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1. ExpandedExecutive Summary and Key Findings
GH3% +2-& ,) 2-1 7 %/ -+3!. %4b! $53()' $) 490 ) (6/2%,) 2-/ 7 %/ 2-& &, $! / AK>L &
1231 -$H (+8LARG! 3+6(/3/-%2! )0 $/4%-! A/ /! ,)&A! )/ & A 23! +&1/ (BH
712/6+7 +21 %&&1HN(*36%0280&!) &-)0-+211.&+3(+7 +3%IA, -%o2! 4+, / 1&H OF. !
(+AAAL | AH2/ -+ -) | 3(+36%6! +O&NM N(+36%6! % , ) &ACS).+?+(ClY23!)0-+2!
Ad 48 4+$23! (+2BL/ A ) 2-/ 7 %%/ 2! -$/ -1 7 1&! 4H 7 2/ 6+3M! >) &! +00;~%BH
7+$)3&8 ) -(H- )2/ 7 % +3! &3%+2-&! /23! -)! 7/2/6+! -$+! (+&%31/A!
)2-17 %2/-%)%21$+!3(+36+3V(+/&! /(+! &)(+A52++3+3MP)&-! 3+&%0(/AA{H!
7 +$)38 -$/-1" () ?BH &3% +2-! -(H -7 +2-1 [ 231 @B 1A 2H) 1&B! ' () 7 ) -H $/ 4% -!
(+&-)(/-%)2M!

#$%&-135+?/A1/-+3%B+!1+(0)(7 /2,+!) A-$RASH!/ ,-%?/-+3(4)2! Q:>R
17+23+3! &23! &3%+2-! ,/'& /& /! -))AQ (! @ &4! (+7 +3%%2! )a K>L!
,) 2-1 7 B 43! &3% +2-8W1 S H 3+2+4A" 43!-$+10123/742-/A123+(&-/23%26! -$4
'$5&%0,),5+ A (), +&&+E&M00F,-%265+L(/2&") (-! )O!IK>L &$()16$-$+t> 1A/5+(C!
12317 HE(+3 9 -$H7 &' /(17 +H& 0)(! 2%2HK>L&!)2-)! > 123+(1&+3%2-!
,)23%-%)2Q% NGB+ (+&+2,+)0I NP /23! 4%)0YEAIMHS+&+A(+! 2++3+3])!
3+&%62!/23!'(+3%,-!-$+!"+(QF A!)0!:> T 7 +23+31&3% +2-!, /' &BI-$HOABV

U+61A-) (5!/23!" 1484/, ,+ /2, H) QR &A!, /"' 26! @>R. %! & 23C-$+H
N&-! Y7720 '0L$  ))2&%3+(+38'&! & 7 +%F&!4++213%00%, BAsI1&+!
)2-17 %2/2-&%!2)-1(+7)?+31)(! 3+&-()53023!4+,/1&+S+I4% AV &/23!/" !
) %&)A/-YR-IT %2/2-8) (1 A)26L%H '+(%)383+'+23&11")2! &%-$53()6+)A)65!
QMNB() 123. /-H!&H / 6+R/ 2319812, H-/ B 3398)%2!) A/ -$3BIASH!IQNF, 7 R)
>0 )-$+8/231/" &%6R0%-R19% " () ?+3!-$H/ 4%Ab!) A-$H, /' 1-) I(+/ (3!-(/ 2& ) (!
)OIK>L&!I0()7 !-$+123+(A5%&6B'3%7 +2) ! -$+) 2+ (A5% 264 2-$%,)7712%-5!/23!
J-+(1 )ALT72MVESHIA) 26+ (%3&) A, $+7 % A% A-%)2()?%3+345!:> T/7+23+3!
&3% +2-1, 1" &,) 1BV M. -9 HRSH+2-BI&A).V--+21/-%)2(), +&&+&)! 3+6(/3+! !
&62%%5 2-10(/, -%2!) OK>L&!B!-$H41(%3!&+3% 7 +2-RIGRI ()4%, 4 %) 3+6(/3/-%)2!
$%,3%&AA3),17 +2-+3QUS++HAMEE"L().2! +-YAMMWXW 1+2&2! @~/ A/
"ITEN: 4(/7). %2+ AN [ RMAH 218 23!) (1&3% +2-13+ ) &43!1) 2!-) ' 1) OL$H
: SIASH!' () 2B+ 1,) 24/ 7 B 2-TA+H S 4%0) (1&1ATAL/-%E& +,%+&!1 ') LA/-+M!
#B1&C:>T/H23+31&+3%F-!,/'&!,/214+11&+3191" A, H) 0B(+3696!/ 23!" () ?%B+&/ !
'‘A/-0)(7 10)(1$/4%-/{H&-)(/-%) 2M!

HEH: SIASH!0 /3343 -) | -$H &3%B 421, /' 1 1&26! /' U+ , - BH>) (HP /-
Q>P] RK)288%6') A/!16+) -+OWRIOAS!. %b!: SNMUSP &/ (H2). 1,) 7 7 H, YS!
1?1%AI4AB()7 ! >B#>9! Q:(A%I2 =+%$-LC@N@ % ) 2H ) A &?H/A-5' )0
U>P&!-$/-1>B#>9! 7/ (_+-80...ME&+3% T2 +7+3%/-%)2M;{77 MF-RA=1+& +(C!
@M/ 8)(-P: 7THYW 2! L4885 ) A =1+& H! B2-$+%d D7 4=! Q+&IHCT
DH7/25RIA " () 31, +&/!6+) -+O%H , ) 2-/ @26! / , - -+31,/ (4) 21 0)(!" A, +7 +2-!
%2-)! &+3%2-! /'M! | =1+& +()00+(E3%00R-!-5'+&!)0! : >! O (! & + W
["A%,/-%) 28D+ MBUA0 1Y T(+62/-+3! :> | ) &+H\1+&-+71H,1(SRNIEB#>9! $/&
A3 210 STT7 423+3IU>P 1/ -IG(5_H!L/5EN1A-$CP 81/ &' /(-) A/ (+7 +3%A
1,-%)2!'A/210)(1-/(1&1'+(01231&980+$+(()*+,-&!/(+I'AJ22+3M!

#IHH/ (H2) | AG/ ALl ((H&-) /" AL -%)2NH G-(5_+({/5CL$+1&+)0!-$+!
U>P! /& &-%'1A/3%28+UIN!Q (!-$+RIV#SH" (98 / (514 ((H(!-)!. B+& (H 3!
I"' B 92! (+7/%B& /' A, 1 )0 " A- /23 AR &/ A +&! Q08 &) . %6 -$H
+HDH, -2+88) A-$H/" ' () /, SM#SHI/ -/ 1, ) Ak, +31%2) -$U® &135! 3+7 ) 2&(/ -+&-$/ -!



-$+&HA/ (&, / 21983++31+DH, -9B+A!7 W& -HK>L1-(/ 2& ) (-C+?+2192)-$H' (+&2, H
)A2/-1(/ A) (6/ 2947 / -H!@ 9 P R/ 23!/ 1 &14&/ 2-YA&H | 6H?+HA, %!Q!'F!, 7 ; 3/ 5RA
#$%RIAY3/-%)2BN-$+(+&1AE) 7 |G{5_+(L/5! &$)1A362,(+/&WY>P! 1&+%2%6+!
(+743%/-%)QV7 12%-9NP)-$+(! 4/((%+0)!. B+& (+ 3!/" "' AL 92! % -$+ BK: !
) &B2!-$/ 17 1 8(+7 ) 2 A%R-$H) 281 2YAA (+7 +3%-Y2! &(/ +6514+, [ 1&HKSL &
[(H 2)-! 3+6(/3/4AM ! #)! -$%8 +23C!)26)%26!&-13%+842?+&-%6/-%2h!!
4%)3+6(/3/-%) 2 28+3%2-&!)1A3I A+/3L)! a, /'t /23! -(+/-b!-+,$2)A)6%+&/-!
‘Al,l-+! -$%32,+(2M!

