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ABSTRACT

Monitoring and assessing terminal electron accepting processes (TEAPS) are one of the most important steps to remediate
contaminated sites via various in-situ techniques. TEAPs are a part of the microbial respiration reactions. Microorganisms
gain energy from these reactions and reduces pollutants. Monitoring TEAPs enables us to predict degradability of
contaminants and degradation rates. In many countries, TEAPs have been used for characterization of field sites and
management of groundwater wells. For instance, US Environmental Protection Agency (EPA) provided strategies for
groundwater quality and well management by applying TEAPs monitoring. Denmark has also constructed TEAPs map of
local unit area to develop effective groundwater managing system, particularly to predict and assess nitrogen
contamination. In case of Korea, although detailed soil survey and groundwater contamination assessment have been
employed, site investigation guidelines using TEAPs have not been established yet. To better define TEAPs in subsurface
environments, multiple indicators including ion concentrations, isotope compositions and contaminant degradation
byproducts must be assessed. Furthermore, dissolved hydrogen concentrations are regarded as significant evidence of
TEAPs occurring in subsurface environment. This review study introduces optimal sampling techniques of groundwater
and dissolved hydrogen, and further discuss how to assess TEAPs in contaminated subsurface environments according to

several contamination scenarios.
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L8, A A 9 olelekh A7t 7| 52 AL
Ao, A= §lolrs ¢ 2 FAidoln S=AJEj Ao
93 98-S Fdslar Q. ey, AFEELS gt
ERgAel RAHE 6718 uid, QG H5)
SA o3t 24 ol o3l A&HeE 29 HE &
. Jt. AEEEolA Fa%E 93ks she wES Al
T, WA, AP, 2R, QASES Uehe ZleE, B
F Ul e T8 & IS sha A B '
A8l 50% A, EaEHEClE 100% A% #AT 5
o Airsslo] BAA 60%, Qsol 90%7HA]
ngEo] 7]edst 4= Qltkar ¥ el QJtk(Van der Heijden
et al, 2008). B 1g ¢t X3 vAE /A =
10'~10° mRe]oll Sy, mBEe] A FA= EY
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& o 7 %ol EepIx gtk AESE gs) il
TR TR HAES B8l ol5o] ApE L

AL Est=E FE=3THKwon et al, 2011;
Raynaud and Nunan, 2014).

243} B WhS-(redox, reduction-oxidationyS Ux}F] Ak
skt Geprle sshikgoltt, F Wk A= RihAkg-
o= 3 FHoA 4 dojubd oM e gkl

dojuA] Fo}. EE(respiration)y> AFslEIER3-0] o)

291 d2A NO;~ U Fe¥', S0, 5 tUgt et
olg3l] SFIIE sh=tl, olHH kA 9] EES
ARgEt 8k A7 RIS AHAE ARBSH &
Fohke 3714 PAER RS & Stk BE PAES
RS HA}FEI A (electron donor)el|A] FRG=8-3] (electron
accepton)@ AEAIA AUAE deth. JAHEAE F
3 At AeEle B B AAEeAls sk, A
AEAlE ShlET g3k, B f71E, SeE T
7RSS BT AAEAR AeE F e sekEeld
AAEA dlZ== Ak, AN, Fan), Bav), &
M, ol e AR mAEdN HEZEEZ
g3, Egle|Z22dgd, tol2E2=HQl, d3} Bl
I 2o dad Bulizh ARET o3 R Aol
NUAE L& F AEF & Bt ofle} {7] LFEY
A2 Q1 ARl Befsly] whiEell F238lH Cozzarelli
and Weiss, 2007).

WA At nlel o] mAlERi ARSSke AAE
A7F g2, 0.5 ARshe eSS vIgE o]
2} 211, NOy & AR8she midES 23t e o]
gfal B2t} Fo''S ARSI HE vAE, SO E
ARSBPE @t gkl mAE, COE ARSSte] HiTks
Agsha gk A4 mgErolgial gt 1A RAE
I 243} rES A BaL, U9ER woH 2%
do] AN, Sk Shlwra wgk A @1 T A
Aoz A 47 Ha =BThERe-s), 1988). 54 A
3 20wt T 5§ 71Eel dofshke v E
deid = ot G B9, RES R ARTF &
ti-Ee] A9e 371 mAEe] 7P el tF
A, AE7} Zojdaes Ak gk mAE H g
nAE TEja A g mAESe] A4 £ A
Lol s e = L 7P AR 2 AY
Al dgk A rAEe] FH 9GS e o= B
Ha ot olEgk zlole AT Y] Fe|REsH &
33 gk AAEA 3l 7118l Frk(Cozzarelli
and Weiss, 2007).
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g vAE a7 gl gElR] & (fermenta-
tion) ¥F&-9] -, AU HAAGAIE Q= SHA| &
o HF AAGEAR FUIES ARSI EEe] A4
& 7L 7k e dFgolt) nEdA] HEe
7] AUas F71Fe=E Flet] ATPE Aikehke +
8 o] "Hot o|xy wa s xget #r)d A0,
vAZol 28k 571 (carbohydrates, amino acids, fatty
acids, aromatics) 23l I A] 4 72t S =
ok Fae Sl EAEA AgoAE 98-S & 5
A1, 83 T (intermediate)=X4] A8}
4 AE YeRd 4= 3l indicator2A A=A Tk
(Lovley and Goodwin, 1988).

1.2. TEAPsQ| Ho|, &M TN I ILie| &36iE

AsGole AG-EA= o E 22 552
Fsh= b v, AREAAlE dAsHA B8 =,
TS A71EE F=Tt sEfele] v wET) v v
OFAAl 7] wiiZoltt. Aegolu EHEAZHE '
7t &8 B0l 7= o Al Edsitt. AFdH
2 Ax}EAA7} Ak 8 (electron donor limited) O 2
FAEH(Cozzarelli and Weiss, 2007).

