XX 2(7d 2 II=(MNA): -1 ©

O|X|-g, XIAZPefetAl (X)XILO2121, OIFZ(M&O XY et n)

1. XRITYSIE

- A3 32 A 7H(natural attenuation)ol® SAMIA R A 7 H o] o
d odEHe Xk, HF(mass), FA(toxicity), ©l&A (mobility) & <
(volume)o] ZrasteE S @Walo] oled &S o]&sto Al Ak
(within a reasonable time frame) AbEe] 773 7o QsE 7FetA] &S A
7R AsE o]FolE AL AAAI} 7] (monitored natural attenuation)©]
g} SHH(USEPA, 1997: Wiedemeier et al., 1999; Cleary et al., 2001).

H ol gt AAA o] o9 Aok FspEeto g AL o] = olfr g

48 A8A AQe BeHon wEaH: Aot 5 e 4L AAA ve
olgate] Feld Axhflel 97k @rel SlelE Aol e Hre] AHHE(0H
Jol AFAQ ANH AeE

)8 AFHTHE Zo] dHE vE&E 5o AFA A =54¢]
(engineered or active remediation)$ st Z2 vlZ & olghe= Aotk (sH44,
1999).
A H7Hrisk assessment)ol 712g AspE3Ee] AA T A FHA
A#E MY, AeERE dAsE el o ZHA7E e, o
.

ol S50 oju
LHEAE 4H3] AA(zero)dAY & FAHH E AT 0] A3 == (MCL) 7
A, EEL Q7] 9 E UEtE ARE V|Wo R AIERE HAAFE WY Sl
9ttt (Wiedemeier et al., 1999: Lee, 2000). 1 =9 &3l HEHo= A
EE 38 A9 0dLEE AHIEFE A= A7 Bwoktl ey o83k AIEE
o] e AAAHQ 7l=A LA AL A w8 Fostets EAO B-2el )

o] TAE sAsr] 93 Wete = AZIsE Aol g HI} 7 LA ERE HA
ojtt. o EEY AF A SFEHY L9t Y HRE T Aol A =dsld
oW {lE WA= A A RFA R zFo] dojuthd -2 7) sfjof & U
A eAEE Hruisla I HUE 7E2Z A A EEds 9 fEE 2ASHH
%S HALE7AINE 45421 A E 3= Folt}k. o] &3l ALgA H|&-& FHAgsa
Uz A el Aslsde oFEshE Aolt). F Aol AP = dS AR o]
Aol AotE sl AL 238 AL A Ao Hlg &4 ARgolghes Aol

kel o dEHe] P A A WA FAX AIFFY ] FH3] AztE v deE
g 2l LdEAe] Wy ol %S & 7HA] (monitoring) 3H A So] 948 = U}



HyEZo A thulslH ® i (contingency plan).

3] A A7t (natural attenuation)S TFEA intrinsic remediation, intrinsic

roi r

bioremediation, natural restoration Z2]3 passive bioremediation®]gtill=
shoh AshERto g A zAAXgEe] o] &S AAA 87 (monitored natural
attenuation)elgtal LA =tH(Wiedemeier et al., 1999). 97]4] intrinsic
bioremediation & AAAZT =2 Asle] I FEOoEA AR
(biodegradation) 7]2}S @dli= thh 44 A2 (qualitative) Ed ook, 24 3h=
A 714 gm0 2 dojif= AE ol AAR ShA wWeEknutel o] o dEH ]
X, A, 54, olFA, T2 FIE Folv EE 7|Fe] AAAR Z& AAA S

o] Mo &gt (Nielson, 2001).
|

Be ARtEe] FASTAN AAALE o] 8§ AAHHI S 0PH g o7
A% oA g3 1 Zieks] Yy = Aol oYt} (e.g., USEPA, 1998: o]4
9. 1999: §4A, 1999). AAHHA7 &S EHoAA e Fahyerow xwom
K 1

B oleld Ashge Adste ol .