#$H +231 1&H& ) 01-$%48 -+, $2) A6S! / (H ' (B -H /231 03K/ A, ) 2-/ 7 % -+3!
&+3%2-&&%H2+(&CI23! +2?% () 2F#2-IA(+7 +3%/-% W6 (7 &WB#>9C-$+U>P!
71210/,-1(+(@23!(+61A/-)(&S)! /(+!,)2&%B(%268%&H,$2)A)65/-! -$+YHD0-HE&!
| 18 14231 1&HEU> P |-+ $2) A 65!, / &(+ +2-5'$%BSAES-+3191/ I' (+&2-/ 92! 6%2+2!
[-1-$+1C+3+(/AIU+HBY/-%) 21#+,$2)A)6%+&!U) 123-/4A0261d 12+IFCIIJEEWM!
|
Key Findings

S)&-M! #SH 7 /-HYA /23! ) 2&(1,-%2! ,)&& O (! -$H : >TOAI! U>P ! /(H
["" ) OB/ -+Ble"ERET7 "M #5 % A,) &) O (6H& /AL, 1" 1" AH Y28 [ (H
1" ) OB/ -+Ale" X", 7C7 | _B6!-$H) 2+ A A, +7 +2-1,) & 91 -$+ (/ 26+) A
eJXH' ;7 IMI#$%&b 8N +&&D'+2&%2%!-! 3(+36%2QeHF; R/ 8817 %6! /! ) 2H
7+H13+ -91)Q,) 24/ 7 B +31 &3% +2-M L +,/ 1&H -$HU>P ) & %@ 4/ &3!) 2!
&1(0/,+I(+/' ([-$+(!-$/2! 3(+36+8?) ATAHCH&-! & ?%261+,) 7 H &14&-/2- VD!
3++'+(1&+3%2Z-13+")&%-&M!

P /%+2/2, H(H 1%t7 +2-8M92,+!" A+3C-$+U>P! .%AA!2-/%R)2-/7 %2/2-&!
B! -$H 123H/A%6! &3% +2-8 0 (! 3+ /3+& ) (! A)26+(123! (+\1%(+&P0o--N+2)!
7 1@+2/ 2, W KH%3% 7 ) 2% (%@6!) 01+00%,/,5)1A3! A% +ABY+\1%(+323!
SHAI?H D! HO (7 /2, +TAL-1-$H7 ) 299 (9B6! (AN 1%+7 +2-&0 (-$HU>P | %4+
O(CA. H-$/210 (/"' @6!. KBI& 23!/ A2+H) (10)(17 ) 299 (+3'2/ -1(/ Al -+21/ -%2C
11,)77) 251 1&3!(+7 +3YA AH2/-%?+!-)13(+36%26!/23!,/"%26M!

o 1(/, SMN(+36%6!) O+2! A 2438 7 H,) 2-/ 7 B +317 | -HYAR!' A, H/ 8%%
-+,$2%,/ARERIE&Y0AA 3(+36+H A A-$H, ) 2-/ 7 %@/ -+3! &3% +2-10()7 !/ 1 (9B
)¢ A/ +NMI@2)2-(/&-CL$+IU>P! %&A/,+3! ) 2+(! -$+! &+3B +2-1/23! ,/(+01A!
AT H2- R281(H -, A(/-H 1230 )T A-H ) ?H/6H ) A -$H ) 2-/ 7 %Y -+3!
&3% +2-M1

G'++3MS$HU>P I' A, +7 42-1(/ -H/ -1/ 1347 ) 2&(/ Q2! @HR-$H: 2/, ) &YIURH!
J&! F'EE!7 %;$(T2) 19, A3%6!-$H-9B H-) I' A, H-$H" P, 7 1& 231 A5H!) 2+(!-$H
U>P MB?+2!. %B!' A, %6!-$H&23!, /' 1) 2H!-$HU>P C-3&" A, +7 +2-1(/-H%&
62/ 2-510 &H!-$/ 21/ 13(+36%6!) ' H/ -YQ2!. $HHI(+36+3!7 / -HY87 1&!4+H
(+7)?2+3Q&-)(+3)(! -(+/-+3@23! LA-%B7+ABB% &) & HEIMES+IG-(5_+(1/5! U>P!
3+'A)S7+2-L/&! 7 1,$!1\1%, +($/2!-$+12 /,) &Y UBHM #SH ) 2-(/,-) (1/-
G-(5_+(L/5! 3+'A)5+3IfHFCEER!"! %21g! 3/5&!)(! f'JE! 7 7;$(M! D(+ -+
O HUR2, H . %b! -$H U>SP ' A, +7 +2-1 &) 18! AL(-$H! B, (H&H -$H (/-H )0
"A, 7 +2-M

B/&H ) A 1&W! USP ! +7 ' A, +7 +2-1 (A 1%& &Y%07A/E)A&Y&! 3(+36%2@)!
7)) ABA Y2/ 2313+7 ) A%BH 92! () , +&&+&/ (H &B YU (MU>P 1/ ?) %! -$H 2++3!
0)(1&3% +2-1&) (/ 6+&(H -7 +2-@ 23!3%") &/A[+\1%(+8)(13(+36%28C! Y%26H+!
U>P!-+,$2%\1+!&%62%0%+t/2%5 (1-$/2!3(+36%26M!




B2311&H, /' [, Uol(A 1967 +2-QUMIHSH3+T ) 2&(/ - Y2 Q6QCNAM 2/ ,) &IIURBHT
S/&$%26-)260M>MZ3! G-(5_+(L/SCINIAISCP 8 R1&3! 39K +2-1 7 +$) 3&) 0!
A AT 2-C AS) 16$! | B! 1&&!1&-123/(3!,)2 &(1,-%)2H\19F +2-M!G+?+(/Al
12299 27 +2-1 A(+7 +3%%2!04a &2) .!$/?+!1+0'+(%+2,+!'A/,%26!U>P&M!
8+.! 2).A+36+M #3$%&()*+,-! '()?%3+&R+.! 2).A+36+! (+6/(3%26!5+!
+00+,-%2+20&Y,-%72/-+31,/(4)2T/7 +23+31&+3%2-! /& 123+(1%2&%-1!
)23%-%) 26E(- %,1A/(1.+!"()?%3+i!

|

0 @&)-$+HT(7 ++(&10)(12%2+IK>L!,)26+2+(&!)217%(6%2CINOPTA)/3+3C!
12314%)0%RBY0% +IIHS+BOEFHT ' [ (| 7 +H&, ) Ak, +310 (NOP T
A)/3+31/2314%)0%7B+3!:>! +(+1/"()0%7 [ -+A5!)2+1)(3+(1)0!
7162943HA.. +1-$/ 2101246/ , -Y8/-+31,/(4)2MIHS+&+IA) +(12/A1+&!
&$)1A314+118+31RFA&I1&+31-) 137 BH-$H(H 1%6+:31-$% 2+88) 0-$H
D ST 237 2-12&3% +2-1, 11 &(/-$+(L$/212/AL+&F) (- +3!%2%+!
A%-+(/-1(+10) (1?8962 -+31(4)2M!

0 #$H' (+&2,H)A2/-1(/ A (6/ 297 / --+(R89PR!/2! 3+,(+/&+$+!
+00+,-%7?7+2+&&1)01/231:>F+31&+3%F-! ['1123+(1?+(5!$%6$!0A). !
,) 23%802831+H-) | B+ A % -%2&) 2! K>L!/38&) (*-%)2%28+(+&+2,+!
)0!89PM!1#$%8481 +1)!/3&)(*-%)2)0'K>L&})! I "EERT 189P!
166(+6/-+&M!

0 -1 0A).1)23%-%)Z&N/-% W R+3PH2-, /' BBIQIF, 7 :3RGH' (+&42, H
)0!89PI&$)1A312)-IARG-I-$+"+(0) (12, +1)0!:>T/7 +23+31&+3%F!
JS&MI-1 -$Y68A).12+A),%42B10) (V! "MIFT, £$%, FC!-$+(+%68&!
SLAPHA2-1-9B HO) (13+8) ( -H21Q) 7 189P1/23IK>L1/3&)(-%)2!-)1:>M!!
H$YBA&+D%(&-135)! /&&+&IRSL!-(/2&")(-! -$() 16$Y! -$UHRY5+(!
|, -9 31,/ (4) 2T 7 +23+31&3% +2-1, /' 1123+(IA. 104 !,) 2300028
-5'%,/A1)0!&+3987&M!

0 #$%&)*+,-! 3+?7+A)'+3B+H+1 (%%, &!0)(1:>T7 +23+31&+3%-! /"1
3+&%62!/23!'+(0)(2,+!7)2%-) (%26 M!



