ZZolA & AA TR vaEAa, olE

4

L

FHOR ANE ke

r

<

gz R AFAAAGHUFZo A A =2E 1A 2 T3S E AL Neuman(1990) 9

F

Eckstein(1995)¢] =2l o 2 37} )31, Fried and Combarnous(1971) 2418 Aits =

S FA7F AEEE AoR HILEATHE 5-2). Neuman(1990) 2 Xu and Eckstein(1995)¢]
FA o AEE FEAAS(a)E 2H7] 0.07-0.11 2 0.09-0.19 ¥ =4, 7ttt Borden # <
AHA O FF Y FEAA S H9(0.01-0.22)2F Al A5 A a2 (Sudicky and Cherry, 1979),
Peclet & 7}7] 18.3—-27.9 2 30.5—36.4 ¥ $lo]™, Di/Dy ¢ Di/Dg &= 2+7] 76—161, 8—16 &
58—97, 6—-10 o 2A, AFAMAAGFHNFF §dols72he e BF o, I

5 ol ek kel oa ArjE = Ao®m YERRHH(1H 5-2).
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0.5 1a 15 20 25 30 3.5 40 4.5 50 55 6.l 6.5 00 75 outlet
1] i] a a
1] i] 1] a
1922 4174 1838 a
1974 4930 035 a
251 2538 0aE a
a i] a a
i] i] 1] i]
“0l, not determined ; hlank, noi sampled; 0, tube 0 by sand
0.5 1n 15 20 25 30 3.5 40 4.5 50 55 Al 6.5 0 75 ontlet
a a 1] a
a a 1]
0 el 1904
TA4 2784 1037
4204 a4l 312
a a 1]
I] i 1] i]
*0, not determined ; blank, not sampled; 0, tube 0 by sand
(a)
0.4 10 15 a0 25 30 3.8 4.0 4.5 all 55 all A4 700 14 otlet
a a a a0
a a
ladd 10898 a ]
230 | 4338 0E4 ]
145 = 3817 a a
a 1]
1] 1] 1] 1]
1, vt d etermined ; hlanl, not sampled; 0, tube 0 by sand
0.5 10 15 an 25 30 3.5 40 4.5 a0 55 Al f.5 0 1s ontlet
a a ] 1]
a a ] ]
028 3126 4348 I
615 439 1885 I
121 1032 1278 I
a a ] I
1] 1] 1] I
0, not determined ; hlank, not sampled; 0, tube 0 by sand
0.5 ] 15 200 25 30 3.5 40 4.5 a0 55 Al %] R ] otlet
i a i i
a 1]
076 207 6s2 401
039 208 1513
145 137 (213 366
a 1]
1] a 1] 1]
1, mt d etermined ; hlank, not sampled; 0, tube 0 by sand
(b)
A FAA AW A (a) FAR F 2742 F, (b)) FAR 7

FHAHBr)9 =
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¥ 5-1. & AT &85 g BRI AE g
C A
Coox =——F7—— (Bear, 1961)
4nt /D, D,
a = (1.8 £ 0.4)d (Fried and Combarnous, 1971)
a = 0.0169L"" (Neuman, 1990)
a, = 0.1L (Gelhar et al, 1992)
a = 0.83(Log(L))"" (Xu and Eckstein, 1995)

D =aqVy +D

D" = wDy

A = the injected area of tracer

Iy = mean linear velocity

D" = effective diffusion coefficient

d = mean grain diameter(0.075—4.175mm)

L = distance
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T 5-2. oY BAAG AERAAN )@ At 2S5 W

20105 |15 41.7 421.3 18 56.7 85 15.6 54 43.4 98
2.5 0.0 1.5 49.3 406.7 22 o04.7 95 15.0 47 41.9 92
2.0 |—0.5| 1.5 25.8 406.8 12 04.7 64 15.0 74 41.9 76
3.5 |—0.5| 1.5 13.2 301.3 8 24.2 71 8.0 75 14.6 95
2.0 100 2.0 56.0 451.6 22 60.7 96 16.7 46 46.5 91
2.0 1=0.5] 2.0 77.3 452.5 29 60.9 88 16.7 36 46.6 75
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=

A1 A

Pseudomonas spp., Bacillus spp., Faracocos spp., Achrobacter spp., Bosea spp., Ensifer

ERS IR

=
(Casida, 1982; Zumpt, 1997; Song et al., 2000; Dandie et el., 2007). 28] 31 A3} =

Z} ol
=

1BES o

=1
N

AL
00
Bo

dr
Mo

gl v} 2t} (Cunningham et al.,

PN
T

B2 A4, Y(sugar)

2003; Quan et al., 2005).

BR
o

3R

X
0
70
T

el

N
A

Bagk wp vk v A4
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==

|

= 7

gl
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g
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fife)
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o] 285 A3tA g

=
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v

olo

R
J(do] X YH] X Zlo] = 3 m X 4m X 2 m)

Z

3 w

M5 Ensiter adhaerens®t 97% -AF

iy

=
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obmobr, %
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A GRS T

w7

1.

)

ol

e
ol

)
22

shAl A

= FAH(Samchun

.

Al

b,

S

SEYA A A

bol el -

S

(=)

[e]
gue

o3

0

l

chemical, Korea), 1|2 A 22 9 (Sigma—Aldrich, U.S.A.), 32}

<]

)

N
No
el
B

=

M)

=7

ne FHlE

=
=

bof o]

=t} 193
X Zo] = 4 cm % 30 cm)oll FaL, Aol A oF 1-2A13F &}

A= [e)

7] &3t

(60~70C)ol A a3}l A

= (A&
af

Al

A 5t

E o

=
A==

AN H, A

23

=5

gt o] S (wt%)

A =2 o5 ZPHE (1 6-1).

X
3

Ho

ol &

Ab ARG (o] X HH] X Zlo] =8 m X 4 m X 2 m)ol AAHATH(TH 6-2). &

1

ksl
pi

vk A (o] x YH] X Zo] =3 m X 4m X 2m)7}

o]
T
~

o FANM, AE WY Aolg 7

7k

40 711¢] #

T

g

1 mola, 1 7] &%

-
T

o]o] A
0.2 m ©]t}.

~
o)

ojy

e

o]
ﬂmo
=
N
J)J
T
file)

ze)

il
03
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oI

olo
)

A R GsAREE BdEe]l MM F7It &

ot

2 0.18%; FFAS, 8.01 X 1077 em/s)7F AP A1, vheFdFA A2 105 M F2 A

A 2ol

SFATH Y 6-3).

(NO3) £(0.5 m*/day)

I3
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gl 15 7§7F of ATt ARSH AT o] F, A
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=Lt o] 7F
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MUg Hi 2adED 494 A
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lol, 1 m® ¢ E%o KNOs

H71 $1s

Z%H 142 mg/L FAA3GTE Ao A, oF 8

bl

a

X

B/

ol A =k

=z

sol Alg
(22}), 544 (32h)

=
=

ST A FolA 142 mg/LE QA=A A

o)
=

b, 21

s
o 4% 2,69, 139 A% ¥, 24

7, 27] 1491

2,6,9, 13, 17, 21

& ©
Ay e

719 WA 2 NH4Cl 19 mg/L, KH.POs 7 mg/L, KHsPOs 19 mg/L, MgSOs 19

-
s

A8t

—_
file)

mg/LS X

Zt7) v gl ¥o

-
R

e A3

v 59 Ensifer adhaerens(97% A,

Ensifer sp. KY2%} B &0 9

1
s

ol A

} Ensifer sp. KY2)2]

0]3

o

sk,

Fol 22 g dxtel vial

o =z Z]
]';S S ©

]

V) A= ( Ensifer sp. KY2)

S <a¥ 6-2.(a)>9 1, 2, 3, 4 AHeA

=
==

u] Ay
o 0.8% A4 20 mLe E 10 ¢ &

TH

& FH

2]
g o714 A

TH

th ool &s 1 mL

0]
AR

A e Wolzl HgEol

o]
H

%

o= E

(KH2PO4) 0.15 g, &3l 5 (NH4CD) 0.4 g,

=
5]

PN
Qirtol ATk

(K:HPO4) 0.4 g,

=
=

1l

4g, Aol

ket vl 5 (MgS04+7H.0) 0.4 g, Al &< SL—-10" 10 mL7} =
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WA A7) F2YS wdEe] dis] A Z(cell pallet) G EE A F (harvest)sto] H| =9
Promegail2e] Wizard® Genomic DNA Purification KitE ©]&3sle] DNAE F=31% 1, F=
sk DNAC] 16S rDNA H5-& PCR(Polymerase Chain Reaction) WH o2 FE313t). o] &
7] qEE A8l BLAST(Basic Local Alignment Search Tool) FAFE %3] GenBank
(EMBL, DDBJ, PDB)el s=5o] = 7= vA=E3 vasiitt. 7ok fAR o=

nirK +34AAE 8353

TRk 1, 2, 3¥ WEE el Alm AFHAA 1, 2, 3, 40 AR AAH 3FFE vAdEC] sLd}
A A8 des & dAuT 2F2A 23, 2l ddol = vA=ES Ensifer

adhaerens®} 97%, Mesorhizobium ciceri®t 99% A S 7HA+= v AEZ W3 F ) o] 7F&

tl Ensifer adhaerenst= =S W &3] EA5ts AERZA Fo &4 nAE F 3Ll Ao

BN
>
i

2 9eA ok FHANEF EF Sl AEFHOR Yo 1§ Sehs RSO
2o q, B, y—proteobacteria, “22] 3 Firmicutesol] £3&l= m|AESo] &5t YATH 1Y
6-5). o]& Edl® AN G FHdoll o3 2ol sqd 5 dgs AT
s Sl 82 Ensifer genusel &= mAES 16S rDNA H$1E DDBJE &34
GenBankel] Uncultured Ensifer sp. Gene for 16S Ribosomal RNA, Partial Sequence, Clone:
KY2(Accession No.: AB481086)% S=3} (18 6—4). <1¥ 6—-5>+% Ensifer sp. KY29]
A& EFE yebdnh &9 wol= 72 8 2 =(nucleotide)d 0.05¢ &8t zt mir] 9

A e FEAE W (bootstrap) #H2 WERATE
3xb Ayl o] &8 Pseudomonas sp. KY1 & LA ol grHsl7] 913k, 47|%
004 AR Eo|A Eud Pseudomonas sp. KYIE Ath wjgFata, AW ik

HlF(10 L)<= AAH ek Al 2 A ok eke] #7198 miA 9] 242 NaHPOs 1.2 g,
KH,PO, 1.8 g, MgSOs+7H,0 0.1 g, (NH4)»S0, 0.1 g, CaCl; 0.03 g, FeCly6H,0 0.02 g,
MnSO+4H,0 0.02 g, NaxS:055H,0 10 g, NaHCO; 0.5 g, KNOs 5 g / 1 L2 TAEAL
AdielE A 160 mL ¢ WE 2 A A5 (pyrex serum bottle)o] F714w#] 100 mLE
AL Ny 7IAR BeES AAT & 5 aFepler dFng 5407 dobx gd 37
S 2Aste] wgatdith AW o wids 9@ 20 L e el Ad Wl F719 WA E 10

LA N, 1A% 862 AAsn $40 9 vz sto} 457 wasiar),
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olgA AW ek wld® Pseudomonas sp. KY1 & TR FelA Ao &85

o

o

al
2 AFFRE 3 W o] o ekl m’)S AR =, Pseudomonas sp. KY1 7} wj ks

rOl

O

10 L v &aS =7} AG2 1 m® &3] Z%o] YAHIH 6-6). 1 m° &F E59
B WA FAdS KNO; 0.6 g/L, KH,PO, 0.8 g/L, NH,Cl 0.1 g/L, MgCl»-6H.O 0.1 g/L,
FeSO47H.0 0.004 g/l 2 FAE AT} o] ¥, oF 159 3 25~30C oM 1 m” €% &% U
WA g FIAZ|AAN(FF 19 L/min) SR Ao HQ3 vF Pseudomonas sp.
KY1S SAAATH(1HE 6-6).