A W HEFu HA7 1S ALY LE9E =R

M

A

=

[

AFAs 4oz A5, AAFHAZE DOCTT 35Hol
, W2 373 ] JA=8A17F 20154 Ho Al
(electron acceptor limited).Z ®}HA o} =
ole, 7Fg 7Al 7F B3 A% 3714 mAEo]
LAEAS AR wFRTE 5713 rAEe] ¥
ol we}, 2 A58 Akt whaA g 4F
&7} A 31 vES H9ksliA|aL, 1 o]
7173 mdEe] ay 355 Bl i L9EES
Ne}A HTHCozzarelli and Weiss, 2007; Hwang et al.,
2014).

T A}=8-34 (terminal electron accepting process,
TEAPsy AFA0IA AA4 = Q1913 o= WAs)
= 989 vAE 55T (respiration)OZ 374 TF,
Ak vhg-, ek Skl 2k Rk Tl ey
AE 4a, 1 PFeA bt o EAS AR 5
Aot TEAPs= @A HolM LA = Q= A3kt
A kg FFHE sl Yl f2lsEHKwon et al, 2014).
AAHo g2 AF37d W X|8}=(deep pristine ground-

735, TEAPs| me} 728 &= 9lom, Wzl
T9e IS 73S YERATE: Aerobic respiration -

=
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Fig. 1. Major terminal electron accepting processes (TEAPs) (A) and their reaction products (B) in contaminated aquifer.

Nitrate reduction - Fe/Mn reduction - Sulfate reduction -
Methanogenesis(Chapelle, 2001; Cozzarelli and Weiss,
2007; Lovley et al., 1996). 5274 W A de]e] &
< fr7lee] AAkeelAdrt Hal Oz s 31 vidlE
o] &gl tAkEE-S Tl 7HAl 7t STIstd Eallg
o] a3t 2}t adHEn). Alfte] AHslal EE o
HETE ATEES 2 A7) dHor FHskeiA |
o e RE A7V rEe] WAde] AlRteRH, Aol
YAt v S8kERE 5 Whgo| &435kEo] Noy,
Fe'', SO, CO, <oA= TEAPZ} YA ¥= Zlo|tt.

ot s A HollA IfFom o] FEHS W,
Ao} Ritle] MR T3 g o S0
ST 7IE fr1edEo] AR AEEHRS A, A
T4 W TEAPsE Ut 2ol 54 M5 wet 79
3} Ht}; Methanogenesis — Sulfate reduction — Fe/
Mn reduction — Nitrate reduction — Aerobic respira-
tion(Fig. 1A) (Chapelle, 2001).

FET 22 LH9E -] A7RE Askret At
OF o|FsHA B AT, L4 A= AR 7P 2aEt
TFo] Yoo v 0,5 HIES NOy, Fe*', SO &
o] AAGEAI7E 2 e Evt e o

SE7F 7P =2 29 T4 FelMe CoE o8
ek AAREgo] dojdt). T4l FHEe] niE npgE H
el oF4 0.7t a1dE]7] Holmg ghtdghed whgol
P, M2} Aslrehrt Wkt S dek w7
74 2 vgog ANk vhgFYo] veRAl €t
(Fig. 1B) (Chapelle, 2001; Cozzarelli and Weiss, 2007).

TEAPs= LAEZ] Asa 433 #do] J=v &
2k 34, F2 2all SOl wek AlEREdA ZdEry
HAZ vehd = Sk ZF Aol o' whgo] dojut
A FEFOEA 299 Eel oFE WK 4 ok
Solld e L= #Eol wet @AEE TEAPs7}
RPeo], Az} F~E8AIE o 8shs 54 wgE ol 2
d B2 Fal7t o] FoiA7] wiEel, Sold mdE 2y
HES 8 2 AR 755 71+ A "€
(Azadpour-Keeley, 1999).

mize] o3gs} Agolre] TEAPs Ak} Bo} Al
o] 7%, TCEZ} 8 4dola AfAgsrirt +
LAA)] 00FAY] F 2A=HY FE= TCES cis-
DCEZ} Ht 300 mg/L# AfARS=27} 4= mg/l <
o= AZksAl @@= AXTE 2714 s18H ks

A ADE oG8 AAFRA Fobg F 4B
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ARNA) Fskgo] A=A o slEHE Akske] 7 @
At LAHLA7E UF- Hlo] aaFo)R] gof A9j=S]
ot AEEH e dRsE 9l 2011 EARFS 7R
AAEFAAE FAlon, 2Hw9 stiF 7HEAE
(downgradient fringes)oll A= £33 A A38H(dechlori-
nation)’} E|1 o}, Al AA7} FodE Zoxe g4
s} A3 o]Foix|A] L3It o] LHEHe] F: &
SRR 0@ Ho)7| wlitoll HAgdAl(ie., acetate
3-4mMy’} oln] FE3IMAL, TEAPs/} HlehiAduks(Ge,
dissolved hydrogen 18 nMY/EA] F8jsle] Q3] &8}
£ Aslat7] w3t

SHH, 27] AFARANE B3l A Askr &
G2 7P g ERfelEZ 2o (trichloroethylene,
TCE), tfo|ZZ 282 (dichloroethylene, cis-DCE), &3}
B (vinyl chloride, VC) &=7} ull-$- a1, of€ll(ethene)
o] 7% 80%(VC 314 71e)E sk 29E B
o gk A4S s heS SRIT  UTH
ol XgrE AFEe HAFFAA(ie., acetate 100-
200 M)} SE54(1.8 nM) IS BT} o]=fgk AR

[e)
=

< uEeE 29l AYY 83 H A (Non-aqueous

phase liquids, NAPL)Y] FZPump & Treat)2 5
3 MAFAA F=E A= kgl AR
A3pads 3 NAPL 2] 90%2 F=31] AASAL,
|EF2 FEE A am, 91Hav), 43 TCE 243}
2 93t HZo] WS 2-4nME XA o)F AA

