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Scientific Feasibility on the Risk-Based Clean-up and Management of
Contaminated Sites
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ABSTRACT

In the last decades, the decrease in biological or chemical availability of sorbed contaminants as contact time passed, is
generally accepted. This phenomenon so called as “aging” or “sequestration” is known to directly affect risk of the
contaminats. This was observed for mainly for hydrophobic organic contaminants (HOCs), but also reported for heavy
metals. Aging is known to be directly related to sorption-desorption hysteresis, irreversible sorption, desorption-resistance,
nonequilibrium sorption, etc. The decrease in bioavailability due to aging or sequestration indicates realistic decrease in
risk potential. Recently a risk-based management concept by scientific evidences but not the simple measurement of
contaminant concentration has been attempted to determine environmentally acceptable remedial endpoint. This is because
selection of remedial endpoint based on not total concentration but the bioavailability and toxicity of contaminants can
reduce both the treatment cost and remedial activities of the contaminated sites. The bioavailability and toxicity of the
residual contaminants are highly affected by the fate and transport and also directly affect the exposure pathways and
bioaccumulation of contaminants in the living biota. In this paper, scientific feasibility on the risk-based clean-up and
management of contaminated sites is reviewed.

Key words : Aging, Bioavailability, Desorption, Environmentally acceptable remedial endpoint, Risk assessment,
Sequestration, Soil, Sorption
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Table 1. o & 7}7] £u] & o] &

gt atrazine 2] 3% (Mattson et al. 1970)
al

2 FZ3 atrazine®] T

e (mg/kg soil)
Methanol Room temperature, 18 hr 0.60
Chloloform Soxhlet, 2 consecutive 24 hr periods 1.07
Methanol : water (9:1) Soxhlet, 2 consecutive 24 hr periods 2.00
Methanol Reflux, 1 hr 1.09
Methanol : water (9 : 1) Reflux, 1 hr 0.80
Chloloform : water (9:1) Reflux, 1 hr 1.55
Acetonitrile : water (9: 1) Reflux, 1 hr 1.95

Table 2. 7]} , HPCD, Tenax, XAD, SPME 5-9] & 3} A -3 | &

= FE2A gy

Ethanol and isopropanol 70% ethanol extraction for 7 d Lei et al. (20006)

Butanol

Sequential extraction of methanol-water
(1 : 1)-butanol-dichloromatane-Soxhlet

HPCD (hydroxypropyl-beta-cyclodextrin)

ethanol extraction for 3 h

MeOH : water (1:1) for 24 h
Butanol for 24 hr, DCM for 3 hr

40 mM HPCD for 20 hr

Liste and Alexander (2002)

Kottler and Alexander (2001);
Macleod et al. (2000)

Reid et al. (2000)
Cornellison et al. (1998);

Tenax 6 h You et al. (2006)

XAD2 for 2 weeks Lei et al. (2004)

SPME 60 minutes Luan et al. (2006)
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&40 — . 2 Kow(octanol-water partition coefficient) #kS Z2H= A&
= L 4 238 797} Telel). 291Ee) mgoe 4
20 - ko Bl Al4=(distribution coefficient), K& XTI}
0 ) 1 . I . L . 1 i J K= chemical sorbed (mg’kg) 1)

0 6 12 18 24 30 4 chemical concentration in solution (mg’/L)

Days

Flg 6. A7 3}l whE Eoko 2 HEIS] phenanthrene®] F3
-8 (Kottler and Alexander, 2001).
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2.4. EFEIX{8M (desorption-resistance)
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Fig. 16. Fractional sorption desorption of Cd** to hydrous Fe-
oxide (HFO) as a function of pH and HFO-Cd** ageing time
(from Ainsworth et al., 1994).
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pointys AAJ3le] Fot WA pHZE 6.5 ol FoE I
oA v7bdRo s AR 20%0 Cde fEE 5 e
], olo)| wa} AejAl] AsE BAS B S5 S
Aolth. Bl pH7F 6.5 oJsk2 FA1EH sieele 7Y
=4, A F=2ol= Foll o8 F3E el /=2 7t
sol o, gk AEA ), Aol =2 4T
AAS] Wb (gut juice)ell &5 &3lEo] 3 A4S
A Cdo] F=E 7= US Foltt. ESE hysteresis &
gl oJall ES W 20%S] BRAFAEES AT CdE
o ol AAsks 22 i ofeem, kel Aenlg
o] A Aeolr}. ol2fgh oA & & o] EG
559 F-2F hysteresis A9 THS Aol
(bioavailability), 54 2 2314 H7lol o] 23 =}
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Fig. 17. Fractional sorption-desorption of Co®>" and Pb** to hydrous Fe-oxide (HFO) as a function of pH and HFO-Co*" and HFO-Pb**

aging time (Ainsworth et al., 1994).

S84 &84 4 Jor, AAAR] SHM = e &
¥ X](remedial endpoint)e} E-FHe] Aol lojA] wj
T F8% 9¢S & Fo|rt

Ainsworth 5(1994)2 Co*'9} Pb**oll tiafix FLg+
dde TR AIKFig. 17), P79 49 pH 3-5.59]
HeloA 2% BERle] $ERAIAS 7HAH, Co*el 7
- 21F B9 aging A3} 53% AT @3] A
& Z10F YeRdth P A9 pHE 714 77
ClZF= hysteresis &4o] A2l glo], tiFe] F2¢ Pb
= 2Fo] Jksdidith oleh 22 F-2Fe TS
goethite®} -2 recrystallizing solid®ll 719181, hysteresis
= ©]24HFH (ionic radius)®] =710l wH|EIgT el B s}
At

g AFATM & = ARl TEEY F
7153 FAK8E hysteresis S FHkel, =4
a5 AERHTe] BRAEAS 7RIt BaEle
olob= kel A= SIth. Comans(1987)
illiteo]] THSF Cde] &-232F 2AF A} hysteresis T/go] &
A=A eFkom (Fig. 18 F=x), F2-E2R A9 7194
(reversible)o] 2+l B3}t Strawn 5(1998)2 -
ALO®Y tigh Pb*e] F2-&3E P47 F2E Pbro
98%7} RS HSloH, y-ALO; EHXME PH27
WARS FeA 7] wleletal Basdt. ojeh &
o] THE2 F-27F hysteresis= EYAIET ageing Al
Aol we} @A 2jo|E Holar glowm, GREEAe| o
gt AT oRPHA] bS] AHEA] ot =A] o
o] HaL ot

Lomrﬂ

2.4. A42| (sequestration) 7|Zt0| CHEF X|oF
EG Uo 298] F&Ee e Aol8Ads A

8
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o
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Fig. 18. 5447k aging¥ illiteo] F2¥ Cde] 71949 &
2 814 (pH=7.8) (Comans, 1987).

AIZ17] ol w9~ Faskch. ARSI S48, 7]
B} AESREL F2R 23 AQ1 F3 o= o7t
olgfgt /gL 3lstEo] BEY U9 IA-E AHlA] o]
FoJHTh= Aot} old)| wls| #733)sto|u $7FsiA)
o] P& Ao/} et 25 FES AH dFe
2 it = B A U2 B} FEsie] AR
7Ved BAlY] o84S AATII BAS B3Rt
Aol

Hlo] 24 f71EAk= B wd FaE= WA
A E] A, F2 A A A RS siteol]A]
Fto] o] FolAH HAE el ¥ 7k HXIt), u}
2A] F2ke] Zloll= i whEA] el 423 Rkl
Yolhi= whd BExpy} e shalssd] Addk A)7te]
A o]yt e E3 B LFEZH o)A
(aging)°] Goldtt.
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-2+ intraparticle diffusion®} intraorganic matter
diffusion®] F 7FA] 71&e] $J=H intraparticle diffusion
ol B T FUIECl o3 Azl #AE AR
HAAlE-e] 7RgARR] L @Ede] 8] Hof 7PgAlE]
7V aFAd BEEE Ev] ol d4o]al, intraorganic
matter diffusionS EU] XA {7180 o3t &2 ¢
gt BE wiskeay A 7 IBIRES] A ES U
o] A f71EHe] T8 FRAZ A83ht

Intraparticle diffusion®ll QoA Q3 QA Eok)]
AAlEe] 27 BE 1 oum Boh J2H O F AR
AL f7lE A 7EuE 22 9= Stk vlA
AlFe] Z719] Bxe B SRl et 1 23t o
E4| Kalucheva®} Paskaleva (1967)2] Aol 2Jshd A4
9% EYo WS dAdnFes #Aq 2 A
8.5%7} ca 20 nm, 8.7%7} ca 80 nm, 16.5%7} ca
160 nm, 21.5%7} ca 320 nm<] Al&< Zkdrh &
Wood 2](1990)°] 347}l ofshd s} tg2] 4]
ojuf HGe] YR MBS FxFEnEes EAE 2 A
o] 1 oum o8k H7AEE ziar Ut ol#gh 2k
AlES 2R ot Bl lelE Y- 217 wizol] Al
& bl EAPRE 7182 ALsirt Brbssizic