Pseudomonas sp. KY12] F2)o] AyHor APH=XE Auunuzx vjd A8
st A s E Sy o]E=FALe] IC(Metrohm, 761 Compact, Switzerland) = #4935}
Jok. 1 m’ & EF Ai s Aol © ol WAHA %FskE w(159),
Pseudomonas sp. KY1o] W& Z29 wjx & 1 m’E& #AY wkg¥A) 39 Edo] F9.

ol Ae % &-s-&3IF(niche)S &HE 4

T ARE OsAE AR At 190E9 4~5ME dstal o] dAH &

0 m, 1.5 m, 2.0 m)olA Aatgdet. AFok A &, pH, 43tk
J(ORP) % £F24A(DO)(Thermo Orion 3—Star series, USA), Z7]HAZX(EC)(TOA
CM—14P, Japan)& 7]53l3lth. AGe & A5E 0.20 m oA F o] &3] F{fEs A
WAL, G2 A s 545 flske] =vl® COD(HACH, DR-2800, USA)E =743t
Atk HE AR 4TE ¥R 5 Adsta sAEAT 7L o= st

IC(Dionex, DX—500, U.S.A.)Z NOj3, NO, 418 A A5+9 T}

A3d A4}
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Nitrate 7% " Nwel as
Plume Carbon
Fm source
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B3%, Methwiibium agquaticum
9700, Ensifer adhasrens

O . e o B 000, Bacililis bovroniphilus

19 6—4. 16S rDNA FES =Z DGGE 7|HE o] &3 Ay EXAnAAE A}

23}
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33HE L

KNOs3 4g

KoHPO4 0.4 g
KH:PO4 0.15 g

NH,4CI 0.4 g

MgSO4 7H20 04 ¢
Trace element solution SL—10" 10 mL

from DSMZ media 320
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33HE o
HCl (25%; 7.7M) 10 mL
FeCl, X 4H,0 15¢g
ZnCls 70 mg
MnCly; X 4H-0 100 mg
HsBOs3 6 mg
CoCl; X 6H20 190 mg
CuCly X 2H,0 2 mg
NiCl, X 6H-0 24 mg
NasMoO, X 2H-20 36 mg
Chine 990 mL
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an - #6, 100%, Ochrobacterim anthropi
s L . s9%, Mosotiobiamcier priiastadie
l = — #2, 97%, Ensifer adhaerens
e Pseudomonas sp. KY'{ feproteobacteria
‘l_, #1, 80% , Bacilius boroniphilus firmiicutes
#1, 83%., Methylibium aguaticum: g-protecbacteria

#5, 87% , Brevbacillus Ihemiotuber firmicutes

005

o3 6-5. FHA P MR AFFH £F
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Ci2H22011 + 48NOs  — 24N + 60CO2 + 480H (6—1)

B FgAgA Ad S s AT
j & ) CaCOs, Ca(Mg, Fe)(CO3): 5¢ &3l

o
R
o
B
ﬁN_,
2
o
e
H
)
+
L)
>
U U
ol
ftlo
24
Mo
Hr
o

gdIg T pHE BE AR 3 5 A

(29 6-=7). mebA dFAE Aol g2 mE pHe| F&o] 24 #e Ade A
ECe= Al GG WEss 929 ¥z do] Axd +5 73 A

A=, 1.0 m Zo] oAl wkg # 483~557 pS/em AW AFLAAEFE 149 WS F

497 ~842 uS/cm, 24 ¥Hs ¥ 500~938 uS/cm, 349 WHE F 527~957 uS/cm, ©] ¥ 5.5 m(3

HZHE 1.5m sHF A H)ollA 552~1,153 uS/cm & Z7FeFA T 6-7). 1.5 m Zo] F3t

o M= Wk A 484~559 uS/em AW AT AA = 149 3§ 489~548 uS/em, 22 &

I} £ 481~546 uS/cm = & WHs7F gl oy 38 whS § 507~934 uS/cm, ©] ¥ 5.5 mol A

541~1,097 uS/cm 2 Z7}F9th 2.0 m Zo] T A= kS A 486~559 uS/cm 9E o1F
QAR EFE 19 B3 F 491~554 uS/em, 29 =3 T 494~550 uS/cm, 39 B3 F 497~

587 uS/cmz 2 W37t ¢l o} o] & 55 molAl 493~720 uS/cm = kb Z7 etk AF
7] EC AS5A3E, D% THo Ery Ayt Forug o] =240 AE RS A
st AL Ui oy, FEAIEAAH

P
T
et al., 2009), o] ¥ M7} ZRY FHUSE A4 7Fo] AA YEhgA %ob 7

o

D09 7%, Ensifer sp. KY29} Pseudomonas sp. KY1 B+ FEX o= FAH7|A 7
AEolrg axl3 AAglo] EEALE ART 5 A wEkA] 1.0 m ZoJoll A wks A 3.

2~6.5 mg/L & AFeFqAsr= 1€ ¥Hg % 1.5~6.3 mg/L, 2€ ¥-§ % 0.7~5.7 mg/L,

w

A Hk8 % 0.8~5.5 mg/L, ©] & 5.5 molA 0.5~4.5 mg/L & #ZA3IH(1H 6-7). 1.5 m

|

7 3 3.0~6.2 mg/lL &2 H xto]7} gor}, 39 Hke 3 1.2~59 mg/L, ©] & 5.5 molA]
3

2

EN
o

| A= 9kS A 4.1~7.0 mg/L 99 AT AAd}FE 19 B9 & 2.8~6.5 mg/L, 29 =

0.4~4.2 mg/lL & 743Gt 2.0 m ol ¥-2 d 3.5~6.7 mg/lL F¢ SlF 2 AR s}
2

= 1€ 5% % 3.1~6.4 mg/L, 2€ &% 6~7.2 mg/L, 3¢€ T ¥ 1.5~7.0 mg/L &=
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Y Zol7F glet) 5.5 moll A 1.1~4.7 mg/L 2 74

2ol A%, ARAQ Geom Azte] AW 2% 23CEYAA 5T12e)% B2

o Abskskdd el A, wkeak wAglel Adel wEl mVrr Akl

2. Pseudomonas sp. KY19] & =24 5 A9 AAS

1 m® &3 mjAgd BEES o]gato] 32k Ao AMRE Pseudomonas sp. KY1S ©f

- o =

& 2819tk Pseudomonas sp. KY12 &2d-S- HoF G (CioHop011)S B4AY 2 oyxg

o2 AgEEAL, NOsZ Noi SAATHA 6-1).

1 m® 8 MR &N BEEA Pseudomonas sp. KY17} AFAoZ U Z2A5 =X

p

P 1 m® A g g AN Ao 9 Fsath 27] B 357 me/L(5.8 mM)e] A

2

¢

39 A T ~17%, 69 A} T ~64%, 99 AI} T ~729%, T2 A(14D)7HA] ~

o 6]

™

rlo

89%7F AAH HEAHOoZ 357 mg/L(5.1 mM)7F AAHAHZH 6-8). o] A=

Pseudomonas sp. KY13} 2 59 84 nAES =54 H S AdAM HATHo2 o=

FHEA AL AFEAA AAT F A& A,

THEBEEFYH 1.75 m st A 5)olA 1, 2, 3% A3 7

to
ul

A FE H3r 146 mg/L(2.4 mM)o|Aw Q1+
& BTk 2% 49 49, W A, 19 ¢ 29 B9 F ANy

e 39 Wb - H 60%9 BEES Bk

ol

mM)o|RH AF A A
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39

(d) A

S|
ax

(e) COD B AAtad #
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7+ 141 mg/L(2.3 mM)old <l

T 53%,

3

oA 1, 2, 32 A9 7] %

Sk

=
T

gl

55 m T{H3EZHE 1.75 m

<
T

o]

7+ 78 mg/L(1.3 mM), 94 mg/L(1.5 mM),

3

69%, 43%°] HT A3ass Hol, HFAHoR

1

61 mg/L(1.0 mM)7} AAE At 2.0 m Z o] A

)

=3 & A w% Hi ZF 149, 150, 146, 144 mg/LEA uh-gH

o
=

mK

’

’

139, 141, 138 mg/l. 24 & =}o]7} gllen, 3

} 136, 137, 138, 136 mg/L 24 & #Fo|7} §lSleh. 28}, o] &= 55 m 7+

H 11%, 18%, 2% H=

)l A 1, 2, 3xF A 2H7]

A4

=
T

gl

ZHE3EZFH 1.75m

7+ 16 mg/L(0.3 mM), 25 mg/L(0.4 mM), 3 mg/L(0.05 mM)7} A A=

3

3

o], A ow

o
=

LAY R o]F 5]

o] gridow
CEEE

3

n
e

=

Sh-2 etekol

Z

]

(e}

N

—_

No

Ao wobga, 1w ol

s

B

v F]is o] 2 mAgEo

MRS ool o W 5 glglon], webA

A7y, ey HE AAR AN

™

o] 17 A@urh 6~

FHS AHHEYE, 2, 3

9%(1.0 m Z°]), ~16%(1.5 m ZAo]), ~7%(2.0 m Zo]) t] AAYHE A2 e}, 1A G2

o)
ke Ao

A ow 2 A

=1 o
gFo

3

2 AZtEg (2 6-10).

o

25

Atk <19 6-11>S

o] XYEAN7] wiiel

=iy
=)

10]

=

Az = &

e

el

o] xg

=iy
=)

S

}

)AO

(2™ 6-12), o] A v}
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R
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s
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B7] wel
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X
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55 d
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69 d
83 d
93 d

SNedpPCAVIER L KOX |41
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: ¥
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. ¥
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I | |
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| l |
6 l l l
| | | depth 2.0 m
8 S g
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7- BT
L
6 1 " 1 |
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a9 6-7. A 2 A wE

=1

=
P
T

Z]

! Aglo] wE pHel W}

%
=2 54 ¢tel W3}
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1st 2nd 3rd
l I | depth 1.0 m
1200 - T 3
[ [ [ & —e—Od
900 — | : l ] 2d
I | | E A 6d
| o 1 9d
600 — £ T N 4 13d
Sl B2 v 16d
300 ; ; ; S X 20d
_ 1200 S | B
£ o ol % 3t
=< 900 — | | M P> g 354
‘{.{ I I - & ¥ 41d
ey _ : E ¥ [> 444
G 4 omog B B o
300 : : : o e
: | : depth 2.0 m A ggg
1200 — | | | N4
| | ! ¢ 69d
| | l P 83d
900 — : ; | Z 93d
l l l hoA
600 . & u & i
300 A |

0 1 2 3 4 5 6
Distance (m)
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| I | vV 16d
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| | ¢ 69d
300 - | | l ¥ s3d
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oo 7§ B
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0 1 2 % 4 5 6
Distance (m)

(e) AIZF & A u}& Arslskd A9l W3}
a8 6-7. AL
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o 498 WEHOE AYRES s 13 AP 4%, 139 43 F 55 m PRI AE

¢

38 ma/LololA] P WEel Aol Fr Holtw 9&e ATk 16 14 4
b A3 F AT HF COD

204~263 mg/L, 214 121~175 mg/L}tt. 28]ar 32 Aol A5, 549 A3} 3o 65

NP

mg/LATHZH 6-13). 2,32 A8 1394 COD 5= 13 Ade 5477F COD &
o] 4~5u]R L

otk =, 2, 33 Adel 13 Aol ) FuAsA Tl 207k ol et BEHE o

#% COD =t 13 289 1344 HZE COD FEr}

25
i
ki)
lo,
=

R At oF 409 o1 A%HY AHEES O FAT F AU o,
9% @A wARe T Gl web FEEE FA4713F Azt el 2, 33 A
€

$ BE AL YRR 32 Ado M= F g v AEQ Pseudomonas sp. KY1S

&

detads 1A Aol 1344 Astasd fAbsth 5, 12 A9l sl 2, 32k ddo] 2w 9
=
=

AAYo R FASA <1 6-10>% WY, 3% AP Fas 1929 712717 2

gze] 7] e7 uTh ghualA Ehdt ol 33 Ado] 23 A@ur 4

AsEae Btk 33 A9 309 Aol AFEEe 23 9 179 A AE kT fAbel

oo Z 9% F599 @l MAEel BF 94 ngRy el 94 5a597] wiol
WSFYFAL JAAE FAVIL0] oF 20 AE /4G Ao AmEvh FEsHH, JoE
£2 A0 HAHoR FASUA MSEATA] WTARE A7) FAAE FDA
SAl FYFe 2T Bask Ya, BLA AP FU 94 NPT FYste] AUA GRE
BAY FE g
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k

[e]
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o
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94% TS THAE A 2R
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x
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=
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}
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1st barrier 2nd barrier 3rd barrier
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ARDARS| AMPARS AMPARS
75]7/\121‘ 17(]- Z}E‘j 3]';_113
o)
(<) 2 6 9 13| 16 20 23 27 31 35 41 44 48 51 55 58 69 83 93
lr.nO 32 32 36 35133 31 33 30 27 33|32 32 32 34 30 31 29 29 30
14
= |15 26 25 29|13 17 24 23 24 26| 21 23 25 23 23 23 22 24 26
A% T
K
A | 2€
l6;*1]:_;-;_101214206110151216386478141617
(mg—
6296486338647863347910
z
5.5
m 5 8112 0 o0 2 2 2]0 3 1 3 2 4 6 6 38
1.0
m0000000000000000000
14
= (53 18 30 18 /61 45 27 24 12 21|35 30 21 33 24 25 25 16 11
o
83 g
as = |69 63 62 4282 96 70 49 56 53|92 76 81 88 78 74 52 45 44
(%) | "
34
= |72 82 89 76/83 92 90 74 79 86|77 74 81 92 89 86 76 68 66
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5&15 87 77165 100 100 94 93 93100 91 97 91 92 88 81 77 74
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ol A 1.75 m

1 (2E 6-11). ey} e
4 9ok mepd

PR

],O

5]

AT 55 m T-7H(
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SHIY FE2E A=l oF A4 (NOy) g3t W2 oFaade] Fao] Fagl

a1, &R EAEo] wjg- A 7] W&ol (Claus and Kutzner, 1985a; Zhang and Lampe, 1996),

to
2,
&
lo
ot
)
N,
oft
&
N

A5 A ago]l A9 gl AAlel Ak o3 HHIY &
g2 wAEE= Thiobacillus  denitrificans, Thiomicrospira denitrificans, Thiobacillus
thiooxidant 5°] $\aL, o5l 9|3 vz, Aejets 542 ojv] 2 d#A dtk(Hoor,
1975; Holt et al., 1994; Kelly and Wood, 2000). 322 v &-& 07} 9] 3(S)E& AR
AR 2 o] gstaL, o]AEEA(C0,)E HAaYgor o]&aH, A (NOy)S HF AAFRAZ
ARgete] Akl S A4 VAN = SHIA[A AAZ. ol sted mAdES o]&ste] 1
S Tl A o m vk dakel B3t A57F #ofgkal(Hashimoto et al., 1987; Kruithof et
al., 1988; Koenig and Liu, 1996; Zhang and Lampe, 1999; Kim and Bae, 2000; Lee et al.,
2001; Moon et al., 2004), o]2|g HAEESY] GHEAN S &&ato] 24 A5t 47 d9A
sk Wl wkgE A Agst A AEqtE R+

al., 2004; 314 2], 2005; A= 9] 2006), S A& A3 FR AF= HAH v

43

k)
=4

22 3% vt 9J o (Moon et

7F §ioh 2 AT 9] 43 5199 g vAE Thiobacillus denitrificans®] &4 Rk

o= ol&ste] Askr Wl AAS AASE LY R BAgE A FAEA) A
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20 7ol v om FAHY, HE &
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[e)
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80 kg, ¥4 2—-3 mm)
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o
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597 mg/Le] 1& {Mo] A
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o}

2ZH(1.33 kg/#A,

15
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e A0 wE

I<]

()]
}\E ;_;
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ax
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lo] ololdow Azxd AAA &

o

°©

SHATHLE. 7-2).