7Fe B3 gad Ayl AZAHOZ o]2ox|1 9JLe-8
o == oo™ T P =1

jm =1
3913} tH(Finneran, 2019). w&lA ol A}
TEAPs7} 29793} Myl Szt o5 wi¢-
83wk ZA7E = S-S AT

ollo| = X|Z3HAA] TEAPs AP} D A9E
Ao Yx)e BRI sl Sol Yehue &
AENA & 4 Aot 53], #FS FAA7| Z3)A
she o] ¥]le] Sl=d], oS8 L Bgo] F
g 75, 8 oPF(Fer el Sall=ar 4kt 28 vk
1o HE TAATZIA S HRE] FAE7] wjE
S B8lA| St d71 AdElY] 7 1EERE et
A (HS)E PRVIAZ 9A% WAeh fall7k
PIAI7IH, theket slshike-S AX BHS FAAA
1ek 4= THKwon et al., 2014). 2]5-] 7%,
1587 ZALe} A8l dedd e840
t}. U= EPAE TEAPs W32 RuUE 3]
151 e Hoke: vlaEslgon, TEAPSS 29 Hx|9]
3% FEs Yehll=
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indicator2 A #4 AFE 3laL ATHAFCEE et al,
2004). TE3F A9)x] ABESHE 797 3K(In-situ bioreme-
diation), MNA(monitored natural attenuation) 5 <&
29793} 71&olA TEAPSE A3l WET ] A&
TS 1o A, Fa W AR ATsial vk
(EPA, 2013). 9l X3k W Fa 24 37}, 4=
= 9% A9 &9 TEAPs A 2R et Aok
(Geological Survey of Denmark and Greenland, 2019).
A=7}F = Hivt=ol=
229 oz Wl

=
=

F&AQ Ak AAAE

Aol whHol AAIF )]
ARl APAAIE iR
3} a&4o] "olzlt}. 18jar Ay 7Ikte
o]x wiEste] AEjehe HIL9R] AEE
o TS FAEA AP} SuER] Belal e
olt}t. et ATEAES 1S YA (in situ) FIE
BN Sl @ 7S, A AsaAlY] e 3
o= Q3| A3t AAEAY, g} skA} A ALt
27 et

TUle] 79, FHelle AR A5gE o4 ¢ Agke
LH 2 HIE gt TIsEe] F844S QIR
Al HEslar k. ojIAE A vl &
ARA] EAZLRALE 913 TEAPsO] TE olsi7} 2=3h
’Fo= wlolEr). oo tiket TEAPs &4 AHIIE
EUZ Alg AFWHT odst TEAPs A R5S &-83
A szl Badh A3ttt uehr] B =o
A= TEAPs AEH, 47 AP 55 AARe=
AEste] LAFA EAZRALE Aslstal AEdE U =t
A} AYESE AsPdA QA Fjelslaia) i o]
oz AR A58 ZAE B3, a8 A
s} FH AV 7VesAl Hla Al 88 AL

=1

ofN it r2

Kb

710l dpshs Ak 7Fsd AR

2. TEAPs M X|&

2.1. TEAPsE T-=6h= O 20|= X

25374 Ul TEAPSE £4317] 98]
Y EAlshks ohekst AEsS
Harris, 2007).
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2.1.1. TEAPs 7% A&

- 243} HkE- gEs) vheS AA VS IS 5
A9k AA A= GA £4F0] S5 d ofEw
o] A}, TPA ¥HEER] NOs & SHT

- A1 HkS: HRS-E9] FPY) FE FEHE EA|51
AEHo] Brbssit) vhde) AFE Fer'= skl
B3ll=]o] AE o] 7hssitt. wEbA Fer's g%t

SS9k AFER] St H ol s
= gl o] A&l AY Erbssith 1EiA A
sirel 83l RESER1 SO, ol-S SAgit

-HlgE A ¥R Akl SallE He kg S
o =S S8l A dlE] s A =%
S}, o5 2R FolARE, e 7] &89 Hlshd

Hete] 83l AR v AEu & Holo

-

o

N

oL

TR TR A TR Zl:qu %8H X]%Q‘o kel wE
o & 7 3ok @A 7PE WAt TEe = A
SHH ©, TEAPsS 7993} & wff BA] A<M
= o] olgte 4 Aot

R whae) AF Pk BAE A7) Bk %S
.

ul®d
il
N
lo
ol
§
i
N
%
=2
o )

CHAREA] SR B 2L VAR o3
Ago] ol H PAEE A M),
2P, Pargo] EAlSRE e YRS uhso
@ Balh dofdris 21 Axlat, Fi2 @71
AE BANEE ZAEE B 2ol olE 59, 4

> 2 L 8§ 2

Table 1. Stoichiometric ratio of electron acceptors required to
biodegrade a unit mass of BTEX

Electron acceptor Molar Ratio ~ Mass Ratio
0, 9 3.1
NO; 72 4.8
Mn** 18 11
Fe** 36 22
SO, 43 4.5

A R 299 v oA dass o
WA = HA lzeil, dulAl Fof Akt
B2 W dc}. 182 Z 317 (downstream)E 2
= Ao 2490 o wiAlS asiar, wizeih, o
2L S FhkEo] 718 Aol o|¢} Akt

Al, ASH vlAE] 2d A3t /7184 (chlorinated
solvents)®] 3l MEAFS AAJehe TAZ 13l AF
21 & AYAE(daughter products)-S ZASH= W
o] At
CF71ERY FHEA BlE: MRS T BAE
A ARshs gkl k. 1EiA E3i7F 7P
2Pt o ] o oebs jREEOlA TR
LTt WA A} o]E% EFo] F994 H
&8 ZABR= A= CSIA(compound specific isotope
analysis)2}al 3}t 3714, 714 ks 5 285
T U= AP o R, Bl ole} TE A
44|, DIC(dissolved inorganic carbon) 52 AR&-3
FE Ut HEHoE ARk F9LEE BC/C,
ISNJUN, 4872871 QI

1=
L

=
o

2.12. TEAPs 722 9|3 AL 4
29 AEES &85, AT E AR oA

TR @ 2 AW Ado] Zhesitt o| o =29
ol 7Fe ool XA ool mE & FE =
wHslo] B Z2AE WS 24T 5 o

% [e]