2. Project Development
Abstr act
#S+H()'+(! 7/12/6+7 22D0KSLTY23IK:=T , ) 2-/ 7 B +31&3% +2-1$/ &' () ?+2!-) !
44V %3+T&'(+/37 ' A+QRB!,)&-ABV&& 1B (+]( +!0+.! 2%/4AY&-T+00+,-%?+!
-+,$2)A)6%+§ 7 [ 2/6+!,)2-17 %2/-+RBY%#2-&K)!3(+36%2B&!) &-)0-+2L$+!
,B)&+2!(+7+35MES+(+Y(+! 7 / 25!")-+2-%/AB3%&/3?/2-/6+N 3(+36%2%62,A13%26!
$%6P&-&ES+6+2+(/-%) P01./&-+./-+(C! (+&%3L)RYT %2/-%)RAC230%AALIE!
3(+36+3&+3%2-&T23! A)&&D! $/4%-/-MB BY%-Y'%26! Q@GR! ')-+2-%/AA5!
+00+,-%2+$2)A)65LF/-1 ,/2 1)?2+(,)7 +!7 /25))0!-$+I'( )4A+7&Y&&),%/-+3%-$!
3(+36% 2806 1A/-)(9R3!'14A%),+'-12 ,H) 0@8. K& 23C$HT7 ) &!,)77)2!
1'""0/,9,) 288H+3CH && 7 +% +& 4+2! 3XWGL Al 4+, [ 18H,) 2-/ 7 B 2-&/ (H2) -!
(+7)?+31)(! 3+&-()5+3C23! 4+,/1&+!-$+! [4%AY%)B! /! &/23!,/" | -)! %&)A/-+!
)2-/ 7% 2-8& O (! A26! -%H ' HY3& 3+ +23& 1') 2! &4 $53() 6+) A65! QAW
6()123. / -+(1&++'/6+R!/23!1%&!12,+(-/%2M!
! 1,-%7?/-+3T,/(4)2! 0% A,-QL+0O-%ARR!4+11&+31)! Al +! -$%H2AD"MIHR!
A5+(&)(]/ - -+31,/(4)2!%) /1 & 23! &3% +2-!, /' '@ , N) 2) 16$! +!/ AZIEEXRA
P ) 3+A&% 1A-%28%3% -H-$/ 19, ) (' ) (/-%261-$%2%?/-+31(4)2! A/S+(Y(+/-+&!
&+3%2-1,/'&! -$/-1,/2! %&)A/KPL&!Y 23IK:=&! %25+1123+(A5%-6{3%2-10)(!
$123(+3&Y)! -$)1&/23&N)0! 5+/(&CH?+21%21$+! '(+&+2,+1)0! A).! Q"1,7 ;3/5R!
6()123./-+(! &++'/6+IQP1('$5! +-/AMIEEQgR! #$+&H &b 1A-%28& / (H 4/ &3!) 2!
equilibrium! & (' 92! Q) -$H7 &' /1 (/ 7 +H& 7 + & (+3!' @) (6/ 2%61(+H . /-H!/23!
/887 H2) 4D -1)A,) 7" +98BH & (' -%a2! 45! 3988 2+3!) (6/29%d 7 / -+ QIO P R
#EHA26-$1)A-%BH-$/-1/1,/" 1, /219 A-H ) 2-/ 7 B 2-& 3+ +23 $%$A! ) 2! -$H
& (' 92! &(+26-$!/ 23!) 2!-$H/ 48B! -) | (+/,$! &) (' -%) 21\ 1A% 4 (A PB-$%0 B+ $%d2
MUY ' +-%-%ROIP! )(! -$+16().-$ !)0!/! 4%)0%AZ! -$+!/,-%?/-+31/(4)2!
,)()(/-+3%) ! -$H, /" 17 /5! 3+, (H &H-$H & (' 92! &(+26-$! /23!, /"' |, %BCT/ 23!
715! &%62%0%,/2M38)("-%)2! %2+-%!&NI! /! -$62Df"'T,7RI,-%?/-+31/(4)2 !
A5+(@B()123./-+(! &++'16+1) (1 4%)0%ANA).-$! 7 /5! 7/ _+!-$+! +\1%A%4(%17
1&&17 -%) 22?2/ A%EIAN 4%+ -%?2-DR1-$+1()')&+3! &-1354(+!-)! %BY-+(P02+$4
"(%7/(5" 7 +$/2%&® /00+,-%26%+!'+ (0)(7/2,+H ) 0! 2) 4A /,-%7?/-+3\,/(4)2T
17 +2343! &3% +2-1 /' & 123H! OAS! ,)239%002&C PR 3+7+A" | -$H &b&+7!
123+(&-/123%26+3+3)! %2{+-! -$+!+(0)(7 /2,+'3/-/' )AA+,-+3)(!,/'&! 'A/,+3!
%28+0%+A2B1%YBHRA)"! 3+8%6@0-+(%)(!,/'& 14/&+3)2! &%-$33()A)65123!
6+),$+7 %-(5M!!!
! L/-$ Ad)(/-) (B HO HB+2-& . HH 123H-/ _+2! -)! ) 4-/ B A 1984(%7 !
13&)(-%)21,/',%-%+&CLCO)( 1! K>L&!)2! 2%(6%2%72/-+31/(4)2! Q:>RANIPT
A)/3+3t>C! /23! 4%)0%AN?+(+3!> MI@&+(7 &L+(+! c(+123A%BI2+(/6-+HU 1K!
EMIHZIK! IXR)?+(!-$+(/26+1)0I\1+)1&! ) 2,+2-(/-%)2&-13%8!QfEM®)! "EEE!
26;"RNKA/2/(%-500+,-&*(+! +?%3+2-1A).! N1+)1&!,)2,+2-(/-%)2&2A5QEM)!
"E! 26;"RCH+(+! \ 1)0! -$(++K>L&!)0! &V A/B53()'$)4%,%-B+,(+/&+31%-$!
%2,(+/&% 2817 4+(1)0! )(-$) T,$A) (%2+&a23%.,/- %26+ (%6F%23(/2,+&-+21/-+3!
13&)("-%)2M! #$+! 2/A1+&)0! \ ! 0)(! NOPT! /23! 4%)0%AW)/3+3L>&! .+(+!
") OB/ -+5')2H) (3H!) A 7 /62%43H & IAA+HB/2! -$)&+)2! ?2%(6%62! .$+2!
2) (7 ] B&+3! 45! -$H [ 2/ BAA = >1 &81(0, H / (H CB3% -%26! -3/ -! K>L!/38 (" 92!
A% +A5!),,1((+31)2!&'+,%0%, (+6%6)2&!)01-$+1:>1&-(1,-1(+M!!!



! #$+ 40048 )OINO P € +A, -() B+ -5+CY23! "0/, $!  2+A),%-5%(+!
+2/A1/-+3%20%0+3T4H#3)) (&!.%-$1+A+2+K>L! )26+ 2+(&MBLE!.+(+! 2)-!
34—+ -+ 3H62)AL7 21+00B+ 2-1%-$)(6/ 2%, TO(tA+(! /0-+([IE! 3/58.0623%,/-Y2Ib!
_OOH AR %28 ) | K>L! /38 (YN 23H! -$H , ) 2390428 +&+3! / -| Af & VB
54+ (&) 0 % A-H2! TB+ ) 18! 4H ' () 29B+3! 45! /1 HYIT,7 ! -$% | = > ASH! [/
(+A-%2+ABOESI"()),$!  P+A),%-5WE |7 :3/5RMVE). +7HCT B, %! K>L!
A(+_-$016$!),,1((+3! %2DAL72& ,)2- 1 BR6! . [-H! 7 23431 . %! "B 7 6,7
G1./22++1U%24QGURBIP! +O-(/,-N>L!1 +00A1+22,+2-(/-%)28%2, (+/8+8)(!
/169342147 ' 514431, ) 2/ | 198 4/ &-$H/"()/,$!  P+A),%-B&! 3+, (+/&+3C1%23% J-%26
O& | WWLEN2! . /& /! (| -+TAB YRG! 7 /88 (/280! 7+ $/ 29 MK>LTBIP !
)7 MO @ EE 27 R. HH -$H ' (%B/(5!,/1&H ) A S0 AB % -H2CT/ 23! -$+%8
SHAHWLRTD' [, 1. [&+Q, H4/ +31 B -$H' (+&2,4)0,/ABT/&,)7" [ (+3!)!
& 397 14/, _6() 1231+A, -() B-+WAL) 123/ (SIAG+(1$+)(5&$).+3!-$/-1-$%RY5+(t>!
&+3962-1,/&!1 2! )2-1%2K>L1 0)(17+(5!A) 26106 #& D625+ (+&+2,+)0189P! /-!
SOOI A ()], S, USRI &3% +2-&1QjF!, 7;3/5R! 4+ /1 8&+8100%, % Y2/ -1
% FI+0%E&-&!-)I&)(4IK>LE&!-):>M!