S

bat

A
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S

AZE 9
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s
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]_
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I<]
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T 3
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|

-
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[e)
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—_
fife)
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123 07 =

GAFeE W o2 281 mg/l 9

s

)
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—_
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el

JoH
<N
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=

btk

14, 21, 289 A3} % %7)5% 280 mg/Lel <l

[€)

F7199 wiAl2 NH.Cl 23 mg/L, KH.PO. 27

-
s

& A skl

my

1541 ¢], 2006).

A
hi
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ok
[ |

il

ot

o
O

X

Nd

ool

s Al

A=

=
=

7F A F2re A 110 me/LE 3= A A

==
o =

o] F, A

Thiobacillus

wof |AA AL

botet.

°©

I
- 148 -

T

& 0.44 m/day = 23 U

[e)

beeel fr4

S

denitrificans?}t -
60 7Hol



Outlet

d O d O O O O
e0e000s0000000000000
d d d d O O O
o000 es0000000000000
a O O O O O O
eeeo0e0c0o0000c0000080C®
d O d O O O O
g
E
g E g E g E g
LS [=] ¥} (=1 Ly (=} L
o o} ] el i = S

2nd 3.0m 3rd 4.0m

1st 2.0m

1.0m

- 149 -



b 2ol A

S

19 7-60. A

< Ell
— A

A A

- 150 -



2. a4 mAE W<k

e

Toll o83t Thiobacillus  denitrificanss DA TF ol FHII] 95},
DSMZ(Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Germany)=45-E
#9)
7=3). Aldim g 2 digFuFe] Fr19 miA o] 242 NaHPO, 1.2 g, KHoPO4 1.8 g, MgSOy

rod

S8 El Thiobacillus denitrificanss AW vlgste] g wlYs EH| 8T (2H

7H.0 0.1 g, (NH,)2SOs 0.1 g, CaCly 0.03 g, FeCly6H:0 0.02 g, MnSO,4H.0 0.02 g,
Na»S:055H,0 10 g, NaHCO; 0.5 g, KNOs 5 g / 1 L2 FAEACE Al ¥A] 160 mL2

4 78 A2 A5H (pyrex serum bottle)o] F7]1@u A 100 mLS %3 N, 7|A 2 EE
S AAG F Fd ayuplet R FAoE doba g A sk v gl
e S el 20 L Wi 28 A ®ell 7719 wixE 10 L A9 N 7[ARE Eeess

AASD F7o] G R vtol 477 MEHATh RE WFE 25CAN S

32

= Thiobacillus
denitrificans$t RAIA| 7} AL Z 1E &FY =& 60712 FAA WAES 27F EAatH (2
g 7-3). A WA FAHLS KNO; 0.6 g/L, KHPO, 0.8 g/L, NH,Cl 0.1 g/L, MgCly-6H.0 0.1
g/L, FeSO+7H.0 0.004 g/L2 TFAEAJ o] ¥, <F 270 3F 25~30TC oA &% W uix
Flcth. o] &, S3&

4 vARe] FAA wHolA AA BEFTHniche)S FuFEAZ AvnaA, w150}

(3

gOg #BAVRAHSE 19 L/min) F24 n A2 FA5 228 §

it
k
ol

2 BASAT B ) G0 BE Azl o o4 wAsA S u(60%), Fu vy

A NBEE OFAE AZ A5 28709 2 1.0 m, 1.5 m, 2.0 m ZololA elE<]
4~5u5 FFetar o] dAHK F Mgk Aot FAol = B pH(ORION 290A),
EC(TOA CM~—14P), &4k (ORION 830A), ORP(ORION 290A)E 7] =3 th(1d 7-3). A
T B AEE 0.20 m FAAAE o] Gt FHES Aol 4CE YFEH T AU

btk

ol

o AP IEtgEs] 7] D 9 sle] IC(Dionex, DX—80, U.S.A.)& NOj3, SO &4
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o S

i

(a) Thiobacillus denitrificans THEFE (2 71 (b) YA =48] (ID = 2~3 mm, & F
) % = 80 kg)

(¢) Thiobacillus denitrificans®] SUJA F=+
(2 7<)
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A2+ = (HCO3)= 0.01 N HCIE o] g3 AAHoz BAs1%t]).

off

Thiobacillus denitrificanse EA¥S Fot "2 AFAA R, NO:S AAFLEA =,

COE Bado g AMEEIHA, NO3E N2 39 7|3l S'S SO,= AFSAIITHA 7-1).

555 + 20C0O; + 50NO;~ + 38H,O + 4NH,"

— 4CsH,0.N + 25N, + 55S504°° + 64H" (7-1)

80 kg9l 3FAA Wl Thiobacillus denitrificans F-Zro] &2 02 o] Fo|xE=4] o
5 18 oAE99 NOso| Aoz 2l 7hssith, 7] % 375 mg/L(6.1 mM)<] NOs,
11 43 § ~12%(0.7 mM AA), 189 A3 & ~24%(1.3 mM), 329 43 § ~45%(2.4
2 5 AI60)7HA ~52%(2.8 mM)7F AIAEH AT o] =4 HFA 0 R 199
I F24d mAdEo] Fdxt xHol| AeHom FaFAEs Btk (Y 7-4).
Thiobacillus denitrificans7} 34 Aboll 3oz FaF2AHa Q&2 AlZtd o2 S049]
T SRR AR glo] Jhsetth steh FEAC wEW, 1 59 NOs o AAHE 1.1

9] SO7F A E T SO= AFAIA 189 43 5 ~157 mg/L(1.5 mM A4), 32 F3 F

lﬂ

~303 mg/L(3.1 mM), 183 238 =8 A7}A ~330 mg/L(3.3 mM) 74 sx7} =718+

(Ld 7-4), AAE NOsst A E S049 & 318t 2o &H et FALSHA A=At (2
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2 Al 71 Ao w2 A 9 a1(Claus and Kutzner, 1985; Oh et al., 1999), Moon et al.(2004)
< 2715 177 mg/Le] AL 2957 pH 7~8A HAildo] AUZ AARS AF4e =
Ak vl Qo AFdA = AT LGA sk AAY G et FYHAEES A BEY

2 W CaCOs, Ca(Mg, Fe)(COz): T &3] To 7121sle] &au$ AP E H o]0 F3}

L

ol gd3y 52t pHi 6.7~8.3 HYolA A5 3L(Zhang and Shan, 1999), webx A4

Sl = o] W pHE| J&o] AA ¥& A AT ECY FF-, NOzol Noz2 k¢l

29l AS, Thiobacillus denitrificans® HARAF2E+= 25~30C= &HA JA| T
Koenig and Liu(2001)% ©F 15C9 X A% ¢F 66 mg/Lhre] F94d £x & #s19t).

HoAo| A =28 15T W, §544E= 0.9~2.8 mg/Le HYAh

W

L. RESFd A Asta s
72

H
N

F AZEAH (2™ 7-6). 2 1, 23k AF BE HFH o2 0.37~0.44 mMo] AA

5]
dEd YA FA AR W2 A3t a&s Bevh 1A Ao B, ed NO; B

e}

T 181 mg/L(2.9 mM)old AF2A A3+ 18 vhg F 177 mg/L(0.06 mM #A1A), 2&
W8 % 164 mg/L(0.27 mM A7), 39 HF ¥h& F 154 mg/L(0.44 mM AA)=E A 7H= St}
221 A8 A9 v NO; Het 5% 281 mg/L(4.5 mM)olJE 91399 A st4e 19 vt
& ¥ 280 mg/L(0.02 mM AA), 2 W5 ¥ 264 mg/L(0.27 mM A|A), 39 HF wh& F
258 mg/L(0.37 mM AA)E AzF=HAT. 14 Ao A3t a8 149 v8 F 2%, 2¢€ W&
9%, 39 W3 5 156% RaL, 22 A A3} 5 &S 149 v 5 1%, 24
A whE 5 8% Stk AstEEe 13 Aol 23 AAHY Ekou, A" NOs3o| & =
FrAFSEAT 1, 22 A9 ol At a&S AHEW, 1.0 m o] FdAE 19 g F
~1%, 29 W 3 5~79%, 39 WS 5 7~15% Qi 1.5 m o] TN E 19 ¥

<1%, 2€9 W& % 4~7%, 3

e
o
o

bS £ 5~11% $lom, 2.0 m Zo] Ft= 1€ Hbg &

5~7%, 29 kS 3 8~149%, 39 HF-S 3 13~19% it} whd, g2 sS A B9 SO, 5%
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No. Altitude Well Screen section Screen length

(m amsl) depth(m) (m) (m)
GW1 106.58 4.96 3.46—4.96 1.5
GW2 106.13 6.86 5.36—6.86 1.5
GW3 105.08 8.43 5.43—-8.43 3.0
GW4 104.65 3.34 1.84—3.34 1.5
GW5 104.71 5.30 3.80—5.30 1.5
GW6 105.56 5.83 0.50—5.50 5.0
GW7 104.55 4.76 1.00—4.00 3.0
GWS8 104.68 6.08 2.30—5.30 3.0
GW9 104.16 7.05 2.50—5.50 3.0
GW10 104.78 3.48 1.98-3.48 1.5
GW11 104.44 3.16 1.66—3.16 1.5
GW12 104.30 3.38 1.88—3.38 1.5
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EH71EA2(DOC) A4S #% AEs BE7| &< A= Wl DOC 5=l 93-S 73 -+ 3
© MAEY] &5 IdAstaA HeClE H7ES 5, dFvg Sd=2 #9 Alales 43
Ho] T35 WA, £48 A5 AMF et sAlol @AM Ao 3 AVHdRR
(ORION 115), pH®} §E4F2(ORION 3 STAR), AFsFghd A 91 (ORION 290A) %S SA 3T
A& QF 5, 228 s dAdoA 0.02 N-H.S0.2 HAste] B8 AY, dd 235 A
st X stFESFS A AT Lo AsA A 7] (Titroprocessor, Metrohm, Swiss)E ©]-&3}¢]
0

.01 N-HCL Aoz BEAM3HT. & A|ge AE Aol 2o](Cl, SO4, NO;, F, Br

POy, NO2)2 A thstare] Dionex—80(Dionex, USA)=E HA313 ). ol 23} m&F T5F2(Na
K, Ca, Mg, Si, Mn, Fe, Zn, Pb)2 AMEtistul & 33te&7] 7] AE (NICEM)l| o] % 3}l
AAS—6410(Shimadzu, Japan) 2= #Aslqltt. && R84 28 AFAAAE A

AH S A 55 e T Multi N/C 3000(Analytil Jena, Germany) 2 #4135tk A|214 4
o gt FAAE AFA Fl(blank) A EE AL8ele] Faetglon, BEA AT os]A
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B oA Ao 8] dE % (hydraulic conductivity)E S43}7] Y8l 20073 7€ 17019
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T 8-2. @% vl WA, 20074 49 A AR A AR FE

Sample EC temp. Eh DO Na K Ca Mg Si Cl HCOy SO, F NO; NO, Br PO, Mn Fe ;;igc‘“'e

No. uSem) P €CQ) mV) (mgh) (mg) (mgh) (mgh) (mgh) (mgh) (mgh) mgh) (mgh) (mgh) (mgl) (mgh) (mgl) (mgh) (mgh) (me) %)

GW1 158 680 7.7 456 607 862 254 1256 271 556 102 281 115 <01 186 <01 <01 <0.1 ND 0.03 0.0
GW2 185 656 81 447 557 934 314 1493 334 558 136 268 137 <01 197 <01 <01 <0.I ND 020 2.7
GW3 219 589 140 205 178 11.09 280 2030 466 19.14 136 695 125 <0.1 84 <0.1 <01 <01 08 008 0.8
GwW4 411 660 8.6 303 198 1334 636 3463 720 580 286 769 386 <01 263 <01 <01 <0.1 028 214 -3.6
GW5 261 624 94 412 326 1191 752 2043 501 575 232 378 177 <01 379 <01 <01 <01 ND 005 -26
GW6 286 573 9.4 439 358 1470 1035 1955 535 587 274 305 187 <01 430 <01 <0.1 <01 ND 008 -07
GW7 425 650 9.2 319 246 1336 512 3986 832 590 299 793 341 <01 497 <01 <01 <01 034 114 -3.8
GW8 315 6.04 98 313 098 1334 228 2744 800 657 254 1086 179 <0.1 67 <01 <01 <01 245 215 -55
GW9 - - - - - - - - - - - - - - - - - - - - -

GW10 304 527 113 294 409 1354 982 2083 543 572 286 342 180 <01 409 <01 <01 <01 002 007 -1.6
GWI1 178 659 83 455 582 847 207 1456 305 3532 114 342 150 <01 221 <01 <01 <0.I ND 009 -51

GW12 312 582 9.8 449 164 1477 1028 2165 599 650 321 305 186 <01 450 <01 <01 <01 ND 006 -08

min 158 527 77 205 098 847 207 1256 271 532 102 268 115 - 6.7 - - - 002 003 -55
max 425 680 140 456 6.07 1477 1035 3986 832 19.14 321 108.6 38.6 - 49.7 - - - 245 215 27
avg 278 6.19 96 372 338 12.04 566 2243 537 706 222 506 197 - 289 - - - 079 055 -18
std 89 0.47 1.8 88 1.81 233 337 845 191 4.02 83 280 8.7 - 15.1 - - - 098 0.85 2.6

*ND denotes non detected
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on, woll e ddoRe vk Aad ARAeR YddehA] e HCOs A I 2
T AHHom ol SUkshe dd= dEigith A4 Adre] FolZelA HCOs ol2¢] Al

A WMss A EE 29 26~95 mg/I(E 1 52 mg/l), 49 27~109 mg/I(H+ 51 mg/l) 1

o]

o

s

2]3 69 39~113 mg/l(F 1 55 mg/l), 108 32~202 mg/l(F 1 78 mg/l)E YeERATH 18
8—5.(e)). HCO; o]<2] A%, g2 9L wkx] ¢k dub x|} A A= A3k A o]

Uh(Jeen et al., 2001). 22t} FA|o|A Holi= A|7bel] wrE x&2 ol 3tk Zr1alAke =&l

4NO3+5CH,0=2N,(g)+4HCO;+ CO,+3H,0 (8—-2)

ARt ow Astg ] §F A FR7F dobxal s o] W el w L]
shtkal A 283kt (Reddy and Patrick, 1981; Appelo and Postma, 1999; Brandy and Weil,
2002; Siemens et al., 2003; Mohamed et al., 2003). €Al A5 AH A5 & 44 5%
A AIollM &E A FE7F 249 o] Fol X&HAom volx= AYgS yEd 1092 At
ol % gate o] HlmTt AEHAGANE 7P W2 3 YER Y (2’ 8-5.(d)). °]= HCO39

Z7kel Qclo] &a mgRe] BEE F/AYS F Rgaty faH.