Hlo] 2] & A4 B4 3] #gt & e F
83 71A2 EYY AA frIE I F5(parti-
tioning)Q1H] ©]+= wix] 8uje] o3| {71EC] FEo] H
= AYE FY 24 £o08 095 Eap} ojFdh= A

=) N
=

o

[¢)
1ot Ee] A f71E2 ol f71Eds &5
2579 sited} HkE 2L e 24S F59ke =
L& o)A site® T 7FAL AtH(Mingelgrin  and
Gerstl, 1993). o]¢} Zo] F E4d ot A4 35t
E29] $Zo] B}Z intraorganic matter diffusion®|t}. ©]
T 7 717k "o YERY Fig 199 o] F3
& Sl

Fig. 19914 YePH vle} Zo] swiss cheese modelZ} 2
o] AlFe] =77} & 7% intraparticle diffusion®] Yok
™ cheddar cheese model?} 2] Mlge] =77} 2R 7
2= intraorganic matter diffusion®] Yojuf= Holc},
e AAe] - o] F 7] 7o) E-tEe] ot

HEZE (clay mineral)?] 73%- (ol; montmorillonite)
2 28 AT Yl o ARTFEI 2 el
matrix UolA1e] Shto] 171 44 sEe] Sl 4
3} & ageingdll T85 JTS I} (Fig. 20).

McClosky2} Bayer (1987)2] <ol <Jehd HEFE0
fluridone(1-methyl-3-phenyl-5-[3-(trifluoromethyl)phenyl]-

o
-

o

Jfote r|r
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Fig. 19. Intraparticle diffusion Z} intraorganic matter diffusion 7]
ErELEE]

a9 20 AE BB 3 T e BAe] 2Y @

4.

4(1H)-pyridinoneyS F2A171 A} wkg- A7) we} &
2pgo] 271 ol HE U] F P2 vold &
Aph s Ao A7 4 Aok E olo FAk)
Al FASIE 2= herbicide paraquat(1,1'-dimethyl-4-4'-
bipyridinium)E montmorillonitedl] &2A1Z1 A3} HEZF
o Az 729 I FHAA 2= ATH Weber
and Weed, 1974).

ER) & friskekee] @3 ade vt 22
ofe] 7g#Ql Bdle] s di=al At (1) 3549
(condensed), 72’ d(glassy phase)®] F7]1EA=2 HE)
o] FFHA. o] 3FE frlaeAt B4 ois F22 =
gr, 54 Fhsied] SAHZFEC] FHEHE site
specific, Bl &2e] EA4& 71Xtk (Weber and
Huang, 1996; Xing et al, 1996); (2) soot, black
carbon?} -2 FHZ o] & vRAAdE-F (high surface area
carbonaceous material, HSACM); ©] HSACM &Zoj
et 2k HIAE, site specifico |, S2FE-Ho] AgkE]
o] Atk (McGroddy et al, 1996; Chiou and Kile,



“Slalg" e ol§ 3 99 48} 2 Pele] 434 ey 1

1998); 3) T34 F7IsitEde FYUEdE E &
Z1EZAW R wiztgz oz 73| A FrHKan et al,
1998). 91714 vI719e] ofnj= F&ah= HE tE 4
3o A gFo] o)FofRthe AS ou|ght. o] HZtY
e GRS 7R Fate Al =719 HojeF
< 7HIE Ao= ¢HA UthKan et al, 1997). It
H7tz o 2 F3lwlo] @HAdS 71kl SstEde A
Bal71 EA] 2O (e.g., Cornellison et al., 1998), 37
oflo] flallid g A7k=A Hr

25 F7181E(HOCs)e] A2 (sequestration) &/l
gt F8 717 EY F71E79] interaction?} EYY
A2 meso B micropore W22 E2]%Q trapping
ol 7I0gt}. A RSeS| ke ek
2ol 0.1% m|Hdu), EFF7]E(soil organic matter,
SOM)ll gk Fulje} gitel] ofal A|uljEth(Huang et
al, 1998; Northcott and Jones, 2001a,b). &2¥ HOCs
o] w2 gEEE 2 HOCY Aol S71s
ue} 7AskE Ao 2 YA ArHChung and Alexander,
1999; Northcott and Jones 2001a,b). 254 5=
E 7182899 &9 A2 ageing Alt] 4A|
%S 7T Ao FauFo] At AT f71SREES]
ESE e 9 vA= AoE gzl vekew 2
2 F-&l(cosolvent)®] 73F- EEARS] 33 FAARS
XA TN 25 F7I8REEY] activiys: A
AA gFHeE FES AR Y 3-8 SOM
9] FZE WHIAA, ¥ (rubbery phase)S F718h=
i G2 4d(glassy phaseye 7HAEEE HOCse] SOM
O Fo] H& BolahA st aFFe R g St
AlZItH(Bouchard, 2003). ©]2]gt E¥= F-8uljo] ghago]
7kl wel 7kl .

vg|2 AE2] meso B micropored] TS E2]%Q1
trapping®] 7ol WekEH e F8ul= ageing B
F=O29] HOC w4k ghks Sxlsle 9&s ke A
o AHA Ut} ol9} e TS B AR e
XOo o] HEE fash HI7f]] g3 Rl AV)5
F7PIRIS B3 -89 BT SOM HEE 3= Wi &
31U H(rap¥) B3 02 A3tE 254 f71E2E9 o]
ol JFE wXA] EsHAl FhLi and Liu, 2005).

8= & Brf 35029 HOCY ks F318hk=
Ags slEE F8uje FHgo] STl wEt SSuH
2 & oo HFe} sile] FUekA "t 1y

ole} Z& Al uldh T8 FEAR] Sk 35
o 3k HOCY] S3l% S719} EWIAAL0l9] o) =

~-{- - water
—— 20% methanol
<o fy-- 40% methanol

-
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Fig. 21. aging A7} wshe- §Hefe] SolE o83t Eokom
9] phenanthrene®| F&34 =of| w2 <33k,

Uptake by
- plants and
Anthropogenic Input | other living

I organisms

Primary Weathering Soil Complexation Sail Solution
Minerals Di; i

l/ \\:
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| Carbonates |
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Increased bicavailability

Fig. 22. &5 359U F559 .

Zle] 37AR1 Sl Hlsf wmlsirt. o]9f e WS
E3] microporeZ2] HE7} F7|7t0] AQFEE aging
] Z7|AAA ksl veRdth weba] 47871
7t o]Folli= sequestration /2] 7|=fo] WM3lsA & A
o= opdEm, HAHORE Alto] Aol wt A
718FE soMke] A=A A (hydrophobic interation)
o o8 2 E8]4<1 A (physical trapping)’} seque-
strations =8, 7|2k0 2 ZR831A| FTHLi and Liu, 2005).
Fig. 21°14 aging A17te] SVl e A7 (seque-
stration)&/gol] 2J3l] -8l wekso] o3l HA F=
4= )&= phenanthrene®] #-8°] 74gS & 4 Ao
SEE 722 ol Fig. 2200 vERA b} 2ol <l
9421 29EA] fUL 12} v|v|Z(primmary mineral)
o 33}, 4 (detritus), FEAFHE(metal oxides), BHAFA
(carbonates), -71&-(organic), 137 }5-F-+(exchangeable
fraction) 52 BEY Aozl 2 BEdhl T353 E
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Fig. 23. XAFSZ ©]-&3} agingo| pyrophyllites] @&t Nie

F3bo]] wx|&= o3 A (Scheidegger et al., 1996).

o
[=}
3 HNO, pH 6.0
S 75 ’
& 2year

E; m 1year
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Fig. 24. Aginge] pyrophyllite el 3A¥ I FIAE=
HEle] Ni¢] 8% (Scheckel and Sparks, 2001).

& BH(soil solution)7re] ZHE-F A (complexation)-8-3H
(dissoution), ESF 8080 & RE 0] %‘.% 2 A5 e A
Az oF 5 g HZH FAel o) o]Fozict.

TEEY AT, frIedEdde A8 e 4
(sequestration) 7]3+S 7HAE= AL=Z EE’_Q"T 0,11:}
Scheidegger 5(1996)2 Ni2'9] vy A
< XAFSEA #43 Z Nig l:ﬂ %Z.(slow
sorption)2 Nig X338l FU|Z<Q] tacovite (NigAl,
(OH),4CO3H,0)2] 33 A (surface precipitation)°l] 7121
Shtar B skdth(Fig. 23).