! HE+H (+RLARZHT ) 2&(/ +31-3/ 1 2969/ 23IN9 P T/ 3+3!: >&1&31%1-$98
&-1355/3!&100%, %-+SYAEBI>L! /3&)(-%6)2L/" 1,%-%o-+Rl-+H00+,-% R +3962-
[t ETH219B-$H' (+&42, H) QAYOA &/ 23189PMICL(-$+(TN (), $!  ?2+A),%-%+&!
-5'06,/A)0! 8&+3%2-1,/"%26C8)(-%)2! B/ (+ (/' B +2) 16$1-) " (+242-1K>L !
A(H_-$() 1631 Q (1 3+, / 3+ )1, +2-1(HQ 1' 1 -) ! &+ [ 6+ 76, 9862 / & $93! /& FI
(7 ;35N #$+8H (+8LAR 0)(7 | $H 4/ && -)! 3+2+A)17 )3+A&%-$1/"()'(%ol-+ !
$+1(%&-%0)I&+3%2-! | "%26!/23! %23%,/~GH12+31 ) 1 7+ &L(H K>LTBIP !
3+8)(-%)2!_%2+-%,&M!

I ntroduction!

3?7+ (&+! $+H/A-$H00+,-&62MN1/-%,! 4%)* /23! $17/28&!-$/-! $/?+!/,,17 1A/-+3!
$53()'$)4%,! )(6/2%,!,)2-17 %2/2-&D=9>R&1$! /&! )A5,$A)(%2/-+31%'$+25A&!
QK>L&R23! VA5/()7 [-%,8553(),/(4)2&! QK:=&RA(+! .+AAB),17 +2-+3Q8U>C!
JEE'RNK>L!,) 2-/ 7 %/ -+31 &3% +2-& / (H 14%\1%-)1&3! 0+.! (+A%/4424! )&-T
+00;+%BH -+, $2) A 6%R0)(! (+7 +3%Y2!/ (+Y?2/%AI4A)3(+36%2B8E!/-+(%26 (23!
AI230%AA%RHE-)0-+217 | 23/-+31Q+ME)D! U%?+E@Q<GBK:QEE[RR3! -$+!
=13&)2!U%?+(C!8I'Q<GBK:C!JEEJRRM!

@2T&Y6%26! Q@ GHRY ) -+2-YAS!+D, -BH-(H -7 +2-1&(/ -+65'0 (IKSLT
)2-17 %2/-+R+3%2-&QP1('$5! +-/ACIEQgRI@>! 1&& /1" $5&40 A4l ((%A(!) A
A2V 8231 (1 &3% +2- -) 1 WG A-H ) 2-1 7 B 43! &3%F2-&10()7 ! -$+!14+2-$%,!
)77 12%)! -$/ -1 $/ & (+T,) A2%+3! [ 4) ?H -$+1./'1  [0-+(V'A/+7 +2-MI#S+! [ ]
& ABEHR -$H 123H/AR6! ) 2-1 7 B +3! &+3%2-! 16/%2&-H()&%)2@+31,+&!
,)2-1 7 %% 2-' 0AQ %) ! -$H 4+2-3%d ,) 7 7 12%C/ 23!,/ 2! 4H 1&3! ) !, (H -H 2+ |
$/14%-/-&)('N\1/-%,!)(6/2%& &QU+% LA MEE[RWB+Y4%A%OH &+3%2-!,/'!
)19 A-H,) 2/ 7 % 2-8986(+ -A'9%'()?+3! 45!/33%26R! /,-%7?/-+3)/(4)2! Q:>R!
ASH!. %B%I-$H, /" 1) 18N 1+&HIKSL &R -$H" ) (H. /-H!7) ?926!-$() 163!-$H,/" !
QPL(' $5! +!/ AIJEEGRM ! 7 +$) 3!-) ' (+, %A A, H/!-3%I OMFT, 7 R: >! A5H!
. R /' & 23 &3%+2-1, 1" . [ & (+, +2-55! 3+7 ) 2&-(/-+3%25+!:2/,)&-%/! U%?+(!
@ / &%6-) 2CN>R/-I-$H' A-1& /A @ ,N) 2) 16$! +!/ ABIEEXRNGH% +2-1, /' &



$) . +2HC7 1&!I(+7 /BB A, H-) 14H+DH -BHY 1& ) 1(%@6") Q-$H, /' 1/ 231,) 2, H2&
)?+(I1A)26 T-+(P62-+6 (U-8)0-+2(/%E&+3M!

: AH2/ -BHEC BIRA! -(+ -7 +2-1 B?)A?+&AA+23%28!  3%(+,-ABb2-)!
,) 21 7 % +3! &3% +2-& -) ! &N\ 1+&H! K>L&!)(! K:i=&! &+(2+(! +-!/AMTEEFV!
M%77+ /2! +-/AMIEEHRKS+&+$+7 %,/ /38 (4! -) ! . > @ &39% +2-1 . %!
(+31,+&$+!1)2-/7 %2/2-)(+! J-+(1 ,)2,+2-(/-%)2MK:=&! 4)123!-)! :>1 /(+]
(+&%&-12113+&)(-%)2QD3$) &$t-/AMIBE"RI23! ,/1&+!/! 3+,(+/&H B!, $+7 % A
- HR+H(-$ )(7&/23,A7 & @ ,>A+)3%-/AMIEEHWAA+5-I/AMIEEJRM!
M%77+ /2! +-VANQJEEHR!)&+3! 7 %261 :>! Q[MH!NRI&AL((B%(+,-AB2-)!
$H ) TASHI)A,) 2-/ 7 B -+30 &3% +2-1 . 9B /1 () -) (FAY! -5' H 3+2%HWI! #5%@
(), BBL(H. [ &(+ +2-A13+7 ) 2&(/ +3!/ -I-$H' A -1& | A/ 1= 12-HK) B! GBYeS/ (3!
%25/2!c(/2,%&,)L/5! Q>$)H!/ ABIEEXRE M 7 +3) 3! (A 1%/ 3H 1/ -H 7 %326!
4+- ++21&+3%2-1/23! -$+1>1 ) 4+H+06, -9B+T/ 23! -$H ' ) -+2-%A/ 37/ 2-/ 6+&8/ 23!
3%8&/3?/2-16+)N-$% &4 -$)3&!$/?+14++21 3+4/ +3! @ +H4HCIEENDB 7 H7 / 2! +!
| AAJEEFRM

d)2_+(! /23! 0)+A7/2&' QIJEE"R3+?+A)'+3!/! &)A%3T'$/&+D-(/,-%)2!
' (-98)2026! 7 +$) 31 1826!" ) /5) (57 +$5A2+IQRPR!-)! 7 +/&1(+K:=! /231 K>L!
13&)(-%)2!-)! &))-! 123! &))-TA% Al -H%/A&M8I%26$%8& +$)3! d)2_+(1/23!
0)+A7/ 2&QEEIRM -+(/62+BP62+3%6&- (%413 1%, %+ DKCH-. +2!: >1/ 23!
" K>L!,)26+2+(&P62)(6/2%, TO(+AL+ )1&! &5&-+&MB&)(-%)2! %&)-$+&!)2!
1,-%7?/-+31/(4)2! [(+!)0-+212)2TA%2+{CH!-)! -$+I1$++H) 6+2H) 1& 2/-1(H ) A -$H
&)(4+2-123! -$+1'(+&+2,+)0! 7 %)) (+&! Q:$2!+-/AMIEEFR23!-$+(+0) (1% %&!
AloHB! -$/ -1 -$H 0 ! 2 A+ 3++H7 B+31 45! d) 2_H!/23! 0)+A7/ 2&QIEEIRE! )2A5!
1" B AAL-) T (HA-9BHE1 2/ (). 1(/26H) A7\ 14) 18,) 2, +2-(/ 928t 33982/ ABC
3%&&)AHBIR%,7 / --+(QNIPR(+&+2-9%02%H" ) (H. /-H!1/ 2317 %)4%/A8().-$!
)2!-$+t>1 7 [B13+,(+/&H/(6+-1)7)123! /00286!Q/ (-H!+!/ AZ'| | P / -&1 %!
IAMIEE[RR3!-$1&$+%7'/,-! )0!-$+&A)/3%262++3))! 4+%?/AL1/-+3(%-%,/ AASM!
! U+6/(3A+&3! -$+!1/"()/,$C! @G3(! %! &A! -(+-7 +2-C: >! 9§ -$H7 !
T(T+HHE [ (H 2343 -) | 8&ER UR +00+,-%?+24R&!(+7 +3%/-%)20 K>LT
,) 21 7 @ +31&3% +2-&Wc) (@S82 -$H7 1'/(/7 ++(&N+!2++3+3) I'(+3%,-1$+!
%&)Al-%YBHF&!()?%3+345!-$+/'M! I C) (! %RA! -(+ -7 +2-C-$+5!/ (H 2+H3+3! -) !
"(H3%!-$H7 /&) A,/ (4) 21 (N 1%+3!-) 1/, $%2H/ 1 & + 3! (+31, 902! B! -$H K>L!
N+ S+ )2,42-(-%)2ME). +2+(CHI3&) (92! ) A KSL&! ) 1 >1 o 2) -1 + &4
7 H&L(+3! 4+, /1 1&H KSL& $/ 24+ /1 $%B$! / 02%B! O (! 1 >C(+8LA%G! B! ?+H5! A. !
I\1H) 18,) 2, +2-(/ -92&0 2314+, [ 1&HK>L &/ 38 (4+3!-) 1. >/ (H3W6LA-) +O(/, -M
o Q/(+EIATK> L, ) 26+2+H13/-/10 (1/ 38 ( 92! -)!:>! /(+1&'/(&+ABP/%A/A/6RE+!
A/ -1(+W