<
Ll
ATRA Al A BEE AAYAL FEe] Wahs 280 0.0~4.4 mg/i(FE 2.5
mg/l), 49 1.5~11.2 mg/I(33

mg/l(E 1 2.4 mg/HE YEMAJATH(3E 8-3, 18 8—5.(1)).

AT QTR vl oshE Adgel skl AT S Qi AAYAL FEE

4

6.5 mg/l), 6 0.0~5.5 mg/l(33+ 3.4 mg/l), 104 0.0~2.9

HAd 3 mg/l AxolH, 1 o] T QlfHel eddozRE FYdH AHS AAgtha
B 3139 tH(Medison and Brunett, 1985; Mueller and Helsel, 1996). A= 194 oJaS vt

A Groha AREE ATRA A §AF el ATRA WP T2t AL 4
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o WAL FE

No. Feb. 2007 Apr. 2007 Jun. 2007 Oct. 2007
GW1 3.2 4.2 3.2 3.1
GW2 3.2 4.4 3.3 3.0
GW3 0.0 1.9 0.0 0.0
GW4 1.5 5.9 2.7 4.0
GWb 3.1 8.6 4.5 2.9
GW6 3.4 9.7 4.4 2.7
GW7 2.2 11.2 3.8 2.8
GWS8 1.3 1.5 2.5 0.9
GW9 1.6 - 3.6 2.1
GW10 3.4 9.2 4.9 2.8
GW11 2.9 5.0 2.1 2.5
GW12 4.4 10.2 5.5 2.1
mean 2.5 6.5 3.4 2.4
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——Feb, 8 —@—Apr, 7

120 —h—Jun 5 ——Oct 1

Q0
g0
&0
40
20
Qo

NO3-N(mg/l)

-

GWl  GN2 \GNV3 GW4 GWh GWB GWT WD GNIT GAvI2

monibring well no,

e

——Feh & —W—2pr 7

200 —&—Jun B ——0ct 11

450
400
350
300
250
200
1.50
1.00
Q50
Qoo

Mrim g/

(b)

GWI GW2 LGNS GNd GWh GW6 GW7\ GWB GNI AGWI0 GWIl Gwi2
moniring well na

—o—Feb 8 —m—Apr, 7

i —&—Jun 25 —«0ct 11

1200
1000
g
600
400
200
Qoo

»
I

Felm g/l

(¢ monitoring well no;

——Apr. 7

450

400
- 350
300
250
200
150
1,00
as0

OUU 'l L L 1 1 1 1 ' 1 i J
( ) GWl1  Gwv2 W GWh GWH GW7 8 GN9SGWI0 GANIT GNI2
d

moniforing well no,

DOC(m g/1)

a9 8—-6. AF Aok W EE4E 5% (a) A2 A%, (b) Mn, (¢) Fe,

(d) DOC
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Legend
== Stream
altitude(masl.)

10.0 mg/I
@ 5.0 mofl
0 100(m)

Q Gws
Wé

Legend
m—— Stream
altitude(masl.)
10.0 mg/I

® 50mof
0 100(m)
.
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Corrected Displacement (mj)

O pumpi
\Jpumping wall

\5.?0 m

.
@'monimring well

RO
S L D_._'i,unnnam—cnn.n-u— 8
| L il L
1 10 100 1600
Terrie {min}
4 AR BETe 949 e

- 180 -



A7 A GAale] A= ajdH-2 W A (Schlumberger) 143} $U (Wenner) vl

& dubAQl 12k "AFel, @S (pole—pole) W E, @=—==}H pole—dipole) ¥, =2} Wi,

S A g 2 oAy wid Fol A 23 "ANR FEET o] T A=A wjd o] &

dlsol 7HE =& WHoR, Yyt A ANke] d7n[A o] AriAow x7] witel 4

2 dHA dv 2y A=Ak sdHe oE el mle] Adad 3|

7b 7FE wrob ARke] A 7|M A o] v A9 Aol FA4sH WX = @ile] du. whet
e

A Bl TAbE o) e xuke)l Hru A dEl, ¥ a(noise) AE), AF2A,

%/H o] =0 7)4\

3L O

o

O

WAl 5 D B uE B FEHA S et o] weA AeF o o

.7_
oA M A7 A BA RS ol gt AFAGY Jwer A% L 74 A 54 5 4
=

2. A7181 43 ©AH(Electrical resistivity survey)
AMAT B As idel FAud AR wE AFvEe] wF AFdel o
A9 Shetel ANFORA A5 WA ANAT BEE FPen Ashrx
abolth. HA7u| A el gk EeAel 548 ved 2

A& (resistance)< "wl@o] A{F AF 55 Walste AS gu|st}t. ©9l= ohm

sl

(D)o ofe] 714 wide Z47] v Ags 7HA AL e, ol A7 5489 ofet 7]
atehal Aol oM depxich. Aolrt [ olar, @Al 4 1 AN dAFie T A
0 Af7F & BEve A AT Hres AE 9

el fd. we ARl AR wuAT Qo) Arle maddd A/ NAG

ol WS, AoVt ders o &

ol

(electrical resistivity) p ol ¥t}

R=p— or p=R— (8—3)

2 vebd g v A7InAEe @9l ohm—melw, A7HAZY] dees ArdRE

(electrical conductivity)® ©@$+= mho/m, ¥+ S/m ©]t}.
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AMAG AL BAe T AR Aol ANAE HAsE o T A9 AT

P, Pyot RS S A=l ole we] Afixbe vt 2u(2d 8-9).

pi pi Pl Pl
AV="TVp, = Vp = - - - 8—4
V="Vp=" ( 2mry 27, )= 21y 27, ) (8=4)

+—) (8—5)

ol &aL, ¢ A& ArHIAFe] e Aoz v thaat A

%

)

p=G e

(8—6)

o] wf, (& 8-5)9] &% ¥ &3] ALl (geometric factor, G)&}al g}, <3k 8—4>
= aEel mE AdAleE vebled, AT 25 @l sidste® AT F5
5 A5 AVe #oldtt, weba] AAGTIE 7 & A5 wjdel AVZF 7P WA, A=A

T7F 7P AL Ay dat g e AV7E 7R A

oX

F 454 G AVHAY BARE ASkE 2 A B S 5
o4 W AgHE BUEANOR £8 L 51 B BA FRFoRA FIHoR

shel 2 Al AN AY YuE AL S Aok o] Mde A @I A9 AFe) 1AL
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¥ 8—4. vjdol W& AYASF (a2 A= 1+7)

Wy 5 A A(G)
Z e A vl (schlumberger array) m(AB*~ MN?)
4MN
9 vl (wenner array) 2ma
o= ¥ (pole—pole array) 2ma
9G= — &= vl (pole—dipole array) 2n(n+1)ma
A=-2 wld (dipole—dipole array) n(n+1)(n+2)ra
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nnzd 3 17 €3 ="
F 3t 300~900 st7+ek  [5,000~6,000 & 1,400~1,600
EoF 250~600 HF-oF  [5,400~6,400[ &7] 331.5
TAF 500~2,000 WmAdel  [3,500~7,000
HE 1,100~2,500 Areh @9 [2,000~4,500
el 2139k 2,000~6,000
B3} 200~1,000
3} 800~2,200
Lot b
B3} 400~500
3} 500~1,500
e B AE
s} 400~1,000
sk 1,700
b=y 1,200~2,100
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Al M= 109 me] FAR FESAT YA FRell= 2 FAVE g2 dAR AN ES
S R Fog FRIA ¢, <19 8-13>¥ o] 2719 Fo= MAE T 1Ea T
AA D FA o A E kAL, 2 Apole] ghEA
(buffering zone) & o] BT S3the] eSS FdsY. 5, 5 42 1st layer(A
13)° EL.& 90m (MAHAA 2 F F7= 10m, L7 8-13)% #3, 2nd layer(A 23)9]
 8-13)2 Tt AAlS F T2 ofEer 2

<8 8—14>°Ae} #o] A 1=&

E.L. 60m (T 7+ 30m= 944, 1

Zoning : Al 1% — zone 1 : A AA} & AAY (18 8—149 [1)
zone 4 @ A PAAE Fgk AA T (19" 8—149 W)

zone 3 : zone 13 2 Alo]o] &=Atf (1™ 8—142] W)

rol'

A 2% — zone 2 : 2nd layer A3F

FARR G S 7F2 754 m X AlE 715 mE &2 00H, &L 002H#=o] ¢34
MaasAel AAE o]Fa o, WAXYE AAE A drfee AYstY % o2E 00H

& ue i Age Bl BYse 492 NFoE dAsgt. A4we 4 A4

E56m X 5m= T tA4ew A A5 HH(1d 8—-15).
. AAIEA
= AFHEA oA A ASAEE vtFo R, ASH AHY Aot FFEEE 27
At 7 BFx 2 AASRY. 18l 285 F7 A (CHD, Constant Head Boundary)+ &%
004 A#F& wel <29 8-16>° FAIE A — "3} o] CHDE AAstar, AAl A+
AR FAE Q12 sAA e 5 00H olfo] AHLS AHIAYE 7|Eo® & Aol YEL
3l Qo] CHD o]9]+= <19 8—-16>0°] A ‘—— o x %A% 1A ™ No Flow Boundary =
A48 FAT

St (Recharge) 1st layerE [HA] 2 52 (zone 1 & 4)]1¢}F [4FeFA] tl(zone 3)]

o ¥ Aqom PRl YARUH1Y 8-16).
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# Visual MODFLOW - [ C:W-==212008WmodilowW2_2)GRIDS_CHD_isoK_exceptGW] 2{ S 2 2-20W7.ymf 1 : No Transport
File Grid “Wells Properies Boundaries Paticles ZBud Tools Help
Wiew Colurnn

Wigw How

Wiew Layer
Previous
Next
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Import
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Copy »
Database

Contouting b

X 5454

V7049

Z: 1026

Row (11 3

Colurnn (J}: 10 F1 F2 F3 Fd F& F& F?
Gayer (0 1 |1 Zvetp [Ban | Edme | @ras [ |RC7RM |ITP

Conductivity edit module

7 814, tdA A A 15 AR

(zonel : JAAY HA], zoned : MZ=A1, zoned : WAA )

- 193 -



)

2 =
™ <A
- )| 3 SR
™ @ = s
o) = = - o o
B O o EPS
G e Y 5 s <
S 473 & T
I Ho A %0 2 o = T
o T For g o o
T 2 J+ 0 . Z y Br
o R & B W 3 3 =
W3 T X 5 = T U T X Z g 5
zmaxm:ﬂ&& yﬂmbw
A m M mt ol 1)) Mo oy iy = " N 2 d]% =
W N
o T 1 2 d M M M % s¥ 8 — J,Mo W 0
> o = o .@u E 00 o /m %w W e R _MA_.o T
" S g o) e 7 b o A ) 0 5 %o - 5 = N b T <
— oo m HF o o B o g K o RO A X i =
e - = 7P . — - < N = o) q| )
(RN © g T & ! W B S 2 T o ok ®
@Mymoiqua T mw“ﬁgﬁ 5
uﬂ:f;;lq ;8 o3 r 2% E 5, L
fii__;o X8 2 2 iﬁﬁ DL E
oo P 4w T 2o T s 2 T N g = = g
o = = 9 o B 2 0o ° T E K o = - N - W = A )
A TR ~ P = B B x .o W R - A
o %0 (- = T L o X o X0 " i W Lo ol = Q)
N A oF A} Ao %l A} o . = X —_~ < N 0 = o
n B I o= = 5 X o . R 2 Y %o 5 B
= SR o o~ & AR = o ® o S o ! ; < B s = ™
o ! BH T D= A ) w s < 1@_ o oy on | X oz
,| J — 0 s iy o . X © = AT < B z__- oV ~
= 2 Y T FN Y = < 8 ¥ (i o R A =
i wo o P 2oy g v < 3 Low S 5 2 =~
T = = < Mo 2 T 5 ol o = do X -~ o -
17_A| ﬂ,Vl ‘WE ~ X T Z! n_i ,_Ir.” m ,._\Wl ™~ N ﬂm ‘UM & N \HAr ‘= A ,WD
A 0 8 i - ’ = B N ° oy o -
> 0 v K T To 0 m A = o _ o = i = < A
o X < o = o T « S Mo X ) 5 I ki 0 3 T
:875m%%4w8 <mwma wmawf%os S E L
o i 3 —~
B p GRS - G M do = % s N 5 Lm Ew S % b B % ML
— _— ~
583,;7 ymﬁbf T s < M%& W 5% < 4.
EPMﬂKXmME o % aa‘/ym@ o
N = A = o A K Mo = o) X my = o © A = i
cEﬂrmﬂma ix ° i gm@; ﬁﬂﬂ
TS & A = 50 o} il 3 o ~ T
N . R W =S n I ) o-
ﬂnlm %L LOLO o —_ [ m m_l ,ﬂrL_W ﬁo
o fErEis 2
"o 0
i ig = = = 3
e T S i w =
s o
- 5 - E %o o E M
= T S &.L e Hl (- = .
T 9 S N = _ o = )
S o o a °
al s X0
o ~ ol
< o
o o
i ~
T