= o A5r)&e BE AuAee] APH: oF G T BLHe due A
btk 2 ARHT AAF GRS AR Folok Ago] Attt AAAZNL o]
9 AAAR &S AR 09 ASNFAAE 9% WEEAG] ohn] BE 0
Aol v A §7bsw A% ohnh
. QUTIBA - ECFYTIE Ol$ 1Y

oe 7}x Azke] 43 o] )%l ot AAgel N el o Felw BreT A
Az o] Nee AFE AL BE A4 oAAld 4ee wol A8Wn U A
Az Al M Be /2ARE w4T Hlo A9 whde o o &

g 48" dshys doshe
AA (A7) AeH o] oF 45% % 7HE 2 Hle S AT 2P B4
%ﬂil(éll%), EFS7IFEH20%) a8 F32H(11%)el ol ]
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Pump-and-Treat

Air Sparging

In-Situ Bioremediation

REMEDIATION TECHNOLOGIES

Biosparging

0 10 20 30 40 50
PROPORTION (%)
FIG.1 Technologies utilized to remediate groundwater at LUST sites (FY 1997,

total=35,144 sites). The figure was modified from Cleary et al. (2001) whose
data were obtained from Tulis et al. (1998).

Landfilling

17!
I('I—DJ Soil Vapor Extraction
O
o) Landfarming
£
5 MNA
Lu .
; Thermal Desorption
O . .
= Incineration
<
Q Bioventing
E Biopiles
o
Soil Washing
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PROPORTION (%)

F1G.2 Technologies utilized to remediate soil at LUST sites (FY 1997, total
=69,248 sites). The figure was modified from Cleary et al. (2001) whose
data were obtained from Tulis et al. (1998).



A AT wHlE 4G B AAAGE BAMAYNA 2 GBA FE, A
%, 24, o] FAH T G2 WEHAIE BT AAH A g JEFTE gl ol
Agals & gl gat Agolr

.1 °]% (advection)

olFL QAEAS olF A= M T3 7Fo g Adlge] sEY I SF o=
AL W3tk (bulk movement). AT TEELE(seepage velocity) T o]0
o3 9 A& Ao o]lFL&r ofgfje} o] FH AT

b= —B Ly =olsse k=FUARE, a=fEFFE P=FFT0 (D)

Newell 5(1990)e] oJshd w=2] 40078 < N = H0
7.3 cm/day AESD ¥k o] EEEEE Aol glo] T FLF Y
59l o e F o)

d st o] &
t=-"2: =05, x=0]F5AY, v,=3F()F)EFE (2)

ol oeiMwt e dE o] o] 24
M 7FE AW FoME 9] %7}
Hup AAZE ik (dispersion)el 93] o
Aol ols] A AL,

Feje] A (sharp front)S 7FAH
2 FLE HA(2Y 33 4). 1

AUzte §%, vAgetd Ba Eo

o]F< H7tst7] fElAE AsFAX (potentiometric surface) S A|sh4HE
(water table elevation), FF7H], FHHEE, FETTES Lofof 3t A8
79, FFTE A E ST H e

é_
NS T, 1Y FRES

(contaminant plume)©°]
Astre] FH s EWES e JAU e d4S gtk S S AERY wRE
o] ¢tel Al SHES Hile 9s v, Ele#EEg s ke

A e e APe AA dolid F

ol
T J
offt -
B
)
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fot
™
>
=
<
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<
S
Q
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o
2
wn
S
@
=
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3
rlo
to
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Mo

524 /71 A4  sk(mechanical
dispersion) ¥ #A}2Hk(molecular diffusion)e] A o|t}h, dubA el 4=g] X2 st4



A A Adevction A Adevction A
S D Dispersion D Dispersion
3 i S S Sorption
© S Sorption S orp _
‘E B Biodegradation g B Biodegradation
: :
S o
3 IS
3 A+D+S |\ 8 AT
.qE) A+D o
kS A+D+S+B S
A+D+S+B A+D
——— \
Distance from Continuous Contaminant Source Distance from Slug-Release Contaminant Source

FIG. 3. Influence of natural processes on levels of contaminants downgradient from continuous and
slug-release sources. The figure was modified from USEPA (1991) and Keely et al. (1986).

Domenico and Schwartz(1990)+ =84 4+ X3l a55%9 zlolo] <3t
& (mixing) &2 A3 A}, olsEHE W W WMol T3 olf= UF wE
o] ExrdAdolt}, o]gldt B EAdL gfel W &= ys 2

7] (mega-scale) 7}#] theFslth. $] 52 e4 il
ol 7l=HH.