B?+2! %@ -$H /38 (92! ,/'/,%! )/, -9 +3! ,/(4) 2! @ LOP-! -)!
&N 1+&H! KSL&T-$H _@+9%d A% % -%2& )0! K>L! /3&)(*-%)2!123+('A).! 0A).!
)23%-%)2@A+?/2-)! &+3%2-!,/'&! QjF,7 ;3/5RI(H2)- 2). 2!/2317 1&! 4+
+2/AL/-+3(3+(1-)!'(+3%!-$H' HO (7/2,H)QA: >/ 7 +23+31&3% +2-1, /' & %!
SHOABNHSHH@+?7B+2, H-$/-189P I' (+&2-1 B &3% +2-I" ) (+ /-H!,) 18! A% %
K>L!/3&)(-%)21123+(¥3?+,-%?0A).ME) (1 +O 7 ' ACKY Z (%or-! | AQR&13%43!
K>L!&)(-%)24)! :>1 %2)2-%21)181A).!,)A17 2&1.23+(B(%2_%26k(! -(+/-7 +2-!
,)23%-%)288!0)123+$/-10(++A3%E&E&) A KA & L) (4+3H+AACL-L$+!(+&+2,+)0!
8 9 P 13+, (H &3!-$H+DF, -B+2+8) A-$H' (), +8&A45!4A, %6!/,,+8-)!") (+&/ 23!



0)(7 %26)7'A+0+&!1%-$ $+K>LE&NBY%To A/ (ABSH2!+-YANDRES) . +3!-$/-IK>L !
)7 AQ-Q2!. o, )MBRIB/!,)/ & A&H!. [-H1(/26+31Q) 7 Ign 1) [n!1Q(!
-(%,$A))T1 2)2/,$A) () T4%'$+25AQRH, -TH+BT3+ +23926!3%eH-A5)2! -$+B+6(++!
)01L,$A)(%2/-%)M(1 +-VANTORSS) . +31-$/ -1, ) MBS/ 3!/ | 862 2-19% ' |, -1) 2!
K>L&I&'+,%/-%)ZR1(0/,+!/ -+(&23! D)12/(%&-VANG IRSEB) . +31-%/-1,) A\ B&
-$RIZA&! ++2IEETIRII"EEET 274 (+! $H7 /9 (1, / (") OK>L &BIAS , $/ +T
)2-17 %2/-+3N1%0+(&23! -$+&+188)%/-%)2&)1A3! +2$/2, H 7 ) 444! /23!
(1 2&) (-M

9 -$H!(+&H (, B'Y &&b) . 21-$/ -I-GH3+6(+H-) | $%HI8 9 P 14%238. Upl=9 >&
3+'+238)2!-$+P/-1(+)01-$+BIP! /231-$+&)A1-%)P23%-%) 23 ZI (%-/ MQR
&$).+3!-$/-13%2/A+2-+/Al/-%)28A% >#P1/ 23IP 6°P1962, (+/&+89P! /3&)(-%)2!
)21:>1 [23142%$/2,+3) 7' A+O/-%) 24+- ++2189P! /23! K>L&NBY%PoA/(ABYLS/ 7 !
+/ AQ 2R (+&+2-+31)7 %0)(,+!7%,()&,)'5! %T6+&$/-18&$).+3! %2, (+/&YoZH!
>/ )2, 42-(/ 92! B, (H &3 -$H /38 (4+3! 8P ! )2, +2-(/ 92! ) 2! 6(/* $UH
A+ [1&+HA+,-()8-%, (+'1A&Y) 28 - ++2189P! 7 ) A+ 1A+&(+! 7) (+1+00+,-%?HA5
&,(++2+3CIA+/3%26!) (HT0/?)(/AA+189P1/3&)(4+3!A/5+(1,)20)1 / -%)2M!

|

Objectives

#$+)?2+(/AAA*+,-%?2+30! -$+!'())&+3! &-135/(+! -)! R 3+H7 BH -$H' (% /(5

7 +,5/2%R&& /00+,-%26%+!'+(0)(7 /2,+ )Q 2) 2+A [, -9/ -+3! [(4)2T/7 +23+3!
&+3%2-1/'&! 123+(0%+A3B%-%)28BR?+A)1$+85&-+M23+(&-/23%2613+3!

) %2((+--$+1+(0)(7/2,+! 3/-' )AA+F3I0)(1,/'&! ' A+31%25+0%+BI23! %%%R!
3+?2+A)'13+&%62%-+(Y@) (! ,/'&! 4/&+31)2! &%-$63()A)65!/23! 6+),5+7 %-(5!

B, A3%6! -$H ,) 2-/ 7 B 2-! [ --+21/ 92! (/ -H 2++3+3))! /,$%+?48%62% 094, /1228
(+31,-%)2!31(%26!-$+1%9&) A8 () ?%B+3145!-$H, /' M

|

HE+R'+ %6098+ -%2+&(+! )1

0 Determine if competition for sorption sites between dissolved organic matter
and contaminants of concern (e.g. PCBs, PAHSs, dioxins) will lower K and
diminish cap performanceM#$+1$5")-$+& %0812 ?+&-%6//83!-$/-1 3%&&)A?+3!
)(6/29% 7 /--H! /38 (431 ) -$H [, -9/ -+3! ,/ (4) 2! . %A $B3H! & (" 92! ) A
,) 21 7 @ 2-& | 23! +ID+, -9+ 3+, (H &H -$H c(+123A6! ' / (/ 7 +HR @ d / 23!
2RO (V)27 % 2-! & (' -92M! N+, (+H &+3K)(*-%)2/&-(+26-H0! /,-%?/-+3!
J(4)2! -).I3! -$+H/(6+-1)7 )123! )1A3! AVER-$+V4%ANBLS+I&)(4+2-!
ASH!-) 17 986G/ -H,) 2-/ 7 @ 2-1-(/ 2& ) (--$() 16$!-$H7 /-M

0 Determine the effect of microbial biofilms on the sorbent surface.\\#$H, /"
& (4+2-1 A5H!. RAALHSAH] 2/ H) 4% .%-$V2! /4123/2,+!)01)(6/2%,/(4)2!
123121-(%+2&)Y! 4%)0%268%0 +ARB().! )2!-$+K)(4+2-Y (-YoAH&L(0, +W
S+! $5)-$+&%Z+38/-! -$+! 4%)0%AKEH! O (7 +3! . %A 3+ (H&H ,/"!
+HD, -92+884514A, _@6!/,,+8&)0,) 2-/ 7 % 2-&-) ' B-H2/ A8 (' -Yp2! 48]
123;)(! AYEh-%2611)2-17 %2/23%001&Y53210()7 ! -$+8+3%7+2H./-+(!

) -$HE (4+2-M

0 Determine the effect of groundwater seepage on the assumption of
equilibrium sorption in the cap.\'P ) 3+826! %3% -+&-$/ -! 2+ 5! -$%! & (4+2-!
ASH& Qf, 7R % ,/' & ,/2! 4H $%BHA! H00+%B+CT 41-! -$H /&&L7 ' 92! ) 0!
A 1984(%7 ! / (985296 B! -$+&H -$%! ASH& 7 /5! 2) -1 4H 2/ AR [ -1 -$H $%$!



6()123./-+(! &++'/6+(/-+&Q"EL7 ;3R&)7 +%#&)4&+(?+JoAH&-1/(%+23!

7 | (BH+279) 27 +2-89%/ 1AYOA 1$B3H&-$+(/-+1)01,)2-/ 7 %2/2&)(-%)2G(!

%0%+Y,-%7?/-+31/(4)2! '/(-%,A+8+! A/(6+&1,B!-$/-! %2-+('/(-%,A%H001&%)2!

4+))7 +&PH5I&A). MES+I$5")-$+8%6&H&-HI/&! -$/-10)(1-$% ) (4+2-A/5+(&!