- Flow-through column: 23AA AH FZHolA
AR8A, AAgoA F= 5 slsr HkE S

o E% E8ES Columndl] ¥ B AZ3} A8}
F AZ = o 2R £ ) o] HolHE upg
o2 AT dojue whee] FHE FHE &

we|gjo} 4lo] ofHrhkes ©le] St

- 3FA] Z Al (single well push pull test): S=2]A| &g}
2 ZE7F ok o S o83 FA| F Al
< FAY T Ut FA F AIPS FEARNRS T
A3)sh Flojt), A3 8o FallEe v HET
= AR T HRE BT 4L § d5SOE pulse

type FE} B AZE-RITo] A F, A1F AL

r'i
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6 o4 -3
T Wopdick, ©, W3] dojuhs whed} X3l &
Fol We Xelxe S4o] ofzfEz olE s
oF gt

H91A] wpo]=ZE FZ(in-situ microcosm)Eﬂ’\E: 2L

AEo] Fu7t So7ks AUUE tis Wil A

Asto] B o Wk E2s ¥ U]/}EE, sleted

9] tﬂﬂ” RUEHE 4 Aok o] #hHe] e

A e HellA 23S A

column "a“dﬂ]—i g, d&e] 24 B 2 kg

gk HolHE 2= 4 U FAA}A R (tracer

testy} 2] AE EA} Lolsiths AL 2k Q)

el vl 71K W FollA flow-through columnTt 2
PaollA W&sk= o)L, WA Al e A7gellA
2132 ) whHe Aoz ME

R8sk el

g sk oA T o] 4ol HAY, AR

&71AA Alzte] AAE A, AR 2/do] Wal] o
ol AiFoR AlEwrt golA]A €t o] vl 71A] W
H 2Jo%= multiple push pull tests B TR HIH
S 7H3) B 4 Jok(Smith and Harris, 2007).

2.2. TEAPs 24 & I8 X5l MHEE 7Y

7‘]'3}3@'73 AEHL Blgo] Hol 531 adE Tieo] &

o

NZe)e B4 4a)
3, AR A o, AT B, A Axwle) B

sl wel BRAE ARt S Aol el 715
9 2A1E el ek, Tazlgfzra edel £
ot 5 A|e] 7)2EQ) ANE Perh B
Ave A A7, 2

S 1~10m BH=E %
ol 7] 9fal, 4
slal, AU Axs
Ack. vg B4 w=Y A
43 o] ¢ r/]-(Smlth and H

H=dY do

E
E

OE m_u

arris, 2007).
ol WES HHT 2= Fa3t AEele F 7t
A F57F bt v sk eyt B AlEelth =
W] A Ak AT AFskE A9 iF-Eelde
dl, A% A& AFskI7F B3] ZickEal =50l A
o] 2= 7%**01 =7] ot
At AES] A Askrger sk At
Bl EAjsh= ma]a]ou TR} B ¢ A
o Zeiu o714 AFHE HEEeks AskE Elal

S0z olEa AFA HI3H8 4 E (natached

mlm
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bacteria)o|t}. o]&$t g RIAES A|Fe vhEE]o}
% 10%°] B33kl 90%°] BHE Elote FAWAAE

(attached bacteria)@2A] EYF 5 114 FHo| Hollc.

agA Rl ST 2= ERuAE gk JHE
A FRITh, WA, Bl EAvYE] S X
Felojglek. web] AF VAR BEE 35 9] 9

=

= = oF AEZYsNoF FHFlynn et al, 2008; Kwon
et al., 2018). Holl= B Aol & o A2
FAo|Aut, AEE BN MEZHstar, ERA
:'Oi(core)cﬂ]*i AMEHS A ot spAIRE o] "y
7t AEo] AR 2t 2y ghee] $U
HES = glong 2Ah R Wt A olg w7
BH(Smith and Harris, 2007).

$hA, Agl4= W TEAPs 42 ¢
P T Basie A 2
7Y 2% B0 go
ste] A2 w3, G4 o
B SAleE Tk st

=g

H= O

F

o)

p

m[o r

3ok E&E‘r. H3E %ﬁﬂ ek
Ageste] wMdn a8 l'?%oﬂ
packer)E ¥4 UjFel AX|s
= 53l EH79}‘ “4'261, AEES
Grab A== A58 dHS
B AEY3} 7k~ EF(gas laden)id
% (small bore multilevel) AZ#H=

271 ) R FE gl A e

T Aok
o]——- 7]__01 1ol| /\1
ol Frefsid. oA
FHPEE o] 83}e]
FHE T HLX]EHO]E s}
&5 ol v sfof itk mgh, ol
s 2 75, FHRrE EAEHA Q‘H o
Y Felsfjof 3t} Table 201 Thgh
S A2]skAtH(Smith and Harris,

PN
A g 3le

59

HM2

—aE

2.3. TEAPs S 95t =4 JIA MEZ J|H

AJel42] 8= 712> Bubble Stripping 7[HOZ Al
gk 5= Stk Bubble Stripping G4~ 7}~ A&
et mE7k: 5 TE o} 85 Tkl BF A
< 3t} Bubble Strippinge 3] HZS nigkl
Aok 7| e A FETE TR, HA] BE
TEE AXEIE 4= Atk Bubble StrippingollA 71
@ol 2rol= F 7FA] W2 Microseeps cellZ} Chapelle
cell ©Jch(Fig. 2A and 2B). Microseeps cell> 71ets}lal
8242 © ¥ Chapelle celle Ui B33l

=

3L
=
KN
=
&
=

-

> ii] mol He ot

-
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Table 2. Sampling techniques to measure dissolved oxygen in groundwater

Technique Advantage

Disadvantage Comment

Down well, pressure lift pumping Single step for purge and sample Specialized pump, not suitable
for smaller pipes

Water table must be above
suction limit, potential
outgassing

Can be used with small-diam
wells

Suction lift pumping

Maintains pressure, no
outgassing

Use of grab sampler

Down well determination Prepump measurement, in situ

temperature and pressure

Small volume collected

Cumbersome and time-
consuming, water table must be with suction lift pump during
above suction limit

Use O,-impermeable tubing and
low pumping rate
Use O,-impermeable tubing and
low pumping rate

Avoid turbulent mixing when
lowering into well

Preferable to continue pumping

measurement

Headspace

Sampling port

- Tube

Headspace

Stopcock
Sampling port

Pump

Fig. 2. Schematic diagrams of pump and jar in Microseeps cell (A) and pump and gas sample bulb in Chapelle cell (B) for gas sampling in

groundwater.