Fig. 249 YERH ule} 2o] pyrophyllite= FE]S] Ni
o] &2 goingol] o3l Akt ol FE5-Al A
312 FHo] residence timeo] VIS Wl FEE0]
Al phyllosilicate® A= 7] wjFolgta Hstgch
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(1) Exchange

(2) Polymerization

nai, +—— Al-O-Si or
Me-O-Si
linkage

(3) Condensation

Fig. 25. EoF vl gmelMe] S5 #3404 713
(Ford et al., 2001).

_ T solid phase
adsorption precipitation transformation

sec min hours days months = years

1 1 1

inner-sphere hydrotalcite-like recrystallization

outer-sphere precipitates Ostwald ripening
26. A7) Aol W} FAAD AL Moo 4
74‘—‘44«] ——‘r"é(Sparks 2003).
(Scheckel and Sparks, 2001).
Ford 5 (20012 aging 7I%F &% Z719] X% Ni-

Al LDH-»] phyllosilicate®2 2] Z1%+-S- A Joﬂ A 2710
= 2319 silicad LDH WREE9] o]lndE]1 o]%F Ni-
Al & FEHIA silica®] ﬂlfr?(]'ﬂ(polymenzatlon), o=
(condensation) o] T4 o8l E wulE 3249
a4 AR 7o) oozl s19tHFig. 25).

Fig. 26 ‘/]’E]"’“ Hie} o] FEEe] SR A
< el o}FolAn], FAE FR4E AARE B
HH AZte] ] A3l =W recrystalization, Ostwald
ripening?} 22 IS B3 1APFe] WHIoZ o]z
HtH(Sparks, 2003).

ol¢} -2 F-&ZF hysteresis A4S AWsr] $3)
Dzombak¥?} Morel(1990) HFOell T3t 559 F2ke
o Eu mﬁoﬂ/ﬂ—t— A& (linear sorption)® & ER L}
v FAxEo] AT wiZolgkal Btk i

HRHE2] AL competitive surface complexationl]
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Fig. 27. Schematic representation of surface precipitation on
hydrous ferric oxide. (a) At low concentration surface complex
formation dominates. (b) At higher concentration, surface
precipitation may occurs.

Z1Q1g Al A stdth(Fig. 27 3Hx).

%3 Ford 5(1999) HE] thah Nie] F2Ha3 o)A
ageing AlZto] Z71etl whet gRAgdo] SRS B
Ao ol FAMME Nio] gl 7IQIgcar Bl
SIATE. O’Reilly 52001y goethitedl] TIZF arsenate®]
SRS ageing = residence time®] S7gel wet
7181, POSE o83t 3] 27] 2403 Wil {3
H arsenate®] 35% ool BAEY o]F ¥ ok &
2SSl U] ol Bl A eetial Barsieltt.

opgollr] AHE nle} o] 2l Gk B UjolA
Iy AIRES AAH A3 o] FoiIT). oA o]
(aging) T ] (sequestrationydl LFEZH-L v|AiEoL}
A&, FE) 2]+ biodegradation®]t} bioremediation®]
ol AR Zo= deA Uk

In
0x
_\:J_
0=
=)
(4]
0x

25. #3002 olst Alg, S20| i3
2

B o] 24 Q98-S B 93 Ballr) 7Fss)
A AlZto] BEGE AJolgAo] gt & 0 =
7ol EF ol 2=lo] e tie] E4o] Ajzto]
AGE BEY YR o] Hof ofo]=H u]AE
oJgt o}go] ErFs3l A=t o= AEolut E&, QKo
o3t uptake®] A= wRRbIAoLh 21E Bl ogh
uptaket} FF, QI7ke] IR, EFVIH, A3PIE B S
= EFog QHEAEY URs A9 rlsdH EY
Welld] 23 AIRE R8I ® A 971A] Eito] Hof gls
739ollE HEo] B7Fsai). Fig. 280014 ®50] ofjo]A]
o] dojt B o] 2HEAL ABol} FEO HE, =
7], 71% 53 AEs)d |UE- Ee] doj-9ict

olglg]ole] Seveso A9 19764 2,3,7,8-TCDD(2,3,7,
8-tetrachlorodibenzo-p-dioxons ¥ 7= A=A
=] o] A EYS o83l E7lel 2§ uptake ¥
< AR 2 294 2ol e EYHL o# Azt
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Fig. 28. 3% 2jtee] vAE, &, A2 A3 324
(@2 A5 i,

Table 4. ] &] o} seveso A oA E7]¢] ]38 TCDDL]
uptake (Bonaccorsi et al., 1984)

Material containing 1CDD concentration in Liver (um/kg)

TCDD 203 403 80a
Solvent 0.26 1.1 2.7
Laboratory-amended soil 0.26 0.81 1.5
Seveso soil ND° ND* 0.88

a: dose of TCDD administered, ng/day and b: not done

AH B e uptake o] W HUTHTable 4).
IESE Hulzebos 2]9] 1993 Aol oshd ~g-Anth=
EollA At R TA7E 5A4d0] ATk Table 5).
Eg] A WE uptake AEOl ik A= Bol
olfoiilet] AaA wslAet fY10 SFES] B¢
EJ] §71E FEu AEFES] Aol we} uptaked]
Fe zolE R YUK Weber and Weed, 1974). H3+
Allolobophora caliginosa®F= A|7d°]oll 2]t dieldrin 43
HEFS 7715 ol s 543 skt
(Davis, 1971). Edward 2]2] 195739 dF% 27| tf&
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Table 5. %25} 49 ol 4 A3k 3 FRpol v & 0. A%
49l 54

EC;s
Compound
Insoil (mg/kg)  Insolutoin (mg/L)
2,4,5-Trichlorophenol 16 1.8
Pentachlorophenol 32 0.03
Catechol > 1000 5.0
2,3,4,5-Tetrachloroaniline 24 0.39
1,2,3-Trichlorobenzene 3.8 0.028
Hexachlorocyclopentadiene 10 0.1
Toluen > 1000 16
Isobutyl alcohol > 1000 15
Hexane >1000 1.7
Naphthalene > 1000 13

Table 6. E2F =59 lindane 3} aldrin 2] LDs, %

il % Organic LDsy (mg/kg)
matter Lindane Aldrin
Sand 0.5 0.25 0.055
Silty clay loam 1.0 0.38 0.175
Light sandy clay loam 1.2 0.51 0.065
Coarse silt 1.4 1.07 0.21
Silty clay 1.8 0.67 0.22
Sandy loam 2.6 1.25 0.22
Loam 3.8 2.65 0.34
Clay loam (lower level) 6.4 4.10 0.40
Clay loam (upper level) 10.0 5.9 0.54
Muck 40.0 8.6 0.85

Oft

718 S 7R 107EA9] Bl digh 53¢ At
AN lindaned} aldrin®] LDsy, 5= #7152 ko]
F555 2R 3 7HTK(Table 6).

FTEEY Aol AY EY 35U TE5 F
Tof AHA R AdEe AoE dHA Ut Aging T
= sequestrationd] &3] FTEE] AoleAE FASh=
Aoz dHA Utk Ma 5(2006)2] Z}(Fig. 291 <]
3PA 4, 90, 180¥7Te] aging & FEH EFTSTU
Cu®] FTEEE aging 7IKto] S715l wiat 2hashks &
T At

FTEEY A9olE aging Tl oJal FAdo] sk
Aoz dHA St} 3 mgkg soild] TEZ 29H EY
o] T CdY FEE 50979 aging ¥ 0.0006
mg/L ©J3}2 7l olet e Aie FE&oE
A G EYolMe] Fa52] AolgAdo] ARte] A

| whet 7RAshS BolETH(Vig et al., 2003).

¢
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Fig. 29. Agingel =% 355U Cuel 5=l vlAe A%
(Ma et al., 2006).
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Fig. 30. Effect of aging on soil solution Cd in a soil (Vig et al.,
2003).

2.6, dXNIFH mHP
Al golell g A2 Bl thaat o] veRd
ATH(Krauss et al., 2000; 2001).

K sworm! K> sworm!
K ormcsoil(1 e )+C ¢ (5)

worm — R worm, 0
A7 Coomi A1) A& (lipidyHell 2% PAHS]
T (mg PAH/kg-lipid), C,i> EYUH 718k (organic
carbon)oll F2E PAHO] FEX(mg PAHkg OC),
ko A170] uptake EFFAN), ko yoms FEE
PAHS| AALEE 23T, K(= kol kaorm)e BB 85
olc}.