SHH . A 4H § 7 H 6()123. /-H! &+ [6+! 2+A),%-58+(+! -$+! (/-+! )O!

138 (' 92! . WAAH &A. H!-$/2!-$H (/-H) A/ 37+ -Y2C. $UB! . UAA 3! -)!

C(H7-L(HA(H () 169!/ 231 3+, (H &H -$H +00+,-%7+2 18183 +A/5+(NVESY & !

&135!. UA3+HT7 BH-$H7 BB 17 !(/ -%0!)01&) (4+2-A/5+($%, 2+8R&++'/6+!

24A., 95! . $HHE (92! B8/ (H &UAD &! (+A-9BH-) 1/ 32+ 92! -$() 16%!

-SH ASH!/ 23! -$/ -1 -$H / 8817 " 921 ) A A 1984(%7 ' / (-98)29R6! , | 2! &UAMAH

1" BA3N

|
Methods
Chemical SNBA+?+RISL&L+(+! 1&+8%26+4/-,$!/231 )A172! +O'+(%7+2-&IhTC!
123! [HT3%,$A)()4%'$+28AQF T@23! [[h HT-(%,$A)()4%'$+25AEFh TIIhFghTC!
JIhgghT@hFFhTE@3! [[hHHNT-+-(/4)()4%'$+25AC3! JIh[HHhT23! [[nHHhFT
'+2-/,$A)()4%'$+ 25 AR & SL&!L+(+! )4-/%2+31()7 :, ,1G-/23/(3CD2,[48+.!
=/ 242C>#R/ &/17 9%Br3! § A-Y2! B $+0 2HQER 7 670 (14, $IK>LI+Q + -10 (!
JINT3%,$A)()4%'$+2BASIS/3!/! )2,+2 -(/-%)20"EEEY 6" RKS+&+)26+2+(&!
CHH L $) &2 ) ) 2H! -$H 3%B!-$() 16$! ' +2-/T$7)A6! 6()1' & /23! %@, A3H
)26+2+(&1)77 )2A510)1231%2(),A)(&! %25%6%+?+ABKL&THONAR3! FIRC!
'I(-%,1A/(A5)0%,)7 ' )123&QK>L&TXXB!"IgROG/0+CIR C)7 ")123&!.%-$!
&% %A (1 A6!0gs h&41-13%00+(+2+B(++80!)( -$) T&14&-%-1-GHH & TFIEICFHC!
XJOR3! XXREB! ,)26+2+(&! (+?%1&5! &13%3! 45! )-$+(&QK>L&T"WATX X 23!
"JgR!Qd)2_+(23! 0)+A7/2&CIEEJRMI+ORH Q' - %/ R/, +)2H Q' -9/ RT/ 23!
AT 1, $A(BHQRN I' 1(UBR!+(+! )4-/%2+3()7 | cY%&$HE H2-MBH B%&41(6$C
K: RC/231 §3%7! /Z8+ QIn! "1(9%R . /& Y41+ Q)7!:,()& 9(6/29%R
QL+ABYRNIB/2)'1(+! 6(/3+!./-+( QL/Q&H 3CN141\ 1+C@R. /&1&3'0 (!/ A
AL+)1&!(+1(/-%) 2&M!

Activated CarbonMI#9D! :>! Q>8)2! >/(4)2! >)(")(/-%)2C!K%--&41(6$C!

K: R. /&1&310 (1-$H% -$H7 1/ 23!, ) A7 21 &13%MASH: >11&3191-$+H% -$H7 !
&13%8 . /& (+ +92+3! / & V[ JF! 7 +8B! / 23C-) | (+31, H + 1984(/ 92! -9 +CT. / &
SA2431) 1) Ak, -1 -SH A/, 902! ASR-$/2! JEET +88! QjXFI7 R@)%A+BH2/2)'1(+!
J-+(1 O)(N[E!7 B1-+&8B%+31 ,)2&-/2-17 | 8/ -I" BFs>Q/ 231&) (+31981/ 13+884 -) (M
ST (92! ) O1-$H : >1L /&' (+A/ 3431, UBINIP 10()7 /1 &B 1A-+31" ) (H . /-H!
6+2+(/ +31Q) 7 |D(/ 8&HUBH! @ / &2/ CBIR! &+3%2-14/&+3)2! :G#P IN[IWXt!
WFI23! 3+&,(%4+382P,N)2)16$! +-1/AMGEEWRMS+ NOPTA)/3+3!:> | /& |
) A, 314512/ 117 | OA(/ 962! @R r 7 R/23! 3(%+B! "EFs>1-)! )2&-/2-17 | &&M!
#$+1-)-/A)(6/2%,1,/(4)2! Q#I>RA)/3%262! -$+L>! /&! f"MJI-n! /&&+&&H!
#9>17 H &(+7 +2-8Q9@! 2/ A% A" E' B#) -/AB(6/2%,>/(4)2! :2/A5Z+(RD!-$+!
&H39B +2-T6+2+H(/ 31" ) (H. [ -+14+0) (H/ 23!/ 0+(: >!/ 339802\ YOA !. /&6(). 2!
)2!:>1 1&%28%hphylococcus epidermidis'Q,1A-%7?/-8Q7 I/1 A))'1 )OI'1(+!,1A-1(+C!
#>>1 [FIWHRE!3+&,(%4+RI2P,N)2)16$! +-/AMIBEEWRM! epidermidis! . | &
&, 43!/ &' (+A% B (5! +O HIB +2-& B )1(! A/4I&S).+3! -$/-1 %-()31,+3! A/(6+!
/7 )12-&!)0! +O-(/,+AALANAST7 H%,1&14&2,+&! .$%,$! /%319%62(/'%3! 4%)0%8A7
0)(7 / Y2V $H B-+2-%2! ) OLS &HA, -OR! /&! -)1'()?2%3+! |)28+(?/-%o?+8e-Y7+!



Q@ /OB 17 '+0+ -RO (1-$H" ) -+2-%/AD0+,)D!4%)0%APL-$! )2! K>SL! & (-%)24)!
:>M

AC CharacterizationM#$H& (0, H/(+!/23!" ) (#?) A7 +) Q-$H ?%6%!
[23IN9PTA)/3+3l:>!  +(+! 3+-+(7%2+H3%21'A%,/-+B()7! /2/A5&+80!2%-()6+2!
6/ &/38 (' -%2!98 -$H7 &/-1 XX o!" HO (7 +3!. %p!/!189u: ' JIEEHGL(O/, H: (H!
123! K)(+! G%ZR2/IA5Z+(1QY1/2-,$()7 H @&(17 +2-&C L)52-)2! L+ ,$C c R
GI7' A+&F(+! 3+6/&&+3! HI[! 0! 0)(I"gTIEB)L(&(%)(!-)! -$+V 2/ ALK& #) - A
&(Q, H/ (H . | &3+H7 B+3'1&26'-$HL B#! A 1/ 90219 -+ (+A -9+ (+881(H(/ 26+
)JO!EME"TEMHERN! ) (+! 2)AL7+!./&! /A, 1A/+310()7 ! -$+1/3&)(4+31?)A17+H )0!
2%-()6+B/&!/-! ' (+Al-%P(+&&1(+)0! EMIVWRGL,())( +!1/2/A5&+&F(+! 3)2+!45!
/"' A%O!-$H-T7+$) 3!) 0BHL) H!QIH+66!/23! G%26MVIRY02%5+(+A/-%AH&EE& L (+!
(/26+H0'EMJIETEMHE!1&%26!8923%&)0-./(+M!

Isotherm Experiments (Objectives 1 and 2)MG)('-%)2)0'K>L &) K9P!
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Results
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3+-+(P02%26+ K>LT:>! %&)-$+ENK>LTKIP! %&)-$+(784-/%2+3! \1+)1&!

,) 2, 12-(/ -92& 4+, +H2! f"ER /23! "EEEEERG;MN /23! (+)(-+3! %2#/4A+![M!
DH 7 +~%d7 H 2!l Fn |,) 208+2, H%-H?/ Q@O ('Ablokep !/ (H/ A (+ ) (-+3!%!
#IAA+[MI S+! &-13%+3(++)-$+(! KSL&! -$/-! .+(+! )7 7)2! -)! d)2_+(!/23!
0)+A7/2&'QEE"RY! K>L&T"WEJICI23! X! G/ AA! [ RUS $% A6! Okop! 7/ A+
3+H7 B+3! %! -$%/ &135! . HH &BES-A! A .+(C-$+(+&'+,-%?&/23/(3!13+?%/-%) 2&.!
)?2+(A/"+3! -$+%(1+/2! 2/ AL +8%BR 3%86266))3! /6(++7+2-U+-.++21A)610 kop ! %
-$+&+)! &-13%+&M!