- 194 -



F Visual MODFLOW - [ C:W=-21200BWmodflowW?2_2)GRID5_CHD _isoK_exceptGW1Z2(S 2220w 7. vmif 1 : No Transport
File Grid Wells Properties Boundaries Particles ZBud Tools Help

Wiew Colurnn

iew Row

View Layer

Previous

l Goto ot

Grid b
Inactive Cells »
Edit Grid v
Edit Extents
Smoothing 3
Import Elevation
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i 3

X 6952
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Calurnn {3 12 Fl F2. F3
Layer (K): 1 ‘|? Help &3 Rl save

F4
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R
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S|

Grid edit module

a9 8-15. AR A (A4 15 m X 5 m §3HA)
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F Visual MODFLOW - [ C:W=-21200BWmodflowW?2_2)GRID5_CHD _isoK_exceptGW1Z2(S 2220w 7. vmif 1 : No Transport

File Grid Wells Properties Boundaries Particles ZBud Tools Help

Wiew Colurnn
“igw How HHy
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¥ 8—6. dFHAAN =5 HEAHol| 93 FYAEE
Monitoring Hydraulic conductivity (cm/sec)
Well No. Bouwer and Rice Hvorslev
4.0 X 1072 4.4 < 107°
GW2
4.3 X 1072 45 X 1072
GW3 4.6 X 107 4.9 X 107°
7.3 x 107° 87 x 107°
GW4 |
7.7 X 107° 85 x 107°
3.7 X 107° 3.9 x 107°
GW7 4.3 X 107° 4.7 X 1073
4.1 x 107° 45 % 107°
1.2 x 107° 1.6 x 107°
GW8 1.4 x 107° 1.6 x 107°
1.4 x 107° 1.7 x 107°
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15t Layer 2nd | ayer
Zone Zone 1 Zone 4 Zone 3 Zone 2

A Buffering A

zone
Bottom E.L.(m) 90 90 90 60
Ko By (cm/sec) 8.0e-3 4.7e-4 9.2e-5 9.2e-5
| K,, (cm/sec) 8.0e-4 4.7e-5 9.2e-6 9.2e76

s, (1/m) 5.0e-5 5.0e-5 1.0e-6 1.0e-6
S 0.1 0.1 0.07 0.07
n, 0.12 0.12 0.07 0.07
N 0.25 0.25 0.1 0.1
R(mm/yr) 464 464 718
CHD .start point (m) 107.6
CHD .end point (m) 95,7
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F Visual MODFLOW - [ C:W3S12008WmodflowW2_2)GRIDS_CHD_isoK_exceplGWI2(F& 2142w 7.vmf 1 : No Transport

File Grid Wells Properties
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Wiew Row
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Help
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) Calibration Plots - [ Ci#4-%2008%modfloww2_2)GRIDS_CHD_isoK_exceptGwi2(gaztsehwr]  [C]B]

FEile Edit Miew Options Help

B H @ BEEA CAQS L BR IE &84

'TimE'L_ _ Calculated vs. Observed Head : Steady state
15t =

Available: 0 j
Min 10.00 days
Max [0.00 days

[ Show all imes

| Giroups | Points |

] Layer #1
TTTT95% confidence interval

TTTT O 95% interval

A
|1L1.Layer #1
| v W1.GW1
|¥ W10.GW8
|/ W11.GW9
|/ W2.6W10
| v W3.GW11
| vl W4 GwW2
| v W5 GW3
| I WB.GW 4

Calculated Head (m)
103.3

= 10231

| |
10331 10431

| Observed Head (m)
Lirk: with map Num. of Data Poirts : 114
Mz, Residual: -0.283 (m) at GW10/SGA 0 Standard Error of the Estimate © 0,046 (m)

Min. Residual: 0.011 (m) at GW3IISGWS Root Mean Sguared : 0148 (m)
Reszidual Mean : -0.016 (m) Marmalized RMS : 6803 ( % 1

(] uto-Reset axis limits Abs. Residusl Mean: 0122 (m) Correlstion Coetficiert : 0.963
I ] *=n/a Y=nga

a9 8-18. 2d HAS 9%k A9 A 2 (117 353 A= o]8)
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3 8-8. 7} #5FoA Aoty w5 Rdd A3 v
Head (m)
Well
Obs. Calc. Calc.—Obs.

GW1 104.528 104.555 0.027
GW2 103.897 103.975 0.078
GW3 104.140 104.151 0.011
GW4 103.920 103.725 —0.195
GW5 103.840 103.689 —0.151
GW6 103.827 103.696 —0.132
GW7 103.488 103.619 0.131
GW8 103.306 103.526 0.220
GW9 103.290 103.311 0.021
GW10 103.291 103.008 —0.283
GW11 102.354 102.450 0.096
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# Visual MODFLOW - [ C:W-=32008%modflowW2_2)GRID5_CHD _isoK_exceptGWI12( S 2r=20W8 1 _verf. vm
File Maps Graphs To

Wigw Column
Wiew Row
Wigw Layer

Goto Previous

IHEad hd
Options
. Previous
Tirne: ot
Select »

Export Layer

Fow (1)
Columnn (1) F1 F2 F3 Fd FB F& E? F8 F3 Fin

@ 2 & Yert luer: in
o B B B B[R [ R [ [ [

|0ulpul Time :1.00000 [day] Stress period : 1 Time step : 1

a9 8-19. 159 A E 4
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'modflowW2_2)GRID5_CHD _isoK_

Row (3

200 200
Caolurnn (1) [ FE F& FT
FomA 2
Lot e | O [ [ [

29 8-20. 259 FHIAE 2 4% 0
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ke

co
|
©
N
r

i

g

oM FeESA e 2 Aabghel Wlal (7] 1 2007.11.12)

Head (m)
Well
Obs. Calc. Calc.—Obs.

GW1 104.218 104.433 0.215
GW2 103.702 103.885 0.183
GW3 103.805 103.846 0.041
GW4 103.510 103.395 —0.115
GW5 103.420 103.339 —0.081
GW6 103.387 103.314 —0.073
GW7 103.073 103.307 0.234
GWS 102.906 103.220 0.314
GW10 102.871 102.650 —0.221
GW11 101.949 102.366 0.417
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Calibration Plots - [ 2 H2008%modflowW2_2)GRID5_CHD_isoK. o (]
File Edit Miew Options Help

H om BEEA MAQARLL BR DEH @44
“Time

vailable: lu - I:‘I

Mir 0.00 days
b axn mﬁﬂ dapz
™ Show all tirnes

List | Time steps > I

Calculated vs. Observed Head : Steady state

Groups | Poirts |

™| Select highlight aroup |
AAN
[IL1.Layer #1
v'w.GW1
¥/'W10.G'W8
W'W2.GW10
VW3 .6WwW11
v|'Wa.GW2
Iv|'Wh.GW3

v Wh.GW4

v WF.GW5
[v|'WB.GWE

v 'WI.GW7

W Link with map

Lpply |

103.3
|

Calculsted Head (m)

1024
1

Layer #1
H5% confidence interval
85% interval

| |
10289 103.9

Observed Head (m)

hax. Residual 0417 (mj At GV IS
Min. Residual: 0.041 (m) &t GA3ISGN3

[~ &uto-Reset axis limits

1% 8-21.

257 9835 Ang

Residual Mean : 0.091 (m)
Abs. Residusl Mean: 0189 (m_)

Mum. of Data Points : 104
Standard Error of the Estimate : D087 (m)

Root Mean Squared : 0.22 (m)
Mormalized RMS: 9653 (% 1
Correlation Coefficient : 0.942

|obsered Head (mj=ni [Calculated Head (m)=r|
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¥ Visual MODFLOYY - [ Ci¥¥4212008Y¥modflow¥¥2_2)GRID5_CHD._is
File Maps Graphs Tools Hel,

tGYY12(F 22w 7.vmf ] : No

K
Y
2
Row (1) o 100 2 ] 400
Column (1 FL F2 F3 F4 Fi FE T Fo F3 Fl0
= 2 Vert ] it Hain
Layer (K): 1 |,?_Help & 3n |E5m |'Ma | |FI oot |FFPan |m ‘ i |Men
Show equipotentials for next timi
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i Visual MODFLOW - [ C:#¥=®12008¥WmodflowW2_2)GRIDS_CHD _isoK_exceptGW12(5 £2H+2)W7.vmt 1 : No Transport
File Maps Graphs Toals

View Column =
“iew Row
Wiew Layer

Previous

Head R
Optinns

Previous

Tirme e

Select
Export Layer

Kiid

v:amy

7: %0

Row i) 102

Colurmn {J): 2 F1 F2 F3 Fb 2 FE 2 F? F3 Vert F3 0
Layer (K): 2 [P Hetp [lap [ Hsaw V| Hhpan | ein B

Output Time :1.00000 [day] Stress period : 1 Time step : 1

a9 8-23. 259 A E 9 f5 W
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1

14 cmol/kg, pH

7

[e)

T

F7]¥t4 (TOC; total organic
12.1%,
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o
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A=
Rus

3t 2.0~2.5 m T+

P
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3o

1.1%, B4
A]
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T

[¢]

stak

his]
(CEC; cation exchange capacity)

o

-

198 183.8 mg/kg, <7< 3.8%,

=0
vl

o

7] % (organic matter)
0.6%, %ol st

o

i

[e)

T

}ek
0.003%,

) E-OO]:‘O/]
!

1A

|

2Z A, 2 (sand), W AFGsilt), DE(clay) 7} 27 87%, 8%, 5% % T4 F AFE %E (loamy sand)
carbon)

2Z A, ¥ (sand), PAFGsilt), DE(clay)7} Z+7] 55%, 24%, 21%= T4 E AA/AEZ UdE

(o]
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EE ! 1520 m

AE(E =Y Hd+FS) - 20-25m
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(sand clay loam)©o]al, %2 f7]=(organic matter) $FH&F2 2.6%, EYo /7€ (TOC;
total organic carbon) S 1.5%, Yol 5 (CEC; cation exchange capacity)< 12

cmol/kg. pH:= 6.5, A& A= 0.085%, 202 338.7 mg/kg, FLEHS 4.8%, 535 18.3%,

ol

AZME 1.72 g/em’, FHUE 2.11 glem’ o|th. #A =B Aol A%} 2.5 m~ it
ol 7+ AFA A FFT o2, B (sand), "AF(silt), BE(clay) 7} 271 77%, 16%,
7%= 7% A %E (loamy sand)©]al, E%2] #7]& (organic matter) $FHES 0.8%, E 4]
719 A (TOC; total organic carbon) &2 0.5%, Yol 35 (CEC; cation exchange
capacity)< 10 cmol/kg, pHE= 5.8, A& A+ 0.008%, U2 239.9 mg/kg, L= 3.3%,
Bk 12.1%, AZXUE 2.00 g/em®, FHLE 2.27 g/em® o|th. A4 F2 ZES Yo

AA S, A7)l #3238 0.8~1.2 m, F7]Aloll= #%3}F 0.2~0.5 mol| A &t=rd0] 94t}

Y EA A5 = 24 SA] Orion AFe] FHE pH/42 =4 7](Thermo Orion 290A, USA), &
)-8 ORP =4 7](Thermo Orion Star series, USA), F™-& DO =4 7|(Thermo Orion Star
series, USA) % TOA A} Fdl€& EC FA7](TOA, CM—14P, Japan)E ©]&3lo =733
t}, kol (Na, K, Ca, Mg, Si), "]& 52 (Mn, Fe), &°]=(Cl, SO, NO3, Br,) 48 ¢33l A
5+ 045 um AFHAE o &ste] FREEAS AN F, ol AlaRe sFHELS o835t
pH 2 o]at=, Fol& A8+ 4T olstz Wiste] Zeloldd Ao Basiitt. Au 4
< AMadistn AP HSEE7 7ol oFste] AT ol DionexAke] o]2A®
ptE2 eI (IC, 2 DX-500, USA)E o] &ate], ol B vFEEE Shimadzurte] 1=

AdZ el =u} @433 5 7] (ICP—AES, =29 ICPS—10001V, Japan)& o]&3lo] Al 9it). <&

9193, pHE 5.9~6.7 B TE ORPE #4, #5, #1404 z+7] 136, 148, 194 mV, 183 #13,
#18, #1904 Z}7] 207, 212, 214 mV 24, o]|= A3t Yy x 4] ORP(234~357 mV, ¥

T 283 mV)RT AAd oz Q340 ECE #4, $17, #18, #1994 Z+7] 761, 924, 765,
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vxx ++xH | ERSRCOHTICAL CLUSTER ANALY ST S ++++ £

Dendrogram using Awerage Linkage (Between Groups)
Fescaled Distance Cluster Combine

I ] ] 10 15 20 25
Label Hum + ' = = = =
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Hay w-g Ao s Ay Al 2008 6€ BAHAO] ER(Zo] 25 m o) o=
8 S—1, S—2, S—3, S—4, S=5, S—6 AN EFS At EA GAnAE] EA|of 59
TS AR 9-5).
HFo g HE P& EYLS FastDNA®SPIN for Soil Kit(MP Biomedicals, USA)Z ©]
g3} bulk DNAS FE330th 553 bulk DNARYE &3 B nAEe] AFshy &4
S ¢3%te] 16S rDNA H3#& PCR(Polumerase Chain Reaction) WHOo 2 F3E3}3tl. 16S
rDNA -9 dheglote] 32k §-9] 5 BAA0 FiEo=A uAEe] Ay /5 9
3 AREHET o] 95 FHst=d AFE¥ primerv  27F(5'-GAGTTTGATCCTGG
CTCAG—3")%} 1522R(5'-=AAGGAGGTGATCCANCCRCA—3)AHFE 9—1). DNASZ0]| AL-&%
PCR %71 %7] denaturing 274 94T, 102 t}&9) 7z whEA Ao A= 94 Coll A 45%,
56 Coll A 45%, 72Co A 45x% Z7ACS 2 303 ¥HE5laL vlX| 2 annealing 2102 72Co|A 7
F2F dbS A FHTh WEE A7) PCR AHES 10% agarose gelS ©o]&3}o] d7|d5Hoz FAA
o RE FA5tl. SFH 16S rDNA 9% DGGE 7|HE o] &3te A=
3L A7) 98ke] 338F-GC(CTC CTA CGG GAG GCA GCA GT) 1@l 518R(GTA
TTA CCG CGG CTG CTG) primerE ©]& nested PCRE 2A|gt}t. 3% PCR AHES
DCode™ Universal Mutation Detection System(BIO—RAD, USA)E o] €3}l 60%, 40% =%