E2]% #4F(mechanical dispersion) = a,0,: a,=ZAHAF v, =FHFEZEEE  (3)
PAFE el st wid e 548 U Folxl sEFNA L HE
ol A= AEE YEHIY. ddder edwe] AVt 45 52 AU dis
T EI AAFE AT E AXE Aol dth(Gelhar et al., 1992)
A E FAskE W ofE ZHAZE vk 7R AR e WS ARl
ARAEE Fdste ot & WS APFoR odY Zolo 1/105 4t
ATE B o]tk (Pickens and Grisak, 1981: Spitz and Moreno, 1996: ©]
A42], 2001). FAIFLAE AT B A G FAo] dadhd A
AXom YA T(ap) = ST 0.118, FAFM AT ()= 4T
0.1M15 227]% 3th(Gelhar et al., 1992: Newell et al., 1996).
2.3 & (sorption)
THE & LdEH] AR das AR EuEHE d4s 2. od
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o AfHUEFA AdsRde $EegRAY AdAe] T Fad Jee
MAY, e FAAEFAZRY QoA Be 099 gNAYE 98 s
o AAFEAS TS A ATEFUS

1994: Lee et al., 2001a, b).
e AAG At EF0]7FE (ferrous) S T}
ks FH37 (ferric) 2 AbslE o] U9 FE

e o
1o
r>f
B>
et
1%
=

7} so] fReFRAY] ARANE RUAFATL FTRY Rahol= A o)
7} .

AergFe] 9T AFHoE FrhsE AL WS oAk weF ulg Axde B
FAol g AR A 5
2 a9 Arae] 9% £@

[e]
FE7 S0 93 o) AR ARNAEAEG Belshsle 4%

2.5 718} (volatilization)
718b= )2l (destructive) A 77122 ol X qk 2| 3lgo A S HEH
= s gt AstgdA EYrrAREL TSt JES F QA
o] Zlojd W, s, SgEde iAS, &7, Ast
(Larson and Weber, 1994).

A dre oAd S (ed=d)o] A3}

RS IR BS  [  E  B A

0y,

C,=HC,; C,=7}22e =% pg=d8lgis, =949 =1 (6)

9384 9 BTEX7} Asl5dA &
AEHAE 2o o o] Jge FA|gth. Chiang &

ko 7 7|l HAL Ao
How & (
ekl §E3= BTEX @€ 7135}

l
zQ
s
N
rir
o2
rlo
12
Ot
X
o,
oft
ol
i)
k]
rob
O,

o

2.6 3}3t# W (chemical transformation)

Al (abiotic) AFAA7E 71Ho 2= 7heEdl (hydrolysis), @TFATES
(dehydrohalogenation), hydrogenolysis, dihaloelimination %°] dt}. 2z}
olfl RFgES UWHARl A8t 2Lt A= v =g A dojdrt 1EEE o]y

71250l 47 Aol AAA Azl AFE VolE & Aom HolA= @



.7 &3 (biodegradation)

&3] A9A 7S intrinsic bioremediation®o]&taL [ | R I e s
o R s 714s dale vha A4 Fdo|th, Hto] e o
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f= oo = ARER pm = AWAREE, =R A B K =1E
.

3}4+<= (half-saturation constant) (9)

JB
ol
-
N

do] AEIHANE 7wt g =
¥ A ke Atz AR o
AGAA BB 7red S22t Qo v R I rds

1= =

- FL = T O

TEAe sEEde aEshA Xdo e e s e ThsAdel At
9] 0]

2} 5 =

o] ed=dT ol gk A&l A+7F 7P &dsta gol Hodu. R
T WEFES Ak 3lo] 7HE- Y FA4E< BTEXel 93k A<l Hﬂl;ﬁl% i
oy U LHdEER Qe A AWA S T Aom deA U o
= BTEX+x 3714874 A 71 & BEs7F dojupy AbarE add 38t M=
AAFEAZ A A 4, 37FE, SAtol2, agla o]itstgd i g AR o] &t (1
H4).

Dominant Terminal Electron—Accepting Process

Aerobic L e fron (lif) Sulfate
Respiration |Penitrification geg,ction | Reduction Methanogenesis
Increasing Time >
« Increasing Distance From Source

FIG. 4. Conceptual model of the geochemical evolution of groundwater contaminated
with petroleum hydrocarbons. Figure was from Wiedemeier et al. (1999).



Aol 7 FA ) met AEHE 7 e 77 (d BTEX)Y %2 t53 2ol
EBC (expressed biodegradation capacity)® WeEbE <+ Q).