! C)1(! )%2-%&)-$+E&Q-(%'A%,/h@H/,$! V%2RD)(1/3&)(*-%)2N0!-$+!I |
K>L!))26+2+(&2!+/,$)0-$(++>! -(+/-7 +2-8D?% (6942 TA)/3+323!4%)0PHA
)2+ (+3RH(+!1)4-/%2+3D:"+23%QRMB&) ('-%)2)0IK>L&L)!:>! /&! ABTA%2+/(!
)?+(1-$+1(/26+1)0'\1+)1&! ) 2,+2-(/-%)2&&-13%IEM"T"EEE;"RY23! 0%-$+!
c(+123A%BB+AL+AAD/2+(/6+) +00%,%6)R3+-+(762/-%)2K! EMIHEI2-! k!
IXR¥B+IC(+123A% BI7  ++(&23!-$+%(&8) , Y0436+ 7 +(%7 H 2!l Fn 1> @/ (H
&177/(Y%ZHS02!#/4A+HM!

|



#1 AP MDH) 7 (%7 + 21610 kop C1&-/23/(313+7%/-%)2&C!/23!IFn!,)20%3+2,+!
%2-+(?/AI?2/AL1+&10)(138HR6+2+(&1231,)7 * /(%&)2)1d)2_+(I23!
0)+A7/ 2&I(EE"R!

100 K Our Data (L/kg) Jonker and Koelmans
PCB? gL PR (2001) (L/kg)
(LIL) logKpom  SD° 95% C|° log K pom SD°
H! HMgF! ! [M[g! EMEX! [MJJT[MF"l ! 8u™ g8: ¢
"JI FMJJ! ! [MWII  EM"E! [MggTHM'[! ! su™ g8: ¢
"W! FMJH! ! [MWH!  EM  [MFWTHM"J!! [MIE! EMEF!
FH! FMJ"l ! [MWg!  EMJE! [MHXTHM["! ! su™ g8: ¢
FI! FMgJ! ! HMEH! EMJF! [MgJTHMFH!! 8u™ g8: ¢
FJ! FMWH! ! HMJIL  EMJ"T [MWXTHMXX! HMHH! EMEW!
XJ! gMJg! ! HMHI!  EMJE! [MIgTFM™! | HMg! EMEI!
XX gig! ! gne g: ¢ g8: ¢ ! FME"! EM"F!
"Jg! gy! ! gn® g: ¢ g8: ¢ ! FMJE! EM"g!

"@<K:>12174+(1/23!1,)((+&')23%26!K>LI17)A+, 1A+ 21@<K>lyHCIICINT3%,$A) ()4% '$+25AV!
@<K:>ly"JACHT3%,$A)()4%'$+EBAE ly" WVEIOHEF(%$A () 4%+25AV! @<K:>yRHTIhCgCghT
~+-(1,$A)()4%'$+25 ALK : >y F[QICINCFCghT-+-(/,.$A) 2%V ! @ <>y FICIICINCFCFhT
—+-(/,3A)()4%'$+25 KK : >y X IO C[hCFCFhT-+-(/, $A) (F2%/8/! @ <-lyXXC!I[C[NCHCHhT
—+-(/,$A) () 4% '$+25 KK >y " IgCIGhCHCHhCFT'+2-/,$A) ()4%'$+25A
NA)6l0ps 12/AL+&()T7 I=/._+(! [231>)22+AR"IWWR!
'1G-/23/(313+7%/-%)2!
0. 4+(1 /2311"+(! IFN! |)20%3+2, %2-+(?/A)1-! -$+6+)7 +-(%671 +/2!
18)-1(+")(-+3!
48)-1/"A%,/ 4A+!
CIN/ -/ 19@42) 2TABH (1"  (-98)29R6!(/ 26+/ 23!. | &2) -11&+31%1-$%/ 2/ S&&

|



#/4A+!HI\/I!!@&)-$)H((ZO%+2-&!0)(!I!K>L!,)26+2+(&!)2!?%(6%2!/,-%’?/-+3!,/(4)2!
Q:>RCI9 P I'(+A)/3+3t >C123!4%)0%A7A)/3+3!:>!
!

Ortho- Virgin AC? DOM -loaded AC? Biofilm-loaded AC?
PCB ; Log Kk ac Log Kk pom Log K gio
oo gkguing® M (ngkg)(Uing*" " (ngkg)(Ling*" 1M
di ! ! ! ! ! ! ! !
H J! Vit (=] B¥X ! | BUX X! BWE
QWET MFR @EWIEgVRR Q@VIgTXg[ R @& T NER QMg TXVIFR @ TBEWR
" Jl B ViIX B! ! X1 ! B! XWWV B!
\ cywum @w TIEN/IER | @MI—‘:XIW—R qaxml" MHR Q<|\xg1|><|v|wx qaggm
tri ! ! ! ! ! ! !
"W J! W ! BYE ! X! B ! XMW BwW!
A QWERAMYDR @E9ITBEVR QMNFTXMFR @EGXTBEVIFR QWIFTXMER EMFTEVR
tetra ! ! ! ! ! ! !
FH H XY Evg! ! XMJ! BV ! gidg! ==
QIAFTWMgR @' T MFR QM TR @gT M R QWY TgMR EWKT R
H! [! ! W ! gVl "N ! gMJ! Bvig!
QV[TMIR  @WTMR QWHIXIFR  @EWJT MIR QI TXEER EWXT NEFR
FJ! J! X! "I ! ! | " NAJ! X' ! BVig!
QWgTVR @M TYIHR QUXTXV[R  EWIT MIR QWATXVIgR  GEWT NEFR
X3! " Vi ! aw! ! Xdg! EMW XAW EME
QWIXTWHgR E9Wr MER QIIXTIW R @&d[ BVigR QA TXGFR Mo TEWR
XX B VWE BwW! ! XW! BWH VWE Bgw
. (WW':WW)@ @&l TIEMQR | Qv ':Wﬁ R @[ ':" MHR QU 1|VW|9R @&d" ':EMQR
penta L ! L : L L :
" Jg! = VIF EVH ! Vig! EMX Wg! EMH
QWIT MR GTMR QTR  @QW NM'R QW TMER EGWEVER

M7 A+QOBISH' [ (+2-+&& (H69) 7 +-(%7 H21l Fl , ) 20%2,+1%2(2IA&!

“=)7)A616()1'!

D%?+28+P/(%/4%A%ZRR! 4+- ++21)26+2+(&R23!:>! -(+/-7 +2-&o28+E&+!

3/ -/ @ AN HRE? AR BH' (+/-%28 ,)1A31)2A54+!7 / 3+1451 )7 ' /(%261 ! 0)(!
3%&,(+M+)1&!,)2,+2-(/-%)2&MIAL+&O0N 10)(1+/,$! )26 +2+(1+(+! /A, 1A/-+3
0)(IN1+)1&! H\1%A%A(H27+2-(/-%2&!)0! EM"TETCEET@3! "EEER6;M /23!
&3$).2! %21%61(J1/A)261.%-$) 1 /A, 1A/-+30()7 |-$+N0%2+I(-%-%)2) +00%,%+2-&!
QY%M2KIR!(+')(-+3!1451d)2_+!1/23!0)+A7/ 2&QIEEIRB) (14/(&)2! -$+P/A1+80!
\ A+ A, LA+ B PE+U(EE +,-% 267 +-(%7 +/2!IFn! >@R! A)B0 !/23!
"2 () (—+31 9B #/ A4 HVE #$H QLAR(/ 26+ ) Q -$H 12, +(-/ B-%& B! -$H ¢ (+123A/45!
(7T ++(8Dq!/23!";2R%&HOA+ -+BI26+P/A1+§ON LRI cBL(HIM &+O + -+3C
-$+>@8H! A/(6+(1-! -$+11"+(! /231 A).+(! +23&)0!-$+V"A%,/AA+])2,+2-(/-%)2!
(/26+!IQEM"T!/23!"EEET26;"RI()i73!-)!-$+7 BT (/26+Q"ET23!"EER6;"RM!

|
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C%B1(+1IM!