£ 7}% denaturing gradient gel°l loadings}e] @714 e GC sh&Fo] wE 16s rDNAS] +¢]

il
-

F =319 th. denaturing gradient gel oA ®2l® FH2AES Gelmanager M2 AL & 8k
H w8 A M=E e oAl 338F ¢ 518R primerE o] 4 99} $& X3 o & PCR
Skal 16S rRNA gene® f7IMLE& A7 9dto] AHadistu 5B HRstE57]71dd 9
#]3}le] DNA Sequencer(ABI Prism 3730 XL DNA Analyzer, PE Applied Biosystems, USA)
g olgsteq driMds E4sslit 24" 971> BLAST (Basic Local Alignment
Search Tool) searchE ‘&3 GenBank (EMBL, DDBJ, PDB) °l S&5 o] & 7I& HAEE

I oujalske] EoF e EA1skal = MAw Y e #eleslth
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3 9—1. 16S rDNA—targeted 287 # QEfol= Zglo|m

Primer Sequences (5°— 3’) Target site®
27F GAG TTT GAT CCT GGC TCA G 9-—-27
338F - GC" CTC CTA CGG GAG GCA GCA GT 339—358
518R GTA TTA CCG CGG CTG CTG 536—519
1522R AAG GAG GTG ATC CAN CCR CA 1522-1509

4 16S rDNA position according to E. coli numbering

> When used for DGGE, this primer has the following GC clamp at its 5' end

:5'=CGCCCGCCGCGLCCCCGCGCCCGTCCCGLCLCGCCCCCGLCCCG—3!
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Els

92} o] FastDNA®SPIN for Soil Kit (MP Biomedicals, USA)Z o]&3&lo] F=
bulk DNAE o]§ &d 5o]4 {FHx £41& AAseltt. 24 fdx8 ZAlsk=u AHS-S
primert= o}&AAFA 3+ & A(nitrite reductase)S Qo= AR arKey nirS {o. nirK
B2 FEZs=d AFEH primers FlaCu (5'-ATC ATG GTS CTG CCG CG—-3")¢F R3Cu
(5'=GCC TCG ATC AGR TTG TGG TT-3")°lal nirSt cd3aF (5'-GTS AAC GTS AAG
GAR ACS—3")9} R3cd (5'=GAS TTC GGR TGS GTC TTG A-3)& A3t (E 9-2). ©
S e w HARIg

universal primer®|t}. 5 primere] PCR Z7AL %7| denaturing Z7AolA 94C, 2% L9

riet

7(.;)1 AN

sl

A& Hanllin®} Lindgren(1999)c] A3A wjofEx ke

ZF dEEGA o A= 94T A 30%, 51CAA] 138, 72CoA] 18 Ao =2 353] wHEsa ulx

9t annealing =02 72Co|A 103 WESAIF Y. S3%H FH1AE= 10% agarose gelolA

o
of
%
gt
o,
o
i
:Jd

wo 2 Ats¥th. DGGE gel gl YERt DNA bandE DNA sequencings:
of MEW A Edoe <iF 9-3>3 o] IA 47FA mABFo] RSt AN Z] o
E AAolA HERd ofe] 7FA] DNA band®= H|=3g PAE FolAth 2AME PAES T2
WA+ E575< Escherichia coli, Erwinia chrysanthemi, Lactobacillus delbrueckiidi 2™ ©]%}

o Shigella sonneret= A&l A= vpole| 27t FAEJY. Zhzhe] mBELS Escherichia

coli, Erwinia chrysanthemi,s A3}l AlgegdHoz2 A7t W A&t (2d 9-7). T3

]

AN
—_

FurPe FA 2AG Av, @2

L.

03:
»
riol

stlss 7R mAELS Gram  FAHAQ
Lactobacillus delbrueckii 0] th. Eoko A F2 WAL= g4 nAEe AEdsd 188

7 A B AR E veF B, LE Y €3k a—proteobacteria, 28]l 1 29]ef gliding bacteriaZ}

e

At} E3|, Pseudomonas alcaligenes 9F 72 y—Proteobacteriadl] £3}= v A EE o] x5
Ado AR WAR Fol 71 D A BEF U vAE wely @i bE A
A Astr7E didtsedl o8l edso] A7) wEoln ol Alx AMAHAAEL 6¢€ A= Aln)

= A% Al F7EAQl AlRlE g A 2R wdol = Aew AR

rlo
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£ 9-2. obHAY AYEALT FFes FAAE] S| E e K Eel R Lol
Catabolic
Primer Sequences (5'—3") Enzyme Reference
gene
ATC ATG GTS
F1laCu
CTG CCG CG
Hanllin &
Nitrite reductase K
nirK GCC TCG ATC Lindgren, 1999
R3Cu AGR TTG TGG
TT
GTS AAC GTS
cd3aF
AAG GAR ACS
Throbiack et al.,
Nitrite reductase S
nirS 2004
GAS TTC GGR
R3cd

TGS GTC TTG A
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Parameter

Characteristics

) ) Lactobacillus o ) ) ) Erwinia
Microorganism . Escherichia coli | Shigella sonnei )
delbrueckii chrysanthemi
Gram type Positive Negative Negative Negative
o ) Respiration Respiration )
Respiration Facultative ] ] Facultative
& Fermentative | & Fermentative
o Gamma
Firmicutes Gamma Gamma )
Taxonomy ] ) . Proteobacteria
Lactobacillales Proteobacteria Proteobacteria o .
(Similar to E. coli)
Nitrate i ) i
. — Reduction Reduction Reduction
Reduction
Band/
2/12 8/12 1/12 1/12
Total Band
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1] p— Lactobacillug delbrueckii strain E-2 Firmicutes Lactobacillales

| Rice stripe virus

Erwinia chrysanthemi strain AS307
]Gammaproteobacteria

Escherichia coli strain BE3&
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B AAY e ACAE 2008 683 7dol FHA AP AL, FHA A
AL multi—well test WHOR Mg Jom, FAARZE BE(m7) & At A8 A
Astrd S HAEd 2 Ay BES AsprolA HEHA Gokd EUEY el #ed #
olUel, BEA FH A (conservative tracer) 2 HE HWo] SH3E we= E wjda) vk

ok @i Askrel ola) olFHe] sldlel fesy] Mok, FAA S AL 919

KBr Al¢FS &7toll Al AbEele Astr= S|AAA 40L F-3 5, BEF 5% 847 mg/l 9]
LNS A xR, o] &A 40L & T2 HXE(Peristaltic pump)E ©]&3Fo] ¢ 100+7+

AT S Fsto] FAA AEs At (2™ 9-9).

FuAow s, Asd

N
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N,
=
n
ofj
1o
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iy,
oX,
tjo
i)
O
ol
rlr
P
o
4

447 A o5 7k 4709l BAANA FFATE S
ST (39 #14 BA/ 4D ¢ #1, #6, #12 BA). 4 #14 BAANA F 3.7 L/mine] 45
2 F 1008 B¢ IE siolen, olw ZF #AoA yEeElgE HF F94SHE Surfer

Al A= <28 9-10>3 b o] & 20084

B3
)
=3
[@N
@}

=

w
=4
=
o

P
[kl
fil
I
jai)
o
o
ofo
ol
L
=8

69 4ol = F 339 FFAHAS AAE o, #12 #HAHA A 3.2 L/min o FFE&= oF 801
T2 3 A3 et 978 a8z <9 9-11>9F 2). #6 @A A ¢F 5.3 L/min
o] FFER 90RIF Fek A <1d 9-12>3 2ok #1 #NA °oF 2.8 L/min o ¥5&

2 70% Boh F5@ A3 YYW F9HY TdLE <2y 9-13>9 Pk

6 4ol WA 3O AP A, ShA JNAHAT #14 BANAN s IS

wj o} PP TFA R #1, #6, #12 TANA Y G wfoll i FAEo] #15, #18, #19 WA 429]

Aohe dolubA] erskth thE #ACA vEhd e FE A A8 FasiA 349 A

3l 919 Al A #AFL AAAe] A9 vkar ddEn 9A FaAG Askrd A A

(A87) #15, #17, #18, #19 A2 SEF2] Fol TH th& AR FhH o= Arpsar,

o] & FHH =UNFAANPANME 9 3FHo] =4 o nFolE wf FH HA A4A
[e3]
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of FdEE B

Hywdraulic conductivity (K) (cmisec)

#1 5.065 = 1073
#2 3.825 = 107
#3 9.453 = 107®
#4 5.262 = 107¢
#5 1,195 = 107#
#6 2,348 = 1073
#7 6.169 =x 1073
#7—1 2,554 x 107
#8 3.839 = 107¢
#0 2072 »x 107=
#10 1538 = 107¢
#11 5.808 = 107*
#11-1 2.706 x 107
#12 7.793 x 107
#13 7.114 x 1073
#14 T.437 x 107
#15 6.121 < 107
#15—1 2,082 = 107=
#16 7.064 x 107
#17 2832 = 1074
#18 2.5356 = 107*
#10 3445 = 1074
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ke

9-5. 1aF 42 Ald AE (9% © 149)

KBr 50 g
=5 40 L
42
Br&®= 847 mg/L
EC 1600 uS/cm
A 7F T4 FAHsH(m)
Q1A 7} 2008.06.25 10:40 0.95
10:41 0.90
10:42 0.90
10:43 0.90
10:45 0.89
10:50 0.88
11:00 0.87
11:10 0.86
11:30 0.86
12:00 0.85
zoxn 12:10 0.88
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KBr 50 g
=5 40 L
Br&= 847 mg/L

EC 1754 uS/cm

A X 5 F9¥sE (m)

2008.07.10 9:56 1.1
11:22 1.09
11:23 1.08
11:24 1.07
11:25 1.06
11:26 1.05
11:27 1.05
11:32 1.05
11:37 1.04
11:42 1.03
11:52 1.04
12:12 1.04
12:42 1.04
12:52 1.04
12:56 1.05

2008.07.10 13:00 1.06
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(a)

29 9-18. AlRbel] whE FHA = olF (a) &

Ao FEist (b) ANAEE 4004
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w19 #18 T #16 1
(3445010~ ~4) | (2566010~ ~4) | (2.832010°-4) | (7.064010" -3) 2010~ —3)
#1n w4 #13 #12 #11_1
(6121s10~—4) | (7437010~ | (7.7930100 )t tprpmered-3)
] |

(2.072=10" —3)

(2.554=10" -3}

7 6 #h w4 .3
(6.169¢107 —3) | (2.348+10~-3) | (1.195+10" —3) (6.262+10™ -3} | (9.453+10" —
w2 w1
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Boundary; CHD)

a4

AT AAEA

= Al o

=3 - /A

CHD_1

a7

AT AAEA

Al 4

=

H =
]

x4 - &/A/

CHD_2

=271 - F/A/

CHD_3

ar

9—24>9} 7+o] 2.556 X 107" ~ 9.453 X 107° cm/sec &2 HA]Z1

o

,.EO

4.151 < 107% cm/seco|t}.

T Fke

3

3
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AR (K=K, 5

KeN
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(isotropic)
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S
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AF(Case 1 ~ 3)¢} oA 749-(Case 4 ~ 9)=

qell mepd i

otk (28 9-24, 9—25, 9—26, 9—27).

S

4.151X10 %cm/sec @1 A9 — (Case—1, 2, ,3)

Kaverage
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= Kmin =

292 Ks (Ks

oS
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9.5x107° cm/sec), 7F& o

g Kmax

292 Ky (K4
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|Flow calibrate module

a9 9-22. AXY 2 ZF FAA ] X5k 9] (2008.7.10, &9 m)
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(a)

Puwe [52 [ (B[22 [2 [ [ [Rev [ |

(¢)

a9 9-23. ARZFFAA =4

(a) CHD_1, (b) CHD_2,

(¢c) CHD_3
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#16 #15-1
7.064x10 "% 2.582x10 3%
#14 #13 #12 #11-1
7.437%10 3 7.114x10 3 7.793x10 ~3 2.706x10 =3
#11 #10 #9 #8 #7-1
5.808x10 "% 1.539%10 ~° 2.072x10 =3 8.839x10 % 2.554x10 73
#7 #6 #5 #4 #3
#2 #1
3.825x10 ~*° 5.065x10 3
a8 9-24. /M BA FEAETE (T cm/sec)
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Case—1

Case—2

Case—3

103.80m

103.55m

103.50m

103.75m

103.80m

103.55m

103.55m

103.55m
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3 9-7. Case™ A 721 FYAEE A4

73 2z FEAEE
103.80m 103.50m
Case—1 Ky = Ky = Kaverage
103.55m 103.75m
103.80m 103.55m
Case—2 K = Ky = Kaverage
103.55m 103.55m
103.57m 103.55m
Case—3 Ky = Ky = Kaverage
103.80m 103.55m
103.80m 103.50m
KX = Ky
Case—4
K1, Ko K3
103.55m 103.75m
103.80m 103.50m
Kx # Ky
Case—5 .
Ki, Ki' Ko, K3
103.55m 103.75m
103.80m 103.50m
Kx # Ky
Case—6 .
Ki, Ka' Ko, K3
103.55m 103.75m
103.80m 103.50m
KX = Ky
Case—7 . .
K1, Ky, K5, Ko, K3
103.55m 103.75m
103.80m 103.50m
Kx ¢ Ky
Case—8 .
Ki, Ki' K5 Ko K3
103.55m 103.75m
103.80m 103.50m K, # K,
Case—9 Ki, Ko, K3 .. Kos
5 2} AT X
103.55m 103.75m | (B9 slug test A2 AHE A8)
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3% 9-8. Case—4 ~