Microseeps cellS 2o] ARE3SIaL UTh. Microseeps cell
7} Chapelle cell W22 8] &7] Z7|9} HZ {1X]e)
Zfol7} At

Microseeps cell AAHE thsa 2k 1) 70mlY]
28718 aFepiE A, s vl FE 2) 7N
THo] -ﬁ—E‘g 2=t 3) X 3 (downstream)ol] 2]
|71 AAgIY, 4) FEl8TE 20 SHEE o &
e 37gsitt, 5) Wil =9 wizkx] AHg ARk
Bt Bgslal P E Hr 6) MEHS oo a1
upfol] FAE kol A& gt

Chapelle cell 2X= U3} -2 A2 283} 1)
250 ml 28715 XIS, 2) ARHE - (upstream)
o #fe871e XA, 3) fE] 8IE VIEE 45%

7lee] sl BRI, 4) Bl =28 bk
?5}79?5]— A7Fsol HYsly HIE &

S 7122 53 sampling port’} 915 FSHA 3 o

rlo

2
l
o
>

x,

Al
=1

d

23t

Chapelle cellolX F2]8712 Hz Aqol Ax)sle o]
fre, sl Axlehd fel87] Wiot %?_Vé ‘HXW o
F-olt}. Chapelle cellolXe 2g==7
T TN
Z}A|71%= 3T} Microseeps cellO] o) ¢ wy =
3l JESFEE Microseeps cellS 22 o] FElsltt
(Mclnnes and Kampbell, 2000).

T 7}A] Bubble Stripping WS ARRE o cell AF}
Al gL} stripping ARE, 755, L5 T O 43 =
it leol 9, RS s 0] S vk

Zsiet, AEjFolv ZEjdgdl, ZE9sHIE(PVC) F

= $&2o] A9 glt). Passive sampling®] H-$ Eﬂﬁ%
FHE & % 3t} Passive sampling Aol HES
D= A7 AWk PA(polyamide) FHE 60% A
Tt &4 AEE TR Aol i AlskEE F35HA]
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s

O} — 1= - 7 [e] o
etk FEE 350 AL Ads

F313(Heimann et
al., 2003; Mclnnes and Kampbell, 2000).

2ot f 8719 S, di7Igke A" vhergR
Qe aela Y sleEe gl Aueen
=5 Z43cH(Mclnnes and Kampbell, 2000; Alter
and Steiof, 2004). HI= AL B (bladder pump)
o} A= P37} =t} Electric submersible pump(ESP)
© AAHOZ A5 WA /7 o] FHEHA] &=
ok EESF EPSE B 25F SAIA Alkte] BEIAY
wjZel] ARgSHA] e Aol uighAlsitk(Heimann et al,
2003). Stripping AIZte] 79 2EFPE o) TrE ¢
& FE0] S7RIT 2B AR HYel =Eshs )
{3 AR #Ro] k. izl A, 30 AANS

ol =3 Mclnnes and Kampbell, 2000). 5
7k FE B4 Al 257 555 &do] A7) o
of Aol the 17t QA slh(Mclnnes and
Kampbell, 2000).

<4 9A] Bubble Strippings ©]-83F 4 7k T
A Al agsfior & F83k Algolnt. fgro] F7FeHY,
el wiz] Tsial o|Egkell 7t BEgE A A
ol B2 5ol 7FsdliA a&o] Fot AN A9
717 BAE B3 FEel UMt 9Ro] ot
(Heimann et al., 2003). §<4-2 A& Ao wet 3
AatA 2t ofd A9 w=A BIE 7 A
T oofd A9 o = Qlo] Ao FHPalof gt
A9 54l wEt 7sst fgell SHAE EAlEEE A
o we} A153] Melafor gt #& HARE 7Fsek A
< Bl =gehk= d i 2 2y BlasZeld. 3t
A2t =B AT} headspace 271S FA5I] W =HF
= AREE dSAeEN] G588 SV 4 Itk(Alter
and Steiof, 2004).

T FE B4 A celell YR §7] 9A asiof
g F93F AJgfo] Q). Bubble Stripping 2], headspace
FHE §A5] S8l 8l 78 Alg FYslor st
sAlRE o Ak, dF VAl Tl AR sl
QM A3 ol FAIZE Tt v S =

flo AN

flEL

b 2
5

A3l 4 FE7}F 500 ppbv(0.4 nM) oFold F9] &
718 Tt ARRE = Aok olwle W7l T AL
z =

Jakroll 7121 gaFe] Z7] wize|tt. 1eiv 5788
T4 FE7F 500 ppby ©JEPH g Aan AET

FsfloF stk Alter and Steiof, 2004).

HE] F7] HA] 74 T B4 A aefafol gt
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Z F Atk gk FHEo] Wy Wy Tl o=,

A3 EZOAHA B AFo] AA FaF 410
7] wjizoltt, AT FH o] glolAH ARE- 71t F
o &2 Aadhet], 1 ol fge] U wiEd gt
Hol EolA A ¥291E 1 W) wEolt}h 9F 59
0.6 mm FEF] A F2E 140 mi/mino|H ol= o}
= {20 &3 AT 140 m/minl 2% ©]Ekl
ZF83) =23 = At(Alter and Steiof, 2004).

2] 8719 headspaceel] W} 455 tolE|e] gt
&, Pl =gsh= Alzte] ek 4= St} Headspace=
5,10, 20ml % 10 ml 7oA 7FF o]& gkl 717to]
TgEE, Smhs 7R=9) 8 wto] & dojubA] &
i, 20mie Efe] & dojubA] itk 10 mirt 7
2491, olw f4-2 50~140 mi/mine] AF3UCE 3HA]
Uk Hol| TE8l= S5 headspaceZ} 2SS W=

Hoh &, smi¥ w7 7P wEr JSes Eolar, 4
Z3 A= 931, 10 ml headspaceol] 2% FH

& 2 AoE wAY davt ok aA 2 45, A

ST Fof, AZ3 Azte] ©=H) 10ml headspace
JEfollA] 200 ml/min <5 2749 74, H¥ =235
7HA] 10~15% ¥l AfA] @dgkom, oiedst 217 33
AR el oJ27EA] Bare vzt itk 40 mie] frelE-
71914 4ml headspace, 100 ml/min®] FE5O2= H3
of =g3}7]17bA] 20~25% Z2]3 5ml headspaceol
100 ml/min F%2Z & 10~15% A2 FtHAlter and
Steiof, 2004).