Hyol| =g 7, Z[dolell gk HARE(Kvorm), S
biota-to-soil accumulation factor(BSAF)= TR} 2t}

BSAF=K, . = Erworm _ % (6)

2,worm soil
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Fig. 31. £ §29 fluoranthene?} PCB 1532] SPMD$}
A|Fo]e]] T3+ Hulf (Krauss and Wilcke, 2001).

o7 4= BSAFE 85 LAEYS] &Y 3
71E 918 FaRA=Z AMSE 4 QT

Eh 21 PAHsY] A|Folel] tig g 245
AA3s)7] 948l Cyq disk(SPMD)E AME3le] 79202
A& 4 gl oW Zlale the 2

ks, diskt) 7

o714 Cyui= SPMDO EHiE PAHS] % (mg PAH/
kg-C13-C), kiggrs SPMDOI TISE uptake Z5/d<=(d™),
ko= T2FE PAHSY] AIASE Ad=(d™) oltt. B el
(steady-state)ol|A] SPMDOXS] FuljAlq—= thaat 2o]
R R

Cisk = KgisiCsou(1-e

kl,disk _ Cdisk (8)
2,disk Csoi/

2 5)F (S ol&atd, Ao (BSAF)? SPMD
(KasPll et PAHS] FHiAIF (K )ye A8 o+ AT

olgfe] Fig. 31914 & 4= uxo] A|Folol] theh 2
23 71818 (fluoranthene, PCB)®] A% SPMDI|
gk 24 F718KRES] 9l (partitioning) AR

- 18 F S unaged sample
16 + B aged sample

2222222
V2272227222277
V22222222224

1% 28 3# 18 o 68

Fig. 32. Agingel AI#e] Aol pyrence] %4e] w2 o
3F (Sun and Li, 2005).

& 4= Stk 1= 2 SPMDE of-83PH Aol tigk &
T4 f7IEREEY] BAEAS A& ARE o Utk

Aging T sequestration Tg2 Aol 7]
o] Ao 22 FFS "IAY Fig. 32014 &
U520 agingell 2J3l A|Fdolol] ik pyrene®] AYol8/8S
FA8IA FFAskal Ath(Sun and Li, 2005).

A|golel] thgt T RS Bl vt 2o
YePd 4= 9lth(Peijnenburg et al., 1999).

—kyt Ky —kyt

Coroorm® = Corm(0)e +k—2Csm-/(l—e ) 9
A7 Coom(®F Coom(O3= AIRE 2} 00114 Z|F0] 2
ARl S48 T35 T (mgkg dry wt of worm)E
ZzF JeilH, Ciri> EYW 559 T5%(mgke
worm), k= A|#o] uptake S (kg soil - kg dry wt
of worm * ), k= AFo|Z FE T AALSEY
(") olth

274l (steady state, ss)oll =2 AF, 9lo] 2

T} o] £3ETh
kl
Cworm(ss) - Cworm(o)_csoil (10)
k2

AN Cpomlssys A dRolM AFolAN S T55 &
S5 vehdith A"l tigk S5 AASHAT
(bioaccumulation factor, BAF)= t-23} 2t}

C
B~ SwornS) (11)

soil

Peijnenburg 5 (1999 919] 25 0|83l TE&E0E
049 I Bl =&H XHo|(Eisenia andrei)l TH
3k Cu, Ni, Zn9 log BSAFs®} ZHZHE oZH log
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Fig. 33. 9% Eofo| %% #3Jo](Eisenia andrei) Cu,
Ni, Zn9] log BSAFs¢} ¥ ZHE] of|=% log BSAFs9}2)

AF3-2H7) (Peijnenburg et al., 1990).

Measured log BSAF - Cu

BSAFs7} 9X|8-s RAtk(Fig. 33). Fig. 349 23 7}=
Fog 29 Bl wEH AHOE. fetidaye] =43

Aol A %} F A% LCyT £FFE & EE

Ca(NOs), 7273 5% 5 Aoz Ady]
H, a5 HE AZ e 545 Holil Jtk(Conder

and Lanno, 2000).

a

0164

3 Cd

-E 0.12 4

E 1

‘© 0.08 4

w |

2 0000 ¢ P

5 0041 m

O A Ca(NO;),-extractable

- |

< O Total

= 0.00 . v . v . . .
0 48 96 144 192 240 288 336

Time (h)

Fig, 34. 93} 71=F 238 9% Eok &% X|Ho|(E fetida)®] =

Table 7. Surrogate 5 ©]-&-3F 7] 2 &) A o] &4 H 7}

2.7. Passive Sampling Device (PSD)E 0|23 |7|2
HESZ 2| Mol "It

Hol= PSDE o83t f7|e@EHe] AJolgrdol o
gk okt A9t EAL Uk tisEZQ] @2 SPE,
SPMD, PDMS, LDPE 5°] ATHTable 7 %)

olgst Z340| Molg4el Wt

5}—}3‘1 %%g 0] 83l =& 9 dEeke] AolgA]
Fol= Tt WSe] Mgl Uk, UiEAR) a2t
TCLP(Toxicity characteristic leaching procedure, USEPA),
PBET(Physiologically Based Extraction Test), IVG(In
Vitro Gastrointestinal Method), PBASE(Potentially Bioa-
vailable Assessment Sequential Extraction), DTPA (Dieth-
ylene triamine pentaacetic acid), aqua regia, sequential
extraction, BCR three-step extraction procedure (European

Community Bureau of Reference or Standards, measure-

ments, and Testing Program) 5] $JTHTable 8-10. 3:Z).

29. 42

QA Aol olaha
oIR sstEdo] Fu) A 2

1.20 r 0.30
3: 1.00 - L 025 &
z ]
® _ 2
© Z 0.80 1 AAAA F0.20 =
3 (=]
E 2 s
E § 060 L 015 £
R a
_E, * 0.40 A Ca(NO;)-extractable L 010 @
< O Total E
3- F 0.05 é

0.00

144 192 240 288 336
Time (h)

0 48 96

=434 (a) Cd, (b) Pb (Conder and Lanno, 2000).

Surrogate Al zA References
SPE Supelpal?-? (an Amberlite XAD-2 macroretlcular Parrish et al. (2005)
styrenedivinylbenzene copolymer resin), 14 days
SPME Polyacrylate-SPME fiber, 10 days Verbruggen et al. (2000)
Polydimethylsiloxane(PDMS)-SPME fiber, 2-4 days van der Wal et al. (2004)
. Krauss et al. (2000; 2001)
_ _ ® s
SPMD ENVI-18 DSK (C-18 Empore® disk) Stuer-Lauridsen (2005)
LDPE low-density polyethylene (triolein-free SPMDs) Vinturella et al. (2004)
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Table 8. 313t F20] & o] 48 Tw52 Aol 84 F71

17

Extraction
Method

gol Az

References

0.0992M CH;COOH + 0.0643M NaOH, pH 4.9

TCLP

Berti et al. (1997);
Seaman et al. (2003)

0.

IM sodium acetate, pH 5.0, solid : liquid=1:20

McGowen et al. (2001);
Cao et al. (2003)

. 12 N HCl

1.25 g pepsin 1g NaHCO;

. 0.5 g citrate 2ml DI water

0.5 g malate
420 pl lactic acid pH 7
500 ulgl acetic acid

Ruby et al. (1996)

PBET

. 1.68 ml D;-lactic acid

Gastric solution: 5 g pepsin
2 g anhydrous citric acid
2 g D -malic acid

intestinal solution: 2.5g
NaHCO;
0.175 bile extract

2 ml glacial acetic acid + HCI 0.05¢ pancreatin, HNOs

Hettiarachchi et al. (2001)

S e SN R

1 M MgSO, (pH 7)
0.2 M ammonium oxalate (pH 3)

. 12 M HCI

Basta et al. (2001)

. Gastric solution extraction: 0.15 M NaCl, 1% procine pepsin (37, pH1.8)
VG 2.

Intestinal solution extraction: NaHCO; soln, 2.10 g procine bile extract, 0.21 g

procine pancreatin

Schroder et al. (2003)

PBASE

1. 0.5 M Ca(NOs),
2. 1.0 M NaOAc
3.