Case—9° 49 Kiien®t Kmoder 7237

Case—4

Equation Y = 1.295096686 * X — 0.0008285794278
Coef of determination, R—squared = 0.847879
Residual mean square, sigma—hat—sq'd = 2.87404E—006

Case—5

Equation Y = 1.136254708 * X — 0.0005374197472
Coef of determination, R—squared = 0.799609
Residual mean square, sigma—hat—sq'd = 3.09017E—-006

Case—6

Equation Y = 1.026715676 * X — 0.0003418221006
Coef of determination, R—squared = 0.744409
Residual mean square, sigma—hat—sq'd = 3.45674E—006

Case—7

Equation Y = 0.9633626291 * X — 0.000215211847
Coef of determination, R—squared = 0.696277
Residual mean square, sigma—hat—sq'd = 3.8664E—006

Case—8

Equation Y = 1.054803094 * X — 0.00011750184
Coef of determination, R—squared = 0.787461
Residual mean square, sigma—hat—sq'd = 2.86803E—006

Case—9

Equation Y = 1 * X — 6.308085367E—019
Coef of determination, R—squared = 1

Residual mean square, sigma—hat—sq'd = 6.15812E—-037
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Head (m)
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#5 103.642 103.644 0.002
#6 103.613 103.639 0.026
#7 103.581 103.638 0.057
#8 103.675 103.638 —0.037
#9 103.630 103.637 0.007
#10 103.629 103.638 0.009
#11 103.605 103.639 0.034
#12 103.623 103.625 0.002
#13 103.627 103.631 0.004
#14 103.636 103.637 0.000
#15 103.696 103.646 —0.050
#16 103.594 103.611 0.017
#17 103.622 103.627 0.005
#18 103.705 103.648 —0.057
#19 103.672 103.687 0.015

- 262 -




(Case—5 ~ Case—8). Case—9

el

il

)= o, wEbs REF oA oy

-
It

Ak

0.034 m &2 YEST (28 9-28,

-

R

1 Case—49]
Case—5°A 7F4 BAO9]

T

9
pl

Asgom, 13 wAol

0.008 m, RMS
a1

o

=

1

s

15 A,
9.5}

-
it

ol A oA

=
K2

Case—9<5 A<
Case

T

9
pA

Els

&

4
=B

=]

<
3.

k
9-9).
A= A=

4
Case—5 ¢} o, o

—

0

)

0%

+

L

;OE
.z:’
‘q

el

o AneRE wAol

9

o
=

A

il

e

il

#11 BA AN Fd

1
s

<I1¥ 9-29>

BEEE R P

9

o
=]

poluf, mel wAo] AL&E Aa5e] 2wt

A ol A

R

I3l
=

ohe

I 2} A

2, 374

(particle tracking) W o=

oM ARG-E Abmol®

]
-
:l

o
=

S

)

T
T

- 263 -



isual MODFLOW - [ %21 200BWR T3DW 1) stsf
Maps  Graphs Tools Help

No Transport 1ol x|

Evpor Layer

Ri

Z:
Rowe dl3t
Columnn (13!

FE

3 F2 73 7 75
2 2
Laver (601 e |Ban |Hoave | @ IP( i IIE( ot

[Plan view along a layer

S% 9-29. ¥HF WA fre] Ashe waY A3 0Pe

& A% (Case—5)

- 264 -



ojZM, & ATt

.7
S (Al67 2 A7 Hx).

3R

—_
fi%e)

W
o
et
W

w

rvge]

Fol 2]

9

2] o

ul

Burt A4d3 28 glo] A%
A A e}, vk, 3xd=(2008d 129 %)oj

}

A

=13
=

Aol A

A7) 1, 23 A Aol A A3y

O
R

a4y, 2

ZAE Aol Q1+
Al

F%7F 3 mg/L Wel=

X
o

aHleH (1 9-30). A&

e}

e

"0

KW
Ho
)

el
o
N

O

X
o

#3, #7—1, #11-1 B4& =Y

A

Fél/\

g AtelellM &=

}

1
1o

-

Fol, e Azxd

°©

_(H

o

=

17] Slabe] wbeulal ARRe] #10, #14 %
o] &

=

=
b

- 265 -

2 | AE EAQAR-E rKe nirS AR

= ©}

AR #83}F #9, #11-13} #12, #129} #13, #133} #14, #149}F #15, #1673} #17

)



e - I R T N R s B NI A=l B B3
5 N = [l [z vl I +
Te - % g g e s EILE TE L om T
ZT —) AL . ) .EH — 1 ﬂﬂ_ Gt 0 %T 1FL %T o)
A B~ . = ST NE Lox = 3
ih E m o om S OB ok B o oo oo X o g
n o wlArL ~ o~ ~ X M S Ju_ O e N ~ B O ..p =
Hw = CURER T 3 il MW g e Mo zw o o) Ak Mu ol S eﬂ o
0 —_— ) - ) T )
N TG A S U~ T S T PR I B -
SRR B el
o ™ Sonr B oA o= H* W of 2 o ~ I+ =
ol il ~ ~ — B -
L L IR E S nT s A %S COR
DL - = o oo N o= o o= T AR A 7o Ay
S ®ON g A X X of E < o 4
o X W R = T T oW N T o - © Moo= F
T = FA A TR Ho < - ¥ o 1l &
o 2o R B o, B | ) i 2 [ A
£ T 2 S T ¥ Ee X i m% Wﬂ = : - T ﬂ m%
(@)} —_— o N le) fi o 27 nl )
ﬁ:._ ® oo Mm ° o ® mM iu z % ® m; * Hm ) s - ﬂ, o) W
(v = - N T oL T T ° o ) Moo
o 02 m B H B I S R ¥ 5 5 0K
R S c R R W OF R oo = 4 © T W
o = P o o Ko X A T X W o o X s
= S A} = wu_ o’ ° or - N = ~ o of ”ﬂ” . Z %u =
v X o ~ ° fi < a
- R R M A R S R
o g Mo ° Yop ® oo X T B M T 4 & ¥ o ¥ g
. s 2w L7 o o5 5 EYETE = o8 om o
= iy g 5 —_ ~ X S N 5
R O N A - R w0 o f
g K . o T o 2 BR o N o 2 X g I
oo TS o W R T E RS |
A Tl - L D - R
= & o7 Mmoo B X om o™ o oo op WM o~ TS o W
° T X X o © T o= q® T oo A M < Moy
do m g N B 0 = = o o = o
o T T g oE = S 2 woe 5 A g i
SRR O L SR - WoE R T oo w
] —_ o) _ - -
EN o P B Sy FEF R * gL E
o o = ot R = ~ e 3 N
S o N g K AR R 1 F 0 W B3
= 0 m do B S 7 . A T F o5 &
D %c < W Mm oo o MM ~ >~ g N ® & R G Ly
) —_ - —
s B DL o N o ¥ Tow A > Mowm o oowm <A
S I TG ow BN o B2 E < ool o W
~ E 3 § 9 o 2 % 5 oo & T nm WOB g
S 2o T F BT T T B W Ho W S . oo .
2 C o s g o B % o o oM P ROz R T X

o]g3st Fi=e Ay

=
=

F2~(DO)(Thermo Orion 3—Star

-

_E_}\
0.20 m 2o 3}x]
vl= COD(HACH, DR—2800, USA)

1

/\]JE;__
o] &+
4C2 YART 5 ANgsta X FA 2833879 [C(Dionex, DX—80,
- 266 -

<]

o
=
4

Eis

o
=

A

=
=74

==
o =

|

o
1l

a

S

=359 A4

al

g

1

=
=
{F
= A

7
=

9]

T A

.

=
=

)

’

AL

.

series, USA), A7 A =% (EC)(TOA CM—14P, Japan), &

series, USA)

(o3

A



AT
nirK 915 $Z%3t=d AFg¥ primer= FlaCu (5'-ATC ATG GTS CTG CCG

ol

U.S.A.)& NOs3, NO; ,Br B41& AA

CG—3")¢} R3Cu (5'=-GCC TCG ATC AGR TTG TGG TT-3")°]iaL nirSe cd3aF (5'-GTS
AAC GTS AAG GAR ACS—-3")¢} R3cd (5'-GAS TTC GGR TGS GTC TTG A-3")& A&
At 5 primer®] PCR Z7-& %7] denaturing ZANA 94T, 28 t}29] 7z} wrEdA o A
= 94CoA 30x, 51Co|A 18, 72Co A 18 Z=Hdox 353] WwHa-3s}al vpX] 9}t annealing =7
!

Oft

o2 72CoA 1087 dH-SA Y. SFH F 42+ 10% agarose geldl A 5% ofF-E &9l

e,

i

HATH I 9-32). EC= 1329 7 #4 #11 oA 3,000 uS/cm W glor}, vhg
AR #10, #1404 A A8k 2334 5 o] 717] 1,500 uS/em, 1,100 pS/cm W92 7+

2kl 2y, wkeE A shFE #3 WAl 2,000 uS/em Wel, #7-1 BANA 1,700 u
S/em W9, #11-1 &G4 2,200 uS/cm W& WERA =Y, o] G AsA A WEx =
el o3k JFor FolEth DOE v 7Y #4 #1194 7] =54 134
TE AFESel Mt 3.8~5.0 mg/L MR o, RESH A R #10, #1494 AA A5}
=33 A=l 7] 1.5~2.1 mg/L, 0.9~1.9 mg/L,2 FFAsIIth WhgH A shF4F #3 #A ol
ME 0.6~1.5 mg/L, #7—1 BAA 0.0~1.3 mg/L, #11—1 BAA 0.7~1.6 mg/L S e
o} wpebA], REEEA sk @Al DO 2 AFol7b fldler, tiAAd o R 2.0 mg/L Ul
ololojA] SAFVIAG gAvAE oF g Go] gAHoR HAT F e FHHAS A

AR, Fe ARA GG wol wE BN 13C el e

- 267 -



b A o' AZE ALY 9-33). #3

=
[€)

kel

A
pul

]

!

2}

ZBA7FA] oF 30%2] 43}

40A]

°
T

—

N

[e)

174 3}A)

35%° AstasS Btk #11-1 #4NA

Ao o 5599 A3}

B

—

;OE

il

R

)
SH A

b

H
R

Q7F 9l <a¥ 9-34>5 By

=3

Hr

#3, #7—1, #11—-1

vzel
=
il
e

A

o] %, #11-1 T4 e] 45 487

o] 7% 404

R

7b

==

[e)

A

!
HK
el
LSS
)

ox

£l

—

0

olo
T

—

el

273 o

#10, #14 FA A
olth(18 9-34).

- #3. #7-1, #11-1

oF 214} (NO,) 9]
[

A

ﬂg] xg/\go]

=
=

==

T
£

Jo

-

)

o
A

A
ow o

a

S

ot} 2#y), ykS-
|

T

3]
Z=

R8s

o]
2ol o

]

A

= 13
arTT

!

o)

el
op

my

__&

[e)
=

S—4¥

7]
=i

13

A

ok

g4

]

A
AN

7}

=
=

S—2w¥el, Wkt

7]
=i

JES AFH A
vepd (28 9-5). o= Ea &3 FAA mirKed nirS

oV
-
o
el
olat

=] 9l

P (¥ 9-36).

o

=3}
H ~1.2 mM o]a1, x7]

==
-

COD 7]

[e)

R

=i}
=

shojtt. 1Rl

124~176 mg/L=

gAY SEE B

S

- 268 -

10 mg/L ©]

s

-

1

s

3

i=]
=

°] COD
3

==
LN

#7—1, #11-1)l A4 H= COD
Tl A aLA|



.ﬂ —

° ° _ o m
o~

° o o <

o = oﬁ ) ® 10
o

° S °
—

° ° - °

- 269 -



il

Al

43}

=i}
=

a

(¢)

- 270 -



Ao A 45%0] 42

=

2] A]

P
T

A (#4, #5, #8, #9, #12, #13, #16, #17)°] 1 m =, 7t

kAol M &=

S
B o]l AAT(1~2 m) N BUER I (#3, #7—1, #11-1)d =& w7}

ATt 1Y,

KeR
T

]

=
=

P
T

3}

=

H7E S o2 FRA
3

=
=

s

&

1

1 A7

47t

A

w
1

O

X
a8

el

.zﬁo
A

ulJ
oy

PN
T

2

I<]

bl x) oo

I<]

A

=
=

ol whak, #11 w7 A

2] -4l (dh/dl)
55% o°]

sht gel v

S

A

o
R

PN

T
T

=

]

KeX
T
o
b B

=

|y

-

=

A

) 4
. e, 2 Aol we

-
R

€}
=

T

9
pl

2ME 7 82~91%¢ A7)

F=tl, o

<]

s

ol vk e,

ez

ol A

o

4 cm =7}

Ao Az, weA,
A el wEE, duden e 73 B A

AEAL
afol Rk 7l
el

171=
2} A7

°©

o

_Zﬂ

7K
el

O

i+

o

—

o

<
N

o

T

- 271 -



EC (uS/cm)

) No.10
[1 No.11
<> No.14
4+ No.3
Y  No.7-1
oI No.11-1
4 | | | I
0 20 40 60 80 100
Elapsed time (hr)
(a) Fhol2F%=(pH)
{0 No.10
6000 - O Nodt
<> No.14
] e
4000 al |:| |£| o No.11-1
0 []
2000 13 g% i3 % ’%
&
[ | | |

20 40 60 30 100

- 272 -



O  No.10
8 [] ] No.11

e <> No.14

<+ No.3
m—lﬁ. 7  No.7-1
(@)} [] ] ™ No.11-1
E O
@)
)]

40 60 80 100
Elapsed time (hr)

(c) &&44(DO)

o Gt
e
H R

O Hoio
] Mol
< Noi4
4+ HNo3
& s
6 I I I I
0 20 40 60 80 100
Elapsed time (hr)
(d) &