QA viE B4R Fehe Atolle AES By
A APFA7A] FAF R Bt =
83} i ks AE B 98l vl F 7
Hol A=A A HAle AMELFS 7IAE
7l FHIA Be S Al ¥ HEESI(Fig. 3A),
e8] W RS 24 Aol A5 AET FARIA|
Al k= WRoltt. Sk X182 ddofx BrFsstrlel,
Frel87] Uil Aske] B2t Holsls el gitk. 5
dIoht Fe 3EES Al ¥ RiESHE o] 22 AR
ZAdo] AZ0 100% HEE 77K Heimann et al.,
2003).
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2 AT 54

oL

A

Headspace

&

Sml vial

* Vacuum with 50ml plastic
syringe

* Inject 6-8ml gas samples
using gas-tight syringe

* Repeat at least three times

slstk AAA U HE A THAAGEIY (TEAPS) B4 % BV 27 9

B

Anoxic headspace

Deionized water

Gas-tight
syringe

Fig. 3. Schematic diagrams showing how to store gas samples into an empty vial (A) and a headspace of the vial with deionized water

(B) with syringes.

tight TAP1Z AMEH3I 5ml f28710 FUst

3) Gk ZEE 50 ml FAPIE ARSER fElev1E
Z3EE OA] vt

4) 6 miZ gas-tight FAPIZ AWEZH3I] 5ml F28
719 3 o] FHP F IRk ZERE 50 ml FAL
715 AMESRd #8715 JEdEE oA vlet).

5) HFEHO0Z gmlE gastight TAPZIZ AZFHsI
Sml 2] 8710 FYI ] 87 UiFe oE
o] =& AEl(HZF 150~300 hPay’} Ft}.

6) 2] 8715 4°C WYl =Z=|A] 2 ez A3
AR §A 29 ool A5t

7) olmal AJE3HEE 4°C) Aol Hysie] 12 Y&
A%

o

TR WS headspace frE] 8715 o]83sl] Hus)
= "Wolt}h. Headspace F8] €71 7k 755 WXE}
7] el AFE A9 BASICHFig. 3B) (Alter and Steiof,
2004).

1) 2] 8715 35 septa® ol Eol2F=E 715 A

+ot
2) 10mle] 7} AZS FAP|IE 53 headspace -
2] §7]ol Figit.

3) o} Fal METHEF 4°C) Ao AXE MY Bis)
1249 W& B

4) A% = 1 mlY] 2ESE FYSKAL, 1 ml AE
< gas-tight FAPZ|Z Wopdit), o]ul] Headspace -
287] Ui ko] ti7]tRT) =olof gt

oA 27ig 7 WS A8k A TR HES

B3 4= lom ofuf] Asdlanef 4°C) o $HEel

A Baske Aol Fasith. 1au, Y 245 98l
AMe B 5 129 o2 Huigh W] £48ks Aol
v+ 2] &} ch(Heimann et al., 2003; Alter and Steiof,
2004).
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50 uM odolH, 1 X9 TEAPse 3714 &8°% 3t
8 FEIY 30 uM ool Y
g mE 2 AFow BN, 30uM olakolw
Ampoulated Rhadazine-D procedureES AFEE 4= St}
(Smith and Harris, 2007).
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3.1.2. 2438} ¥kg

AAFANOy ) B3] vh3-& doA HATANYE
Aggitt, olAAANOY el TR AE 5 Qo
AskE el NOy, No7F NOy ¢ &
TEAPsS &2} ¥hg-o 2 s 4= Qi) qhek X
N, T=7F 7] & TR =od 33 243
ot} sk TE Wko 7 FAlh= WHE Utk
3} ¥hgo] doupd ek 555 wEt NOy 7 %
i, BN N, T 7R 9L E o8
Utk AESHH wlo|AR3F ks Fal 24} vt
ZAFF=H], Acetylene blockage technique®} "N tracer
= A}&3KSmith and Harris, 2007).
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3.13. 2 &9 ¥k

WA AESZH o7 0|8 7Fs3H(bioavailable) Fe*'o} 2
gl wEe] BT EAsteA] ERigt) o] F 7RE
T gRlskaL, 1 vhy Fet's AR @ 2X] HIAA,
g 243k Fel'tlo] ol Hofshy| witdll, A&
Aoz o]§ 7Feet Fer'ihe FEsiA EAdslof it
(Hwang et al, 2014; Kwon et al, 2014). Fe¥'= 0.5M
HCI} Ti(3)-EDTAE &3l 5793t} vlolaz2aZ uY
oA Fe7h AP AETFHORE o8 7hsst Fe''ot
A 8 mEe] B SARIE ofnleolrt. 8allE Fe'
= ferrozine colorimetric 742 53} #2931} (Stookey,
1970).

3.1.4. 84k 3 HhS-

2 0]2(SO )P HS, H,S, FeS# 22 331E0]
A3kl s Yeh bl 3219 39l bkgo] dojudth=
ZAoIt. S0 A e FERe g 3 3
Hkg-o] EAFF-E I 4= Qi) sigl 3FES A
o= 24t 2l phgo] dofu] ool 80,77 B
317] wiiolt) welA tE 3s}Eo] FESR=A] ERIst

L olol] Hall, 4 FEE REEA] FRIsfof gt} 11 o]

[e]
29 whgo] ol egke

€ AN S RS AR
= WAl W, vidE Bk e AR 5 3l

TH(Smith and Harris, 2007).