EBC, = 1€ Gl ppe, =7 MAe) BBC, 0= A4S A MASE, c=BEE A

A=A HAFE, F=o0]-8A A (Wiedemeier et al.(1999) *+=*) (10)

ofw A (W)l AEddd 7 B VA& A LEGAYuit g2, o e
3l o o]t} (Lee et al., 2001).

ron reduction, 9.2%

Denitrification, 3.2%

Sulfate reduction. 33.4% Aerobic respiration, 8.9%

Methanogenesis, 45.2%

FIG. 5. Relative importance of BTEX biodegradation mechanisms as determined
from expressed biodegradation capacity (Lee et al., 2001).

4. THRIT2tOl FH(Lines of evidence)

H AAAE Frbele Ay M SAES AANSHE £ EC] Bol EiE Y
(e.g., NRC, 1993; Wiedemeier et al., 1995, 1996a, 1998; USEPA, 1997,
ASTM, 1998: Wiedemeier and Chapelle, 1998). A3} F7|od&E2 ] #A
Azkel 7 dwbdela FEH TS v 2

- BAY Am: 2o MBHAY e HdEHF] £ & (historical trend)

- g EARs O AAFAAA B AAFEA ] A

- 10 -
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= [e)

3}8H5 (daughter product)d H%Z7}

- A AESHA 28

- 2dE A7 (Aol AHFAE olUy AAADS Hubsle &)

H 1. 45olAl 20itts QE=E, dAN+EM, 21 &=9 Y3,

EAER W s} H3sls ¢ oy)= g
aerobic respiration, denitrification,
s A manganese reduction, iron reduction,
sulfate reduction. methanogenesis
BSEA T2 27| quctive dechlorinati taboli
st Al B 9AAE | 9aAE 57}/—?‘ reductive dechlorination, cometabolic
Y oxidation
=
£E44(DO) FAE aerobic respiration
AAA 4 (nitrate) P E denitrification
27} 7H(manganese) =7} manganese reduction
274 (ferrous iron) =7t iron reduction
ko] (sulfate) T sulfate reduction
W & (methane) =7t methanogenesis
. reductive dechlorination, cometabolic
A Aol (chloride) <7t L
oxidation
Ar3bek9l A 9] (oxidati aerobic respiratign, d.enitrificatic?n,
. 1 manganese reduction, iron reduction,
on-reduction A . .
. sulfate reduction, methanogenesis and
potential) halorespiration
.. aerobic respiration, denitrification,
or7he] & (alkalinity) Z7} . P )
iron reduction, and sulfate reduction

- AQA L FaANAFE] Sitel PR

2 E(3E)E ARHoR Prrske o)
g gdshs A7 wda g
A

1%, Monod _‘?_*‘94 HerHE T3] 9
e 2 aetd AuAde] AR sttt o A EEkhtel o] o] A

= “H-r Agtdoltt E4, SR ES 934+ EBC(expressed
biodegradation capacity or expressed assimilative capacity) A&7} Z Q3
g ol d@dxs B AHEE ALtel  egEd. AdARErE ZEaded
BIOPLUME II, IIIo] 2:eo]= Rdo|tq ¥d 12 EsjEdo] A2 7 Hol
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1996b), o989 HMMNEHE 7143t W (Buscheck and Alcantar, 1995
Wiedemeier et al., 1999), 183 mass flux W5 (Rifai et al., 1988: Chiang
et al., 1989)°|t}.

. XIATZE It 10EIH(Steps to Natural attenuation)

At o4 AAAE Hrrsly] A & AAHF sk EIEA dA9F dag &
71 Aok B8 o7|dA AAIG HE&ELS shte] ARgolR 8ok “@%Z—*]—Qi
2 de+= flth(Nyer and Boettcher, 2001). ZAMA <ol whe} &= A#E R qFo] wf
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3) A7 Aoz glov (Ex AT Hoh Bk T2 Fo dojd o ]
gEv) g Feld Azl 94 seed, @4 R vl £8A9 o

# wEAgol Q2 4% AFH AU BY(AA) A AT & Ak
AAAZE A g AU Bl AF s A5F b oldl AAAz] A
WA B e9BAe Ad F glolga Wi glelth FHAl A%E Aol
A5k BEE B4 & Qon BusEn 2ue 399 e gagere Adat
= Aotk AAAzrel sl A%-(all) oUW obF-5 % (nothing) ehdehs 4742

A 109 RUE P S v RS g3 @ A3 AAdANS o8 AsAdS
TFHIG.