I8 9-32. A&,

- 273 -



[NO,JINO],

0 20 40 60 80 100
e

- 274 -



No.14

600
=)
D 400 —CO— NO,
2 —O—
O —F+— NO;
S 200 -
O
0 | | | |
0 20 40 60 80 100
Elapsed time (hr)
(a) #14 A
No.10
600
=)
D 400 —C— NG,
E —O—FBr
O —+— NG
S 200
O
0 | | | |
0 20 40 60 80 100

Elapsed time (hr)

- 275 -




No.11-1

600
=)
S 400 - —O—No,
£ —&—ér
S) —+— NG,
S 200 -
O /ﬁ\@@/@
0 | N | |
0 20 40 60 80 100
Elapsed time (hr)
(c) #11-1 VA
No.7-1
600
=)
O 400 —O— NG,
g —O—Br
o) —4— NO;,
S 200 -
C W
0 | O | | |
0 20 40 60 80 100

Elapsed time (hr)

(d) #7—-1 &A
a9, 9-34. A

- 276 -



No.3

600
=
S 400 - —O—No,
£ S —w
o) —F— NO,
S 200
© C’@/@@/@k@
0 | | | = |
0O 20 40 60 80 100

Elapsed time (hr)

(e) #3 #A
a9, 9-34. A%

- 277 -



J0GURERD io--2J0l0 BT ot

U0EURE R ok—2000 BT &)

U0GURTD RJ-T0(0 e ot

U0gUR R RJ-2J0/0 Br e &

- 278 -



—— No.3

100 —&— No.7-1
ﬁ —+4— No.11-1
=
S 300 -
£
8 200
O

100 -

0 . ' ' '
: 5 9 50 80 100

Elapsed time (hr)

i #5329 Alzkel| wE CODe| Ws)

Oft

a9 9-36. A% AAY WA

-

Y

- 279 -



]
p

A 64

olo
Gt

2270(Zo] 3.0~4.5 m ¥) AA 3} E

&

O}, AR AR (#15, #18, #19

A

Ca—HCOs & o]

%

=5

o] FiHem ol AEHU

]

A

il
A

#1(6

il

—

K
G:

olo
Gt

O

O

e

#14 &

1
s

m X 6 m)ol A

2.556 %10 4 ~9.453 <102 cm/s W g o,

— -
a1

H

A3, A gF R A

<3|
=4

EEARPY

.

A

3R

4.151 <10 % cm/s ©]

o]
)

fane)

o] 71st

°lE

B

olo
T
B0

O

X
2

el

e

AT(A1LGD) I #4, #8, #12, #16 AT (A29)

s

pu

ZIHYO 2 #5, #9, #13, #17

SRR

Hstz, Ao es &2 73 &<t

sl

N

A FARA L

Al

=
=

Q2 94(72 mg/L)

o-

d

o] A3,

btk

S

e gel 7k

Pk 2ed, @

S

~55%9 A AHAslass HE

55% o©]

KeR
T

stad

3lo
=

AENFHA nirKSt nirSE

€}
=

Fie] Bl

B

op

3
= =2

ARl 7}

o
=y

Ao &d7bs

=]
-

- 280 -



WS- | (reactive barrier

=5

12

°
o

2] %] 3}

571 9

17}s

[}

Ry

=

al

A 10
A1 A

o

ol
Ho

o

o]
&

a}]

TR

&4

b s4 . me

A=
B AgteA] o

[e)

2 HAAYIHA "k o714 7

gl o3|

zo
F

w4

]

S
&

o] 714
i
Aok <y 10-1>

o

=

=

a9 g
=

:’L

a

G0 380 v} g4

[e)
O

[¢)

A =t
ar

°©

=

o

o w e

[¢)

=

i

A vgE 9

o

| o5 sk P ol

A4 (mass

o

el

—~
7o)

ol

of upz} W3}

of et M2 o

T

N

flux) o] Al

FE+ equilibrium state©l

1

v
=

kK

A Aol o]

=

b4 == s K2 AR B =1 R )

1A M2 (constant mass flux source)<]

s A

-
1o

ool

el

om

B
fi%e)
o

min

- 281 -



Y

Treated Nitrate Plume

(%]
[}
(73]

- 282 -



3

(5)

W3t o=

)

=K

il

T
el

)

o

el

wK

7) w=EE A8 w9 vehe

(

A

B
TH

Ho

U

Njo
&+

F(diffusion) &

= 7172 it

54147}

=
T

ol gl =] th=

o] A&

o] w]

o) 3

Aol M= Al

=

A Aol

=
—

14890t ddez A= o

9|

Bl
P

o (4 10-1)3} ol

KeR
=1

ey

, ATl A= A - oA,

&

Mol &

(10-1)

M=kAAC (Cussler, 1997)

S|
<

B

- 283 -



Surrounding
Aqueous Phase

Direction of
Molasses
Mass Flux

- 284 -



Q&le] H Ao A= Sherwood et al.

SRR

_H.

uhs} o] gl

gtk <28 10-2>94 BE=

P
T

1

3} o] £AY

KeN
=]

gstel v

of &

0]
2R

Bk

filmel] <9

KeR
T

Awe] =2, o

ojo

vk webd g Qe ek F9 o

-
it

o|Ht} w2 ambient concentration, C,, =

-
T

4% 0.

ol A=

H
T

171" interface W

iy

interface

71tk o]

]

A

(10—2)

k= kA

ADE (advective—dispersive equation)

-

Wk Q)

[e]
B} e o

KeR
=1

)

o]

I~
s

|

o

e

W g

_Z_O

o=
T

B

(10-3)

ox;

2F(dispersion) ol 2]3j

Hlsl o] AgdoldAe W

=]
RUS

19] o] (advection) ¥}

-
T

oA H

Al
&

PR ETECE

=

o

o

714 24

-
T

(dispersion coefficient)

o=
T

=
-

(10—4)

- 285 -



o = — s - 717 3L il P
o] ,/] ‘Q—OOH 1 €T 7l t-—— ‘—IZ—I o) 7[— 1] A];l— tﬂ—'——
- < = =<1 1 - Z 9 < - 1:1 = = =4 o

T EH_"__Z alL O] EEHT:]’ )\ = =HAX 2]_,4’ )\ =1 __'_/\ 3‘] qL 7<] q]l— 7 1] j v} 3k o O:|

A g BE el AuE 5 oglon) AXA PRy Aol As thew ol
deshalel Folge

7} 3t} (Parker and Park, 2004; Park and Parker, 2005; Park and
Parker, 2008).

M B
k) =k, R(ﬁ) (10—5)

=, 2RV AZdoAes 5% 27 22 A vl & 2 el Eelsd

=

oft

We) Ak gool vldah p W] 2/ 2 w6l olske] AQAY. o374 A

AR Me dM/dt =— AgLk,C,0 ABRE §A 0] S48t Fold] ot thga ol
o)z},
Mexp(— Bt) g=1 .
(31 B+ 227" g1 =6
o] 7] A

w o %
Agreltt. 1o Ao ziE sjaetsy md A4S fote] ARF § FELoREH HaEFoR
FUHE ABAE, J, o =S e o

|= (Park and Parker, 2005)

J:_d_MZ{B[(ﬁ_l)B”Molﬁ]ﬁ/(lB)ﬁ?ﬁl (10-7)
BM! Pexp(— Bt) =1

- 286 -



(10—-8)

|

kl C;qu

o] Az} o] Fo]Ht} (Park and Parker, 2005).

o

=

Al O
o}

-

T

9

Ao o

P
T

UL

ol

B

ox

+
ol
N
ok
ofy
7

o
o
el

)
.

Ny

i

171

o

R

o

s

A

(10—-9)

o] 4" (longevity) T+ FUA W £57]

it

<)

st7] 7R

M,(1— M)

A A =

E

e
el F Ag ol gate] Y

o Aol

fus

|

-

<
o

B
i

_Z#O

o

w
4

(10—10)

aC J
+
2 TRy, b
- 287 -

8%C

—A
szay

8%C

8x2

Aq R

o0 _
ot

R



i

==
1o

o
=
"o

N

o}
ojp

|
P
i)

.zﬁo
A

(Domenico, 1987; Park and Zhan, 2001; Falta et al., 2005; Park and Parker, 2007). &, o}&j

t} (Park and Zhan, 2001) ==

?:;l.

o

el

‘zﬁo

ol
o}
<
o)

oF
T
ol

O

B!

2
) (10—11)

(Rx—wv1)
AR vt

J(t— T)exp(—

t
0

/

LZ
AL Ly~ TR\

erfc(— 5

Cla,y,t)

dr
\/;

|

y—L,/2
2 )\ZQJT/R

—erfc(—

)\]Q)T/R

y+Ly/2

X

el

A
91)

oA e el vhetu]E

Z] o)
Al

I

=
ol A]

CERTIE

[

O ==
Ao e

91 9]

°ol&

te] FORTRAN9SE

S

’(lil
Fod

=
=
S|

7}

3

3

B

-
T

Fo. webd w2

S

=7}

71 <

S

:__l,L
m olo] o gE AR ozl (

=
=

e

o

‘BH

10-1)3} 2}

-
it

o

391

A A

o

O

.

u
a})
o}
7

H
Ho

iy

i)

)
-

TellME gRdeRSH 7 7t

A

)

32
—_
o

0

B

s
Ar

J|
—_

10—2)¢} 2t}

of Fox (&

KeR
=1

o}
91 9]

-
T

™ o]

(10—2) A &4 7% BAL

-
it

Ho

o)
_Z#O

—_
file)

"

o

il

o

st B9 1.7% 7vEel™ o] Aol A el A

},

Fglom w14}

S

o= 7H4

A

e
=

ol

)

i)

—_
o

- 288 -



F 10-1. 2 1:2(0.25m )0l S48 T w0 Azt mE W
Elapsed Days COD (mg/L)

day 0 0

day 3 870

day 7 193

day 10 317

day 14 252

day 17 106

day 20 76
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¥ 10-2. B HAS 98t o

o

A% Q%

Model Parameters Values
Dispersivities, a; and ar (m) 0.1, 0.01
Thickness of the aquifer (m) 1.2
Porosity of the aquifer (—) 0.45
Mean darcy velocity of the aquifer (md™) 1.2
First—order decay coefficient of the aquifer (d™%) 0.000
R, retardation factor of the aquifer (—) 1.0
2, 21, source dimension along vertical(z) axis 0 0.6
Permeability of the aquifer (md™!) 70
Solubility of Molasses 4000
Mean darcy velocity of source zone (md™') 1.2
Source length along the direction of flow (m) 0.05
Number of continuum (number of kinetics) 1
Initial molasses mass (g) 885
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F 10-3. MR AE S S8l dEhd A3l e 9 v W}
Elapsed Days COD(mg/L) COD increments (mg/L/d)
0 0 0
0.1 1,892 15,136
1 3,423 1,361
2 3,759 161
3 3,843 27
7 4,221 53
8 4,452 28
9 6,245 196
10 6,421 17
11 6,465 4
12 6,663 16
13 6,784 9

3% 10—-4. PESTE &

S Qe HA5 mw seioe

Model Parameters Values
ko 1002.2
b 2.1
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=

I 14-1 A9 fr1Es gadow o g3 &4 A A3 (Gibert et al,,2008)

Organic Svstem Initial Water Residence  Owerall Denitrification Temperature  Reference

substrate description NO;-N velocity time {d) NO;removal  rate (mg NO; -N  [°C)
(mgdm 7} (md " (%) dm Pd gy
Corton burr Barch 20 ] 0912 23 Su and Puls
compost (shaked) {2006)
Giant red Batch® 100 Y 333 0 Ovez (2006}
Liguorice Batch” 100 =00 6.20 20 Orvez (2006}
Seaweed Batch® 100 ] 1313 20 Ovez | 2006)
| Gracilaric
verrHcnid)
Wood chips Batch 1007 854t 0.45 20 Greenan et al.
| Chereus sp.) (2006)
Wood chips Batch 1007 80.1% 0.76 20 Greenan et al.
 +soybean oil) (20036}
Cardboard Batch 10F 95.8¢ 1.05 20 Cireenan et al.
{2006}
Cornstalks Batch 1007 91, 7% 288 ] Cireenan et al.
(2006)
Softwood Batch 322 987 0.067 22 This study
Hardwood Batch 322 987 0.035 22 This study
Coniferous Batch 322 951 0048 2 This study
Mulch Batch 22 RO.7 0066 22 This study
Willow Batch 22 #6.3 0.056 22 This study
Compost Batch 322 9237 0.026 ) This study
Leaves Batch 322 936 0217 2 This study
Mixture Batch 322 983 0048 o] This study
Soil Batch 3232 732 0.001 32 This study
Newspaper Column 20-226 055095 nir. 46 to S99 n.r. 25 Volokita et al.
[ 1996)
Cotton Column™ 19 016086 nor 85 97° (X% 27 Della Rocea et al.
(2005}
Cotton Columpn™ 248 0.2425 nr, g 0.50 23 Della Rocca et al.
1 2006)
Cotton + Fe' Column™ 248 0.24-252 nr =09 062073 23 Della Rocea et al
2006
Wheat straw Column® 226 1.30 n.r Be* 0.52 25 Soares and
Abeliovich (1998)
Wheat straw Column® 275 2 n.r. 38 0.31 25 Soares and
Abeliovich (1998)
Wheat straw Continuous 226 0,34 206 nor. B0-100 n.r. 31 Aslan and
reactor Tirkman (2003)
Softwood Column 50 015 b6 =06 0.034 22 This study
Softwood Column 50 054 1.7 b6 0.022 22 This study

Note: nur: not reported.
* Rate value roughly estimated from Fig. 2 in Su and Puls {2006}, Fig. 1 in Volokita et al. (1995) and Fig. 3 in Scares and Abeliovich (1998).
b Nutrient medium provided to enhance bacterial activity.
© NO; spiked when concentration was <10 mg dm 3
¢ Calculated as the difference between total NO; added and total NO; recovered in Table 2 in Greenan et al. {2006).
* Depending on flow rate.
f Column inoculated with an enriched bacteria population.
¥ Columns operated after a start-up phase of 4 weeks.
¥ Columns first operated in re-circulation mode for 7d.
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