+
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=
b
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=)
=

]

ek 25 W &3 Sdoltt. §4 24, 34, Mgt
oftXE A=) wEell, wigke] Stk

e TEAPsE mgt A4 wheo= spgshi

b #Hot Wige 4 7h=oh miFVEAIE, Bubble
Stripping? 7}AAZPFETIH VS AR W= 7
7 EF7F ok €2 2ASE WlEk (thermogenic)d} VA8
o] A4dst vek(biogenic)olth. TEAPs ZAloll ZQsh
< WgEo] g% wgolt), gk A4 wh3o] X3y
1A 2ARE] Sl Alslr AlES] 7 HleE FHESfok
I}, 7 HEke] ZpolHe A T9ea Higo|th d5
gk wgtell= POt o] Fsh], e Ry vgs

sy

(o oy

m]ﬂ:
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ok BCrt 58% A= U 9o fg 555 A ul= core
materialS E7)4 headspaceZ} Y= BHE £7]9 B
st 1d A7RE Bad 5 9ok ek A5 {7
LA =4o] UF BS 7, vigo] HEsiA AdE 5
ATk a2HH 23l wg st UE sokA 13k 5
s Zopf7] ofgfE 4 ot o]d A, Headspaces
Za AA =5 oW Hok FdsHA SHE 5
AL, vk B vAEe] EA) ARE FolE 5 3
THSmith and Harris, 2007).

3.2. 8& T4 ST E HIEE 8 TEAPs 24

Bubble Stripping WHOZ 8F 4 7|~ AES A
FHst & 7AFZvE 19 (gas chromatograph, GC)o}
reduction gas detector(RGD)E AM83lY 54 FEE =
A = Stk 3K, A T3S AEET w7
Fslar, S78%k0] Hgald wizkA] Al BER slof g
o GC ZHL 5A, 1.5mx2mm ARESIAL, A20lx
SAs olsd 7IAHle EES AREEh S (Limit
of Detection)= 0.05mM ©]THChapelle and McMa-
hon, 1991). Jg] WS ARE3t 7IA| e HolHE
B3l 8 T AR 7 ok dE =01 1718 v
EE7F 08 mlY W, & 4 FEE 1.0nM o[t}

4. TEAPs Tty

AAFEA, B gl 9hgo] AHES &85}
TEAPSE ER1% 4 St} LA aE §

Z=o] AslrE wet 9stA Eekithal 7Hgsial 2
oA = d 5 FwES ARE AE o 3 A, B, C
oA AslrE A& AR AN Stk 7HYEIS]
THFig. 4A). B4 A°lM¥E B, C& Z<== BTEX &
Ao zHE A7t "otk §& AHANE Ast
FE FAsI, Azl 2 AdE wskE s JE
WrhFig. 4B). 4 A9lA=, BTEX §%9 thE ZA}
T84 F=F A sk ok 3F 802 BTEX
7} g FAlol HAEEATE wEA ARET) kA
7t 7P wWEA 12w, Ik NOyF aAEITh A
X9 TEAPs= SO/ 7 7V @omg 3halel 3hgl
Hhg-o] AalEet wdsly] Aot 1eu, A NOy &
T 002 Skl e ARolRl, SO E FHhske
Aoz Gds) vk Ao Fakask v E Yol
i ok &, A sk vk 24g) vk 7



29 A537E B} AAATHEI IS 98 RG-89 (TEAPs) 24 2 Hrprle A7) 11
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/

SO,
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Relative Concentration
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CH,
Fe2+
S0,

NO,
I 02
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)

Distance from BTEX contaminant source
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)

Relative Concentration
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Fig. 4. Groundwater contamination with benzene, toluene, ethylbenzene and xylene (BTEX) leaked from underground storage tanks
(UST) (A), variation of key chemical components in groundwater with decrease in BTEX concentrations (B), and variation of key

chemical components after complete removal of BTEX (C).

A Fol 91X3t. B4 BolldE vkl CH,, Fe*'s}
2% BTEXZF AEHT 289 v A whgoz
CHy} F35]o] v=7) &} F'e 52 S92 527}
Ao 7RI the AA8AIZE A9 §1al CH,
7} 7V Bem=, B A|%H9] TEAPse vig A4 Rkgo]
gar Fet 4= ok #¥ C= BTEX 29YCZHE
71¢ dok. 1s<t BTEXZF A9 o E8=o)A] w57t
sjaksitt. B CollMle Thfdt o] o] HEHTh the
CH,8} Fe*, S0/, I8l 479l NOos9 07} Stk
CHy} BOH = TEAPsE Weh A4 §kg-o= QI8 &

A=H, Collrs wgh A wkgo] kst 7ev]=2 X8y
=3 Qiek ohA] e, wig- 318 doluks Foltt. 3
Z AellA wgr A4 Whgo] TEAPsERL 3h7lole &
s}, oleE], NOy, SO 7 HEHTa six 22
3} ¥k, 35k 3 whgo] Regeithar s = ¢l
o} T8 Fe'o] EA) AAl= A o] 3hel nhgo] Yo
Uiz AW, L Hell dofukS-S onlskARt, ARl 33
o digt Bt RE AFAe vt "] o
Bolle Adshs Bgellx Edo] & F gloug o
o g},
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C AelA o Aek+ 55

0,, NO;~, S0/27} #AE2 4 =t I olf+=
Aalol] EAISRE 0,, NO5, SO <t W3S o F7] of
Folth(Fig. 4C). &, BTEX QG&EZL&

A R e o] mAEl ofgt sERkEo] mWs)A|
a1, FHe) RS ek}t 9= o] BWE

t}. oe] oA BEo] TEAPss 71|
F G718 we £ S & ok AsEEe B3H
3L A&EH, FejRdEA ajlo] ¢8 7] whielot.
T2l FAISH AXT slet 9k 79| eyt WsiA
THEEA] el FRFRD Hol7t dojubr] wiEel o]
o o8¢zt Wb NOs 9 SO 5 i AERE 7R

o
rlo

o

I wshd eF 7 A i, B AREe] FHE o
A AGollA Azt ZE o 4= JITHEPA, 2017)