Al 1A A 9GAZAE F3 AAA o] A A= A Holgls AES 43
O RUHEY 9 Gtz oS spusioh E Adste] W3t AL A A o] o o]
FAo1x B3k wof tiv]sle] H] AT (contingency plan)g wt#EdcH, F7] 2y
HyA g2 T AdEe] A, Aot 55 9 W, a2l FAE FE8AY ¢
lof| 7]Hkslo] sl o gk},
I 2. 01=28HAH(USEPA)Ol MAlolts X2 EHOHOI 28t X=2.
Pl Az
A A8t 27 2] A A Ay, EFFTF, AEF, 7§
A &A1 A M, A, FE
FHUALE, AFEFASF
& 18
el AR s Az = T
T A } Z=g
gk A8 BEF
ik, &% F71 e 2u] & (fo), EabAS
VOCs(3uHA &4)
SVOCs(F3 g &4)
s VFA (3]24] %] vhAL)
© 7] 3)&F
715k w el o ek o El
s=3}8t 218 TOC, BOD, COD, TPH
B SETSk
FE Lo}, d4, %‘% e, A7HAEE,
F7)3}st L£E442(D0), ¥4, 2, 9, AL,
2233 o} A4 A 4, pH, ?l, 2Hehg A9, UER,
gatol L 3slo] e FL fFEAlTS
B, A vAAESF
v B EeA 27 Biomass AR £ 2 A=
EY uAEEF 2 )5 aFE
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6. X173t I MATZ=T3

AFFY eGBAY] AAALES Bl BEAY AVTEIYORE Visual
MODFLOW(MT3D, RT3D), BIOSCREEN, Z12]1 BIOPLUME II& IIT 7} 2
o,

1) Visual MODFLOW

- Visual MODFLOW(MT3D, RT3D): o] ZzIafe 32k Adts & 3 o4
A olFs AAS| A - Bojat= AAIF R JHF de ol &Ha vk HA HA
MODFLOW, MODPATH, Zone Budget 223 MT3D (MT3DMS, RT3D *
BEs At glom calibrations =47 33 + A WinPEST EE&
Sratar dvk. EE 32k H2E o] Vs o] vgstth(3D-explorer).

z2ae &8s v Zrt

- A8t Aspa|2~Hle] Pt

- Well capture zones %

- LAY AAAT H

-~ &% TCE, PCE 2 DCE®

7

T 2 A 7IH(pump and treat)S AT FFAY HAH AT 2 A AA

74 B7te AT L 9EE] 2 (fate) =E4E 2 H7t

-3 FEE AMSSIHAA dEA 7] (pre- and post-processors)’F ThE GMS
MODFLOWZX it}

o

o

3
=

-—
~—

H

©

A7 &34 (reductive dechlorination)

-

(0]
M 4o 0 o

2) BIOSCREEN

oy

wag ek

- Bk gl §WolE

- AR (A BeRd) e @
ya

E
- BIOPLUME X®3} o] &3hihg-o] AEeE 3t §Hole
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3) BIOPLUME II/III

- BIOPLUME III (Rifai et al., 1997)2 o|%, &4k &%, o]ty A&
Het A3t fU71S9EH Y] AAATS st 2k # g X
g 5714 2 AU ARFEA (Aha, HAdE A 37HE, kel olibshg
o] &3t AFINE Rty o] T2 nF A AXAA(USGS)e] MOC(method
of characteristics)& 7|9to.2 vt 7|4 2 7|4 AEAE ZYsty] 918 Al
A o2 it(klnetlcs) 29SS Agsidsd 12 #8, &9, 283 Monod

Tl [e)
wdolt}, @3l 9 9& (hydrocarbon  plume)®  AA}FEA4& (electron
acceptor plume) Ag3sl7] 98] H Y E o] &3kt
7. ®el & EE
2= folA AAAZ (KA S ol Bt Y A ES AHRSTE. AR v o A
= oldl AAADHES S FA ] AHewoto g #&83ka At aeld) FHE 9bA o]
23 gzpote] f8A4do] S HA] FEESFA 5o WEA o7 olE AH3pHeto 7
A AZGsE S AR GA AT 5 Y. ey 27 oA AHE ubke)
2ol AAAZE Aspleto =z Aesly] T A9 FElxAeE 21 Hrt
Az 284 Hrt 2dE, AV|RYUEEY Al 9 vgd A o] A4H oz Fuky
oo} it} o]#3t dES F3 ] AT AE, FHAA, At A Fo
et dFAe W ol AU A7 ")
8. &=
o]Ad olulE, &A7]. MES, o|He. AAIF. 1999 odnA e ALY A&
A, 99 AA He & 71d SAANY: 2147 ESSEHEE % T d ek

THIAATY, p.131-146.
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