4. 4 M HNO;

0.1 M Na,EDTA

Basta et al. (2001)

DTPA

. 0.005 M DTPA

0.1 M triethanolamine

. 0.01 M CaCl, pH 7.3

Badawy et al. (2002)

aqua regia

:1:2 HCI-HNO;-H,0

La Force et al. (2000)

Table 9. %554 & o] §8 33459 Aol 44 A7}

. Distilled water

. 1 M MgCl, pH 7

. 0.5 M NaOAc-0.5 M HOAc, pH 4.74, 1:10

. 0.175 M(NH,),C,04-0.100 M H,C,0,, pH 3.25, 1:10
. 5 ml 30% H,0,, pH 3.25

Tessier et al. (1979)

. HNOy/HCIO,
Ca(NO;)

. 0.1 M Ca(NOs)+0.05 M AgNO;

. 1 M NaCHCOO pH 5

. 0.1 M NH,OH-HCI +0.1 M HNO;

0.1 M Na,P,0;

0.4 M NH,OH-HCI in 25%v/v CH;COOH

Berti et al. (1997)

. Distilled water, 1:5

. 1 M MgCl, pH 7

. 1% NaCaHEDTA in 1 M NH,OAc, pH 83, 1:10

. 02% quinol in 1 M NH,OAc, pH 7.0, 1:10

. 0.5 M NaOAc-0.5 M HOAc, pH 4.74, 1:10

. 5 ml 30% H,0,, pH4.74, 0.5 M NaOAc-0.5 M HOAc
. 0.175 M (NH4),C,0,4-0.100 M H,C,0,4, pH 3.25, 1:10

Ma et al. (1998)
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Table 9. continued

1. 0.1 M Sr(NOs),

. 1.0 M NaOAc (TMG glacial acetic acid)

. 5% NAOCI (TMG HCI)

. 02 M oxalic acid+ 0.2 M NH, oxalate + 0.1 M ascorbic acid (TMG NH,;OH)

Ahnstrom et al. (1999)

. Deionized water

. 1 M MgCl,, pH 7

. Sodium hypochlorite pH 9.5

. 1 M NaOc-HOAc pHS

. 0.1 M NH,OHHCI in 0.01 M HNO; pH 2

.02 M AOD, pH 3

. 1.0 M NH,OHHCI soln in 25%v/v HOAc

. KCIO;-HCl, 4 M HNO;

. Aqua regia-hydroflouric digestion (3 : 1:2 HCI-HNO;-H,0)
0. HF, saturated boric acid 0.50 g HBOs(s)

La Force et al. (2000)

. 1 M CaCl,
. 1 M NaOAc

. HzOz(HNO3), 32 M NH4OAC in 20% HNO3
. HNOs (90%), HCI (37%) or HCIO, (if Pb was extracted), HF (50%), H,O, (30%)

Lim et al. (2002)

. Deionized water

. 0.5 M Ca (NOs),

. 0.44 M Glacial acetic acid+0.1 M Ca(NOs),

. 0.01 M NH,OH-HCI +0.1 M HNO;

.01 M Na4P207-10H20

. 0.175 M (NH,),C,0,-H,;0, 0.1 M H,C,0,

. 0.5 g Na-dithionite in 0.15 M Na;HsCcO; (sodium-citrate buffer)
. 6 ml HF, 5 ml HNO;

Seaman et al. (2001)

. 04 M MgCl,, pH 4.5

. 0.5 M NH4Ac, pH 5.0

. 0.1 M NH,OH-HCI in 25% HAc, 0.2 pH 2.0
. 30% H,0, in 0.02 M HNO;

2
3
4
1
2
3
4
5
6
7
8
9
1
1
2
3. 1 M NH,OHHCI in 25%v/v HOAc
4
5
1
2
3
4
5
6
7
8
1
2
3
4
5. LiBOs/HF fusion

Kurosaki et al. (2002)

Table 10. Comparison of original and modified BCR three-step extraction procedures (Mossop and Davidson, 2003)

Step Fraction Target phase(s) Original BCR Revised BCR
Exchangeable, water Soluble sp eeles, Shake for 16 h with 0.11 mol/L  Shake for 16 h with 0.11 mol/L
1 . carbonates, cation R . . .
and acid soluble . acetic acid acetic acid
exchange sites
lon and maneanese Shake for 16 h with 0.1 mol/L  Shake for 16 h with 0.1 mol/L
2 Reducible fraction g hydroxylammonium-chloride at hydroxylammonium-chloride at

oxyhydroxides pH 2

pH 2

Digest for 1 h at 85°C with 30%
hydrogen peroxide at pH 2,
evaporate then shake for 16 h with
1.0 mol/LL ammonium acetate at
pH 2

Organic matter and

3 Oxidizable sulfides

Digest for 1 h at 85°C with 30%
hydrogen peroxide at pH 2,
evaporate then shake for 16 h with
1.0 mol/L ammonium acetate at
pH 2

4 Residue Digest with aqua regia

Digest with aqua regia

At B QA mlH AZAlle) EAsRs Zelt. of
= gel B2, 420 o olgo] Brlsd xo|
o HRel o Balse] Zihe} MR Ho] ¥

Psd B el BFoze] A @ge RN me

<71 (Fig. 35).
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Table 11. Label/Non-labile 32| 4 2HE-A]

Characteristics

Sorption domain Labile

Desorption domain Easily desorbing

Kinetics Fast

Polymer Rubbery, amorphous
Carbon Soft

Isotherm Linear

Sorption mechanism
Kinetics Fast

Soil/sediment organic

material (SOM) Fulvie, humic

Partitioning inner sphere complexation

Non-labile

Non-easily desorbing, desorption-resistant

Slow or very slow

Glassy, condensed

Hard carbon

Non-linear

Adsorption, hole-filling, rearrangement, outer sphere complexation
Slow or very slow

Kerogen, humin, soot, black carbon, char, high
surface area carbonaceous material( HSACM)

Biodegradation Biodegradable Nonbiodegradable
Toxicity Less toxic Nontoxic
100 - 100 _— E——
rapid slow
CW — CLS — CNS
e
pnavallabio . Compound Labile Nonlabile
75 s 3 In water sorption sorption
| conc T}-‘:
§ Biodegradable Biodegradable Nonbiodegradable
g = Toxic Toxic Montoxic
5 50 . S0 £ Extractable Readily extracted Not readily extracted
3
! £
1 -
E . . . S - .
ol § Fig. 36. Labile/nonlabileZ2] 2=} &332 w3},
25 ~l 25 g
1 ~—
i -
o | .
L |-
0 T T T (]
Years

Fig. 35. E¢F ] 713131240 3iane} o]-8-5 A,

= ThA] H33] nonlabiledt FEO2 o153t} Nonlabile
3l HE o go] A H|7}A9] ukgo|r Hkgo] Yo
et 94 ool ARRe FoE Ft) Labiledh o]
2E BAL AESHH o7 Byt 7Fssh fajol <
F= YA 7Fssha AEAC SA4S zheth ey
nonlabiledt Kol S5 cke MR} Brlssiy =
A% ZHA] =TH(Table 11 =)

EGo Ao B4 S4S 299 2710 ks
ISR XA W Al 2 A Yo
Zi Sl SR Hugrt d S Sled ol 2dE
Aol Bk ol Zejshs & g_— T R mE
olh. f7lEo] R Ede] 7
= o] B7| wiEel =S Z"LE o] o] Erlsslal =

ot —l>

MEDIUM %
w C
]
@
<
=]
4
z
z
=
@
C-POOR
SOIL

P 1 |

TOXICITY/BIODEGRADATION WASTE
TESTS SITES

Fig. 37. 27| o2 vI§EE 71l EoflA Azt we
toxicity/biodegradationgl w3}

Egfe ARl sl Be FEst st b5
R
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4

Constituents In
Treatment Residues

Effect of
Bioremediation

Constituents
In seil or Sludge

Less. Degree of
Decrease Depends
on Many Factors

Concentration of
Specific Chemicals

Decrease

Relative Mobility Decrease Low to Zero
Relative Toxicity Decrease Low to Zero
Relative Risk Decrease Less

LURUATAY

Fig. 40. 243} A2] Fo) EoF i) 298e] 5s) of
B4, 549 s,

Azl g EY Hl L9549 384, A& |
31 Qoketo] YR Fig. 389F AT

& o] A 7IeS 2k vEE 299 i
29 siteZl Atk PSR AL. 5709 site & remedia-
tion®] 4 F£HE =EFFE ¥ ozt A vx
(actual concentrationys 7 TEsjof 3} o] F F=
7} SEleg Wbk 7Ie] Eojok gt gk o] S
o] B¢kl Zp7] thE BECIEEE Al vk 1o o
2} 9J3lIE v 4= A= F(hazardous concentration)=

gebd Aolmg ol Esfok Fk(Fig. 39).