42. XM =5, D =5 =
8t "ot

T A, B, C2 AX R34 29 24 o= A
7 sttt B Aol Wdetds W Bl ARt
243 A5l AE3} TEAPs H3E offol] T 71A] Al

2d0]l }E TEAPs H

A 0, 0,

Yeleo Faled iRtk R WAl ART o
o 8%, T WA T g3l B3I 3. o
ojg ARl Wrke SRS Al 5 QR woln of
ek AFH7 Aol 988 5 L Aol

71 Bl AR thER) A% A o] Ui
ol AR s Fe mee Az 5 FE)
2 #ls oIl Fiol Axk w2 o) 5 2
47} S B A Sl el sk
B2 Tt T °‘E}(Flg. 5A). 3713 o
=2 %ﬁrﬁ}“&/ﬂ e 44 vhgat H gl whgo] gy
S50} CH,, Fe* =7 7230 dadich the 4%
So 9 402 HEE 4% 3, 194 G FE
=T, ol HIQHEA $739] Asleol we} gebkd A
ojth. At AEHHOE FHHEE, 1 o]F A K
F 37 Beld. wEbA 2 o) AYelde 5714
SEN dojuar, 4] e 0 EAS BT U4
ngEo] Eafigitt.

Fig. 5B BTEXZ} U&F §5% AIHYE v289Ad]
IMFS7HA e AUEE UERE Zlolt) 29 &
o] u-¢- 3% A]F(aerobic respirationy 7 O=

0,

Methanogenesis
Sulfate

Reduction
Iron

B Reduction

Denitrification

Confined layer

Denitrification

Aerobic Respiration

Fig. 5. Zoning of terminal electron accepting processes (TEAPs) after release of benzene, toluene, ethylbenzene and xylene (BTEX) in

unconfined aquifer (A) and in confined aquifer (B).
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o] X o pAt(Cozzarelli and Weiss, 2007;
Smith and Harris, 2007). I A5°] 552 U= 7
“?“, _Tf_/;/\%] 2 HEZTOE QI3 oFelA Akt o)

O YA Ktk wEbA] ko] sEe AdtiE
_fa s, v 318k JE(NOy, Fe', SO 5)Ee] |
Al EEshs o] A9 EE v EA A5l
)ﬂr: /\ak_,] AAE o]%:l. /\];H_i §7]/\4 & o] Q)
01” T AR i%ko 9_05%7\;3‘9‘ BlEFHA, ’\}JJ t H“]‘

HLS, A 3 tﬂ_ %&"é ?l%

%5 AXHA NOy, Fe¥', SO,
COY}t AHE U%E}(Fig. 5B). ©]Z af oA
Ho] Wretl, 04 = 2719 &Aeke Ridjo|t). H
AR Y ARE VEeRE gdsl vk, F
<, S 2 HkE, ek A Whg-e] SAE TEAPs
TFo] vt

N

P

4.3. MafetdEL|ol| 2|t TEAPs T}

TEAPsS #Td wl= Hig o2 714 ARE 3
ARgelof jitt. 4k} &9l A= a7 shukldl d gk

RS2k 3k 39l RESolA] Rport F=wfA, Hshe
o -831tkFig. 6). SRITF 3714 35 €43} vkg
o] 79 Eh W7} 433 AA]7] wiite] Foj7t Hast
o}, Akhs} Zalol 2ol o3k TFo] 71 HIE] dojut
= 2 A, AlEEAAS] (Ehelt o)Eshe W

ZA=83179 (TEAPs) 4 2 H7Pr)& 2A) 13
Millivolts(E},)
1000 o
NO;
500 -
F93+
ks I S04

CH,
CH;CHOOH

-500

Fig. 6. Redox potentials of various biodegradation reactions by
terminal electron accepting processes (TEAPs).

S G8HoA] 7] Wl o] 2o 7t AR} A
ARgalor &k Smith and Harris, 2007).

4.4. T2 SE0| 2|5t TEAPs HIt

TEAPsS YolRe Adol= 85 247, NO;, Fe*',

SO,/ & 2] 38t AE9] FE9} Eh Fo] dom 7zt
83k tlolHE g3kt 74 e B3 Wx 3
7 ZA3}. oluf A4 FEE AREEPH TEAPsS MUt
Ao AT 4 tK(Table 3). 4 T ©|&F
LAgAYelA F5H BEA dlolHE 3l
AR FAE, 4 T W9l wel TEAPsS A&}

olf

Table 3. Dissolved hydrogen concentration in groundwater used as an indicator for predominant TEAPs (Chapelle et al., 1995)

Electron Reduced Groundwater Hydrogen concentration [nM]
acceptor product resources

O, H,O Atmosphere <0.1

NO;5~ N, Contamination <0.1
Mn(IV) Mn(II) Mineral soilds <0.1

Fe(Il) Fe(I) Mineral soilds 0.2~0.6

SO~ s* Mineral soilds 1~4

CO, CH, Carbonate soilds >5

Table 4. Analytical techniques for TEAPs parameters

Parameter Measurement Location Techniques
0, Field Dissolved oxygen probe
0O, Lab Winkler titration
NO;~ Lab Anion exchange with chromatographic conductivity detection
S0+ Lab Anion exchange with chromatographic conductivity detection
Fe** Lab Filtration (0.1 um) colorimetric or Ferrozine method
CH, Lab Gas chromatography (FID detector)
H, Field Bubble strip method
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T o 88 e AtHKwon et al., 2006;
Lovley and Goodwin, 1988; Smith and Harris, 2007).

4.5. TEAPs ZA| X[ "o}

o] A i =
748 A Foltk. &AWF TEAPs 77 e FE2 Y
(overlapye 4 FE==4F ket 4= glok. A F2oll
AMe 58S o7t Hashal, A AT Bl e
aHA| EskA] Tojof gtk TRl HlolElE iletk 3
18te] Edteln §AstA Aol STHAlter and
Steiof, 2004). T43E A EEL FAHE Table 40 g2
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a Ere
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dofutar, gt v
WS o]F5 TEAPs7| Z7lETh
H|E5le] 82 28, NOs, Fe¥', SO
HEEE oY 7] 548 st s
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