3. M2| £o| 2=Ho 0|84Y, 0|3y, 549
s}

3L B

2 AHe] AEAS} A7) $o] eHdEH] 549 W
315 gofshi thaat Ath(Fig. 40). Bl i €3}
g 7[Ef QAEARE Qo] HYLE w o= <ty
ol otdaks wA AP AEE dolot 1L o]
43k 2o Qs drpnkEe] fsivt A7 ol& “gst
sl7] 913t 712 o= AEE sjlof sk=Alel tigk sjet
2 Fast skl tigk s Wt ol
Hy#Ho 7 Wolsdx]|al = A& NRCo| 2J8) 19ke
#3014 &<l(hazard identification), =Z 3 7}(exposure
assessment), 2%F-9H3- 7} (dose-response assessment)
2 Qe ZA(risk characterization)®] 8 4 THA|o]t}h
(Fig. 41). $1ald H71& 87l 91gt A A fald &
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‘ Source |dentification

Exposure Assessment

‘ Dose Response Assessment ‘

Chemical Media/ Receptor CB;::LC:I CS;::L?'
Pathways Location
Sources y {Routes) {Routes)
» Underground + AiriAtmosphere * Monitoring * Ingestion * Humans
Tanks + Surface Water Location : ‘sh‘:;:r * Animals
- Spills . Soil : Evl;lerlllklna Water +Food + Plants
* Residues from . .
Remediation Groundwater + Human, Aquatic « Inhalation Aquatic Species
Processes or Terrestnal * Indoor + Carcinogen
or + Outdoor
ganism .
+ Mon-Carcinogen
+ Dermal
* Soil
{ I W Risk Characterization

Cleanup Criteria and Remediation Decisions J

Fig. 41. 9134 71| o).

Q1 gL Algto] ofd SelEAd =EHUS Aol
‘IT°H6]' 05]66 ] 01:‘!1—}\]7]——7]———— QX-] o]»— \:}-7:]];/\1 1
220 ojgh BE 52 APAR 2 Al ojg ARC

o Bz FOE9) ot YEE SIS 4y
ol Fhd AT SRS ARGTo] A7
99Ichd 1 Tkl S MgeAe) i Fopt of
SRk Pk, 2, BT BE Q) FohE
He) BB LFUALS B9, FNE FTo] BUD
5go) o= AR F95he FFolekn FF 5
It g, Algle] Tkt BRI R, S8 HE,
B9 )2 59 fapdo] Gl faRel Bl Fnh
Sole ARk wEAE Ad B3
AN mEE ARE Sl S4odTas 5
ol LEERE A5, Aot ATHRN 79
Fel; el PA BEE 2RI oM B F
g Ele HAdZA 8l HI7Kqualitative  risk
assessment)ell &3l §FHES B =597} flEl®
AL A 28l 7K quantitative risk assessment)
o &3t
34 &<l(hazard identification),
assessment), & %-HH-§- 33 7}(dose-response assessment)
2 QJS|l= ZAA(risk characterization)®] FQ 4TAo|th
(Fig. 41-42).
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== ?lf& @e 57 lolE We e Tsﬂgq A)7ko]
AdTE I S5 A F AR Bl ¢
A1) E“011 e} DH’/‘rﬂt‘r B A7gdel ofshd A

2ASE B U] B4 91 ArIAE B
Atk A=A oF BE 7449 AFE MGP

(manufactured gas plant) siteol|A2] S AFE nlEkS
2 A9EY PAHY| Fhe ARte] Rsilw 0714 3
23HA] UTHFig. 43). ol AFAQ PAHE 299 E
ol EejA|e] AEAste] AujolA ﬂr’—ﬁ]—t— R
& PAHY| FE7} EolEw ke AR we} as)
o™ Fig. 43004 EA 2, 3, 471 %E AR
315k 739—‘— R Aoy 5, oY) HE i
e S 2 Rdl F5rt =2a Belild= AUk
o] A¥e] 7] F PAH 8=+ 3265 mg/kgo| ot
A F= 377 mgkglE oF 89%7} 74ttt 3=
o] 74 HlES BHY 7)ol F 971 s, olE 7R
3I¥HEC] 8% oJskE A2 HlES ARSI AEAGs)
2] Foll= 68% oS o] sRMESo] ARSI
TS BTEX 3199 A% PRPIAZ AE] 199
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contaminated Exceeds | Measurement |
‘ guidelines J J
Data planning ' Exposure Effect Conclusions
and collection modeling ’ assessment ’ about risk

Risk perception:
managers,
stakeholders,

involves management and
contaminants are left on site

general public, -

Particularly important if remediation ‘ ‘

scientific experts

Fig. 42. Risk assessment 715 (adopted from Linkov et al., 2006).
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Fig. 44. MPG siteoll X A3} 2j2] A - §¢] BTEX % #3}.
A= vugs w & AU dojuA] e B 4
ATh (Fig. 44).
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322 FEHS) JFgs F= 84
) HA7E TR 9
Waste EFJo] W2 55 7449 H3s dolhr] 23|
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QAo YRS glo] TG QAR Akist
FE B, pH, BHE 27 Y R 2h A
W 290 75 a9 94 5ol 3l 19l )
A FHL ol 2SS Uigk 7] HE VIES 298
2 3B 1o wE Avs g2t} 714 ﬂﬁoﬂ uRE
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Fig. 48. Solid phase Ag]ollN Z7)5=9} HEFF=e]| T4,

A& 2ol A ALS HolA| AN YR A
Aol o3P slurry reactore] 7571 &F AHES B
o|7|= 3ot AsHAE BT

4) s}rEAe] 719t aging®] B

B 3EAS spikedt 7499 2@ A7 20
=EH] S 79 Nk 2704 AAES Blws)
2 ATES AR 09 27] BRI AolgAo] ¢
S AES BAk ol 29 %75 7|3to] Zepd
LAEAT} EYe] FEATI] HolA =3}, d3le] 1A
AA ABE o]8Ado] 7] wiitelth
Flg. 499 YeRd 7 Ade 9F = olv &

H EY MZE phenanthrenes FY3t] AEA3E

6L Ad MZ spikedt EEE 2F B37} Hont
oln] EAlEta YW F= olFtEe wI7F LojuA| &
At

Wilde} Jones®] 19931 d Aol oJahd djo]H B
o] 3% HP7L717} 2 7t Sk Aes yehsked)
I Axe B w2 2o)E RS UK Table 12).

-i)r

m{o

5) E% 549 9%

(1) Siltclay 3F2ke] 3k
E] AAER] sand, silt, clayd] HlE-2 =43}
FAd FEFS v H=d BE silte} claye EYY
aggregateS FAJ5}7] witol] 01*«] H &0 2 B
71 Ee] FAR ofssle 2 Aslisie A& sl
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Fig. 49. Phenanthrene®] 77} A& A 3ol v|x|&= 3k

Table 12. Sludge amended soil Z} spiked soil ¢l 4] PAH 3=

o] w717)
Half-life (days)
Compound
Sludge amended soil ~ Spiked soil

Naphthalene 33 15
Accenaphthene/fluorene 74 28
Phenanthrene 108 14
Anthracene 48 48
Fluoranthene 110 16

Pyrene 285 51
Benzathracene/chrysene 199 84

Benzo (b) fluoranthene 135 334

Benzo (k) fluoranthene 350 55

Benzo (a) pyrene 120 112

Benzo (g, h, i) perylene 460 282
Coronene 2030 789
~PAHs 146 124

‘so] Bojzitt. Sili claye] Fhko] PAHS] E3flell 1]
v GS Yol r] 251 slurry phase #E]ol] s
A7E A o5 T PAH AAET = AFHBAPE i

ST (Fig. 50).

o

Q) EYF 718 3o 4%

EY WY 7l e 29=de] 25 WAV 2
28 199113 Manilal®} Alexander®] 7ol 2JsPA &
71E9] 3ol =& EUYTH phenanthrene®] 5759
EAsl= o] ZQIthFig. 51). o) EY WY 7
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Fig. 50. MGP site remediationcll*] E°F W] fine particle®]
¥t PAH AlAE2] 4.
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Fig. 51. E9F §7]& 3= phenanthrene®] partitioning®]
A,

9 3hgo] =575 EY 2= o] = phenanthrene
o] o] §7] whitol] el o3 Hspt Erbsss ¢
=g

(3) ES pHY] 4%

Martinez®} Mcbride(2000)= aging Al7to] 838|713k
Cud] F&o PR s AuEg=t pH 6lX=
agingdll W2} 838l7Fsek Cue] F=r} WEA] sl ot
pH 700412 =2jAl Hiske s Sk oleh 2
o] pH= 837 3t Cu] ol & FFS v|x|ar Qo
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Fig. 52. Aging A7kl @2 &3l 713t Cu®l 5= (pCu)

W3} (Martinez and Mcbride, 2000).

33. 8&, S, 0|54 A2

330, B3 o 5] 27

54 s weelell e B, 1% go] o
& trophic level, size, complexitys 7} &S o]-83}
=4 1) 8 /elutriate sample, 2) bulk soil or sludge
samples 378 4 Atk 54 HZE o] &y AE
& U ZTH(Table 13).

EF U9 sstEde] olsAds SAse iddE o
& 717} =8l vl=r EPAS] Toxicity Characteristic
Leaching Procedure(TCLP)= AF 8918 o]-831 FEH 0]
31, o]9} H|s=3}Al Synthetic Precipitation Leaching
Procedure(SPLPy= 42Hgn1e] s dolrr] 93 1L
ke o)t} o] Hiolle ofe] 71A] o5/ HIAE W

o] gl Table 1491 Azl=o] it}

33.2. 2924 F=9 549 Wi
AubE o2 B cleanup standard= Bl SAlH=

Table 14. 218521 9] o] 4 =7

Table 13. 54 =3 ol o] £-= &= assay T+
Exposure Organism
Microtox
Daphnia magna (water flea)
Aqueous .
Selenastrum capricornutum (alga)
Pimephales promela (fathead minnow)
Earthworm
Terrestrial Seed Germination
Plant growth and Bioaccumulation
50
| |
Less
Toxic
40 -
F L)
2
S | = _ 8
" -
o
H
ﬁ
& 0| B I
[ |
10
100 1,000 10,000 100,000

Total PAH Concentration (mg/kg) [logrithmic scale]

Fig. 53. MPG sitecllX] PAH %-=ol wh2 z|5o] 5A].

SIRHEC] F57}t 8A| (receptor)ll FIX= ZFHA 2l3)
T vl e 7HS AR sl AT v B
< A7 Aol ofehd Fxet 54 Ateld] dAg Ak
< UERHA] %kem BEAS $o] FE9 54 Aol
T 9Ag WAE ZEs 5 ik

AHolE o] &g oF MGP sitelA o] FHHZE
(Technical report R1, 1992)2] <A Aol ofshd F
PAHS] F=9} AFo)e] LCse] Wil $=7 %5 7
T O 52 545 Uehli7le sislent & HiE B
£ 2= UTHFig. 53).

Type of Measure

Examples

Toxicity Characteristic Leaching Procedure (TCLP)

Acidic Extraction

Synthetic Precipitation Leaching Precedure (SPLP)

Centrifugation

Water Soluble Fraction (WSF) Analysis

Filtration

Water Extraction

Land Treatment Unit Leachate Collection

Actual Leachate/Drainage Data

Soil Column Effluent
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Table 15. 4 7}A] MGP site ol 4] PAH F 50 o2 ZA v| 2

RIS

Soil Total PAH concentration (mg/kg) Earthworm toxicity : LCsy (%) Microtox toxicity : ECsy (%)
Coal gas plant 9,653 14 0.026
Tar products plant 11,936 31 0.198
Water gas plant 342 38 0.018
Harbor sediment 607 47 0.017
40 o A) Less 8)
#ﬁfc - _ Toxic L]
by I . 2 rc 1 ) —— A—
£ 30 » = =
2 8
Q 20 B w 20 n_
5 g
£ S w,
L {2
0 B 0 r
0 000 0,000 60,000 80 90 100 110 120
TPH (mg/kg) Total PAHs (mg/kg)
Less C) Less a D)
. Toxic L _ Toxic M
& 30 & <1 — — ]
Q Ll 2 | |
A I . & | = -
5 3
g g 10
§ 10 = g . )
0 0
0 10,000 20,000 30,000 40,000 400 600 800 1,000 1,200 1,400
O&G (mg/kg) Total BTEX (mg/kg)

Fig. 54. 2384 s 4.

Microtox™ analysis ECs52] #kS HIns|SS uf 23}
+© Table 15914 RXo] water gas plant®} harbor
sediment/} =& FAS Zal lom 7} & &9
PAHE Q¢d ESfo] 7MY =2 545 284 &sith

3L technical report R25(1993)8] Aol oJapd 7t
SHEdEE 24T JAT s HolA Kter
(Fig. 54) soil pan microcosms¥} biopile microcosmsE
o83 HEAS} Foll A s=5 vlusisle W 47t
A 7Bg- BT AR 5L (e 7EoE JEkoy
Ak QAEAe] FEe 1 W9 k- HATK Table
16, Table 17).

333. LAEZS] Fx9) olsde Bl

ol Aol EYY] FstEdo] AR wAves 58
< deted olE Y AL

=74+ water soluble fraction
(WSF), aqueous extraction procedure, actual leachate

= O

52 3] o]

and drainage data, desorption study
7Fssitt.
QPEH9] Fre} o]FAel I A= Bol o]Fo]
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Hedl Bdold £8A] Ulol] EABKE ofF A2 ul&]
spekEdrto] olFo] A= ol= Al Holut A=
g3} o] Edolut SeiAe] A9 5 23t

& 5o A BHE o83t FE3= WU TCLP
ol-&3k A7 ZAxpdl| ol&hd PAH 33HE F &8s}
EAlgo] & E4o] TCLP =7} HE3H ©1819)
yazgzle] - oF 18%2] digo] FEHUL &

=

|o Tfl il

A

gk o]E AE AHslsk $ oAl TCLP 48 23 1%
oJ&lgte] leaching =SIth. & PAH 3IghEe] AEAE

AT FE2UL 6% ©]3FH Thtechnical report R16,
1992, Fig. 55).

Az w2 TCLPY] W3l= Fig. 56004 B0 7]
oNe oF 5.5%2] ¥ PAHZ} leaching E1o}t HEA3}
o] 7Ike AR & oF o Fell= 1 HlE©] 1% olst
2 FhAslar Agte] A s o] olEith

T3 PAH F59] W2 TCLP 75 A=E EY U9
PAH F%=9} #AV} glor & Ars B 5%
H|3]] -9~ Go} o} HLe H|go| o]5AS 2= A

2 oAZICKFig. 57).

AW
o &
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Table 16. 2] A 2] 24 =9} 54 (5% =9 = mg/kg dry weight)

Measure Soil A pan Soil A biopile Soil B pan Soil B biopile
TPH 10,675 12,148 51,150 46,150
Total PAH 9208 81 101 116
0&G 2060 3465 24,050 31,450
BTEX 4125 432 907 1229
Microtox EC50 (%) 33.7 8.5 25.8 20.4

Table 17. A 2] $¢] 5 =9} A4 (5= &9 = mgkg dry weight)

Measure Soil A pan Soil A biopile Soil B pan Soil B biopile
TPH 780 1250 15,150 13,900
Total PAH 28 12.7 3 ND
0&G 608 552 17,700 23,500
BTEX 0.60 0.43 0.66 10.9
Microtox ECsq (%) > 100 > 100 > 100 > 100

6
g 3 =
£ ? °f
B = B
3 §
= ¢ |m
& 2 -
Y
(=]
E 1 [ ]
3 | m )
0
. . . s . [ —
Fig. 55. o8] 7}X] PAHERMES] TCLP &% (WM 2 0 3,000 6,000 9,000 12,000

75'_], D‘\_‘:‘ AE% ﬂﬂ ‘—zlf‘) Soil Total PAH Concentration (mg/kg)
Fig. 57. 9% v % PAH 551%9] %9} TCLP 3% 5=
7
Before
Bioremediation o 1ro] Y- oko] =T = o 1t}o =]
- Fo] v EY] wxd g g wol Heol o)sAd
R
§ . During Active Bioremediation i
N 3.34. 547} o154
S | = oBe) Wike S el AMBSIE 7
o B o2} @2t % 54 H7Haqueous toxicity testy=
el sherEdo] ARA vIAE JTS 27t
_._ N = 29 Wi o2 Wb sigel Ze] o Ehst
Sep91  MNov'9l  Jun'92 Nov'e2  Jun'93 T € otk 1ER 55 54 Wit olsd Wke B
- = T A 78 Tl SARlE FEE VESE ofF
Fig. 56. }‘B% 75‘33]— ﬂﬂ %__o/] TCLP ‘I*EOJ: \ﬁi} “F]'Tq— H o1 &5 ] H ]’4 o= ]“v‘ ]"r‘(ﬂ
Xy,
FHERCE 29E EYS il S ol gsle] 2z Weissenfels 5-2] 19921d <l ofshd LHAEHS] =
g ¥ TCLP(Fig. 58) ¥+= PBET(Fig. 59) & 23 A% olsAde EY U] f7189] et #AV} bt
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Fig. 58. 9% o83t deqd Eoke] 143} X7] F (2209)
TCLPZ 8% d°] %% (Chen et al., 2003).

100 _
90 Mcontrol
80 ox
2 7 m2x
2 60 mTSP
E 50 BTSP+X
o 40 TSP + 2X
@ a0 mPR
20 CPA + X
10 EPR + 2X
0

Stomach Phase Intestinal Phase

Fig. 59. <13} zMAbslas o83t Hedd Eoke] A3 F
(45) PBETe| ]3] ZA3t Ae]& 7Hed He] T=
(Hettiarachchi et al., 2000).

7159 S t2A sp7] flst] Edgks 4o 24
aldct. 1 A9 f71Ee] o] =55 SRkEEY] o]
B 540] Aok 1y e fU1E S U
7 At EYe SRl wet 547 ofsAde] Axrt
o2 JERThFig. 60). 12yt 3 7EA] frofsfiof &
e 8 Aol SN 5 =4 B e
Egolvt SERleMe] AR 548 718l $laiA
+ terrestrial toxicity tests HAlSh=H| ol 4%
FHo] Bal o] s AL AR ke Aotk

3t wlEslhEe] AR o) #3$ Dasappa®t Loehr
(1991)2] <Atol] oJsPA WSF Microtox toxicity®] ®HF
7%= WSF chemical loss®] ¥HH7]¢} wld|stdct. &
Microtox toxicity= £ Ul 3= mobilegt Hl&}
H| 31 cHFig. 61).

33.5. 243} $o FA9 olFAe] s}
Griest 5(1993)d A7roll &J3FH  soil/compostol] A<
TNT FEE Ames mutagenicity®} A7} fllerH
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Fig. 61. WSF chemical loss vl7+71¢}F  WSF toxicity
reduction BF3}712] A .

Ceriodaphnia dubic®ll ™3+ 542 BA7} |10t Fig.
620 oJshA Enist Al7tel] wE FaFs Avr gu|s)
Azto] S71dE A0 WA S (mutagenicity> 7HAx
stRom =A% 7AEISIth BESF wood treating siteCll A
o] =43t § TCLPl| 23 PAHS] FE% ARt wh
2} 7SI thFig. 63). olde] Axs T8 £ o A
E A3}t F o5y B4 1AsleE Ao=E YRt

34. 54 22

34.1. 54 2%

Bioassay= A28l & 28 Ewo] A4A dans
EXAHL sited} YIRS AEs)
‘2;5'-‘9] Eﬂi} é_bfj /\]Z_]-oﬂ u:}% Eﬂ:@]‘ = o
oE W72 Hudsla, ozl 848 REE &= )
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Fig. 63. AEA 3} X2 Alzkel] w}2 PAHS] TCLP &
T

= A3 VIS Adgsh] flste] dasit

4 Wk 24 F 7R v g e 8
32 EYol} LAY elutriateS EAR= W} EGo)
U SeA ZAE E4sks o] ok LdEZe] o
=F AEE AgE=Ul uet F oA F A4S s
estA Eok,

1) 8N/s0il elutriate H7}

ol A&l oA olFol AE He|d
uptake®} o] F~gHo] HAEZ Q@Eo] o]Fsle] A
Aol 3= 1A o AREE= otk

8ol 7o) tiEA Q0 WHLS Microtox testlHl] -
ole EY samplecll= 2835k WPHOE o] W] A
< A & AERE SHo] 7heshH whEe] wErhs
Ae & F U E=S HlEo] AAIEH HlwF e W
Holo}, 18 o] WL A AEA Yolxe] 548

lo,
)

O5E 5 e WRo] ofr] wiFel AEAIG Q1T
oigt ot A WrkskA Xt

Soil elutriate test= 2] 7}A] &S o]83l] 1 Al
=59 AL, 4, A 55 BEUHY Fgo=H 43
© Holok. o] WhHE oy 71A] slekEe] dial wIzket
ANE A& F Y3l on] 1 WREC] Bol Ayl
Ack. 2ey GiEr) v Edole Ayt HojxH
AA sitedl| A SRR g FES dS3]e o
o] At

2) Bulk soil test

Bulk soil test= E%F ol EAsk= AEA 38h=
Aol mX= AAAR] FEFS dlSshr]ol ZEg Wiol
t}. Bulk soil testo] = earthworm toxicity test, seed
germination test, plant bioaccumulation test’} 1T}

Earthworm toxicity test= B &2 59 QAEH
o] A|Fole] FRE T3l HE3 FFHAY 2 ES
A4S AFT $of JiAle] w3t S Al st
A4S B3 "okl WRieltt. webs] gdEAe
o3t Qo] opd Zfoll= oY shekgel we Wzt
ARE A7e oJHoh

Seed germination test= AU F, R EAE Y
E Aojx 1 HeoHEE BUEHSI 548 S

Lo

3
sh= ol e 29EA] e Bl wWolrzl )

Zro] H g3t
Plant bioaccumulation test= Ho] S5 53l EF

oM AEAZ oF3t e Y S

AgA U] HRAS Ho] A4S Ealo]

AEARNA o et SA4S Ve = ok

342 A% A 93 540 W3}

1) Laboratory study

(1) Soils with added (spiked) chemicals

Symons®} Sims (1988)2] Aol oJshA 2% ESYF
oM BE2 vES7IeIM EYS e A At ARE
of wi} ZAjo] HASIH O™ grease loadingd] HEHS-
grease®] FE7} =STE FA40] 2 AoE UEHT
(Fig. 64).

(2) Field soils

Technical report R25(1993)°l J3}H soil pand
biopileS ©]-&3F petroleum industry site®] M= 3} 2
I 7HA] 75 At AE] & 553 H(ECS0 > 100%)
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Fig. 65. soil pan?} biopile ©]-83+ xg] A}
o] o]ZZ]THFig. 65).

2) Pilot/field scale study

(1) Soils with added (spiked) chemicals

Wang 2]¢] 1990 ATE B gAlZ egd =0
A AE A= 3k 27} ames mutagenicitye= 5718kl
microtox toxicity= 7143l SAd0] FolR AFE BHY
tHFig. 66).
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Fig. 66. Tl <93 EoFe] AE AH3IE <¢lg Ames
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Fig. 67. #3274 294292 A& A 3 A 2] A 52 seed
germination test 72 3},

(2) Field soils

FungiZ ©|-&3} f8lEd 29 AX9S A3l A &
47HA] E72] seed germination testsS AARF Ay} WE
LC50 %ol F7Isle] HA4o] sl A7E Yepligltt
(Fig. 67).

343, 57 W3l gF= A= A

1) =4 34

2E A9 04 EYoleit ofd 54 4 WHE A
Bl wet 1 A= b2 vYeid o dlE
0] MGP site 432 earthworm toxicity test®} microtox
toxicity tests o83t =4 A4S s W 1 A}
o] 3TH(technical report R1, 1992, Table 18).

2) F=o] 9%
ge A7 Adel oJswl swel 54 Alolo] ARE
o UehilA) sigtom] A8} Fo) s} 54 A}

ﬁ =
1= AT BAE 2 5 I wEkA S A}

[¢}

oot

S
2



“Slalg" e ol§ 3 99 48} 2 Pele] 434 ey 31

Table 18. 4 7} %] MGP site 9|4 54 &3] vl o] u} 2 ZA]
A (23 54 %)

Earthworm toxicity: Microtox toxicity:

Soil LCs) (%) ECs) (%)
Coal gas plant 14(1) 0.026(3)
Tar products plant 31(2) 0.198(4)
Water gas plant 38(3) 0.018(2)
Harbor sediment 47(4) 0.018(1)

3) AVIEESY 5439 93

A )E oIt Bkl 5 g
o S vA=H ol V18] 2BEZ2] mobile
fractions 7HAA7]7] wizo| wbA {71 ol A
& Bl S490] o %A Uehdel,

i

3.5. 0|54l ZHa

SR 09d Edoly EeAle ekEde] ofF
o] S eA=E Agslar k. B Ylol|xe] AJezkg-o
2 Q) sfelEdEe] AR HAUE 4 7] wiiEe|th

o A AFES AHETA Eddolu EejR|olx 9]
sPstEd o] 5ol st A3 ot 2ot TCLPell
o3tk 4], WSFell 9Jgt 4o} Ay g w=w
o Bl PAH EHELS w2 EAC] PAH £3
Hoh 894 Yol e EAJsr] ot A7 wekE
Az dEA 18 EXERe] PAHES By &Ad
A] TCLP FEZWHOEE detection limits 0] TAE 0%
A eF=th 3 7] SIRHEE WlollA2] mobile fraction
< AE e B3 = Aadnh

3.5.1. o84 A

P Ao A= mobile fractionol| A1) 81314 4]
2 EY U9 F ARG ada g4EA don
Dasappa®} Loehr(1991)% 971¢] HEE4S tio= 3t
Aol A BISEE As AT Fig. 680014 HEo] B
o9 slstEZe] dl7|l= WSF 3shEZe] vibr|n
ot 1.58) A= =7 o= WSF fsk=do] oF 1.54)
ZA ashe A onlght. o] Aiks eSS o
s40] o FEAE Fethe AS Uele Aot

Land treatments systemol|A] S}e=2E59] o542 9

2] A7EolTh Soil coret iSO RUEHH
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