#S+RI(0/,H(+/Q')(+! &%BYQOA1-%)Y23 ) (H?) AT +&) Q-$H%ER! 23INOP T
Al3+3: >8 . HH\ LV 2-98463! @/ 4A FRUKSS&L A" [ (/7 +H& O (! -$H 4%90A T
)2H(+31>1 4 (+] 2)-1 3+-+(P62+86 7+ 2B+1)-+2-%/A) [A-+(1$+1U%)0%BI(%26!
3+6/&&YPBQ+, +&ER(5! &-+'1)1 '+(0)(7 ! -$+&+B/(/,-+(%Z/-%)2&MBPTA)/3%6!
3+, (H&+3HHRL(0/,+A(+ 1/ 231" ) (H?) AT H) A-$H: >C (% / (9BI31H-) 1/ 13+, (+ &H
RI7 %)) () 188L(0 , H/ (+ 1Q) (+&6+2+/AABIA+&&!-$/21IE!21%2!.%3-$RM!

|

HIAA+IEMIKESS,AI>S/(/,+(%68-%61 %06 %2BINOPTA)/3+3HID! :,-062/-+3!
>/(4)28&!
!

! <208  uYe®#9D! N9 P T3/ 3+3!#9 D!
LB#G1(0/,+::(+/"t 776! | WIOR WXOVR
#)4AK) (Hu) A7+t 7L61  EMFJ[IQEME"gR! EMHI[IQEME"WR!

P%,())(+! u)AL7+%  70L:61  EM[IXIQEMEEFR! EMJIE!IQEMEEXR!
Po{)" ) (+: (+'® 776! XIWIQ™'R! XEW!Q"WR!

"Iu/ A+ | (+2-3+&8/ (H&I 23/ (313+2%/-%)28+3)2!-.)! [2/A5&+&!
“>/A,1A/-+31 &Y% 264 T7+$)31)0134L ) H!. UBISOu: S IGO0, /(H

QY1/2-/,%() 7 H@28-(42-&CIL)52-)2.+/,$CIC R!
I



Cap performance under flowconditions

9(6/2%,c(++!/-+(_ M#$+19 cS IUGG>#! /&!1)'+(/-+3! 0)('[IE! 3/5&NHE%& !
&-1351&! (12V-1/10A).1(/-+1)01"1 7 ;7 %ZD/&1'+(0%, %100 ,$! 2+A), % BIX[EE!
7 ;3/5RC3%,$!)((+&")23&!-)! /' U+52)B&P17 4+()0'EM"J23!+7"'-5T4+3))2-/,-!
-%#&4)\&+,)238M0)('R! /23!"J! &+,)238MDN! :JRMB)2+!)0-$+1""1 K>L!,)26+2+(&!
A+ 3+-+,-+3H &7 A%2RH M -$()16$)1-!-$+K-13503/-/2)-1&$). 2RMES1&C!
13&)("-%)2!_%2+-%,98Y%6%0) B&H2)-!7 / 2%0+&+7&+A?+&M!
! #IH QS TUGCG#!. /&) H/-+31Q (' [JBE 3/ 58U AM2%H K>SL& ' (+&2-!
%2%- VAR ZD+2-0) (-] LERM-(+! 3++,-+3%62)A17 21+00A1+2Q(-&L"! /23!
LJ! %2961 (IR4+-.++2IN/5! XV23! JEIQC%EH'RCHY%, B! H+-$+Y&-123!-$9aH
&IT" A%26hF&CH&'+,-%?+ASN& Y% 3+(WROLAAT &, BA+2/(%)%%0-SDEQFET +&%!
:>Cl+\1/-%)2&! /23! J13%,-/-+Bb/-1-$%RGG>#$/3! /2! +\1%?/A+2-43B+%63a!"!
7 1Q,)((+&)23%29! ') (<! L"RY23!10)(IK$/& ' /! &1'+(0%,9%/A!)/,$! ?+A),%-Hl!
WE, 7 ;3/ SNNN+& %H -$H (+31, +3! A 1984(%7 1/ 38 (' %p2!,/' /,9%4680 ('K>L &) 2!
>1 '(+A)/3+3L%-$89PC!%2,%'% 4R+ _-$()16$&$)1AR)-1$/?+)),,1((+3! 12A+&&!
_%2+-%%66-/-%) 28D %&-+EMY"()/,$ | ?+A),%-BJL(,+!./-+(C!/23! +A+,-(A5-+!
5 H., H{HEB&T | -Y A7/ (Y3 @/ AAIR-) 16/ B B6S-1/ &-) 1-$H2/ -1(H) A-$+&H
_%2+-9838%-/-%) 2&IBG>#+00A1+3/-/! 0)(! WHO! -$+!""1 K>L! )26+2+(&906&!
'()?%3+3%21+23%O0ILMN/-/ 1./& 12)-1'(+&+2-+3D)(I-H(++)0!-$+K>L&U+,/1&+!
-$+P020AIHR +2-(/-% R &!+(+! $YBASP/(%/4AAQIINT 3%, $A)()4% ' $HEBAR). !
-$H JB 26! 3++ %2 A% B -$H R0A+2-! Q[[hHHNT-+-(A%) 4%$+25A / 23!
[[NHHhFT'+2-/,$A)()4% '$+25ARRB%0O! L! &$).&! 3% +2&%)2A+REl!! +00A1+2-
)2,+2-(/-%)2&!/-IBL>#&!)0!"MFTC![TC!gTC!/23!"JT!
|

Discussion

Sorption capacity of PCBs on AC.!!L/&+31)2! '(+?%)1&H+&+/(,$'Qd)2_+(R3!
0)+A7/ 2&QEEJRBLI&! [2-%,%'/-+3%/-1 -$+1>1 [3&)(-%)21,/'1,%-5! 0)(!-$+1!
K>L!,)26+2+(&)1A3! 4+ (+A/-+3)! -$+1)26+2+(&$53()'$) 4%, %-R% 2, (+/89A6!
095 t! &+#/AAH t! 6+2+(/AAK)T! A+ON (%6$421+23%0%:R!/231'A/2/(%-5M!
$%6PI+)1&!,)2,+2-(/-%)28Q " EET "EEET26. 0!, | &&/ -9&Yd ABIA 1/ A/ -1-$+
IFn! A+?+4)81,)20%3+2,0)(!IK>L&HCIC'WEHE[CFIOR3! XIWLI0 (1K> L &IXX
1231"Jg! +(+! %23%&-%261%BGMARY! [2)-$+(CHL-IA/(6+(1$/2! -$+1)-$+(!1 X!
)26+2+(&NM-+(2/-%2+ABGY).! N1+)1&!,)2,+2-(/-%)2&DEMITET26; RG! 0)(!
K>LTHY&! &-/-%&-%,/AARAL)! -$/-10)(IK>L&TXX23!"JgCl23!-$)&+0 (IK>L&T
FHGI[CY23! FJ!.+(+! &7/IAA+B/2! -$+1)-$+(1,)26+2+(&M+(+0) (+GA 1%A%A4 7!
13&)("-%)21/'1,%-%+80'K>L&N)2! : >! 3B 2)-1 %2, (+/&%0-$P62,(+/&%BE+2+(!
$53()'$)4%, %-5/-1-$+BA). I\ 1% ABRAT,) 2, +2-(I-%) 2&M!

! C%?H01-$+K>L&I&-13%-0BDL(1 ) (! +(+!,)77)2! -)! -$)&+B-13%+F!
d)2_+(123!0)+A7/ 2&QEEIRIK>L&T"WIXIOCIX 23! " JGRM). +2+(CI0) (I-$+&+!
0% ML ,)26+2+(&F2A5I38)(-%)2)0IK>L&TFIR3!"JIg! . +(+! 0)123L)! 4+2+/(!
AR (1) 212969 > Q@ A HRASH 2/ A+Q) O\ |1 4/&+3)2! d)2_+(2310)+A7/ 2h&
) A+ IALA-+30 (1A1+)1&!,)2 ,+2-(/-%) 280! EM'TETCEET@3! "EEET
26;M/23!-$+(/-%)QD!-$+& AAL+&)! -$)&+D() 7 I-$% &1 35H (+! 3+-+(P62+3Y(!
-$H 2+ (TR2H (A! & (496! K>L&IQK>L&TH23! "JgREW%21)2_+(V23!0) +A7 2h&
) ! & FMHMABQUELS! XMM67+&%66$9@! /2+(/6+1-$/2!\ 1 %25%&1350) (!
N1+)1&!,)2,+2-(/-%)2&)0! EM"TETCEET(23! "EEET26; A (1&'+,-%?+ A -S4



2)2TA%2+/(BR4%26>L&IQK>LT"WCIOR3! XXRG! %2a)2_+(V23! 0)+A7/ 2h&!

) ! /& HM[EMEEM[C23! J[MHD6F8$%6SH@! /2+(/6+!-$/2!\ 1%26%&!135!
0)(I-$+8/7 HN\1+)1&! )2, +2-(/-%) 2&MB $%oABH &HI-%)&62$+A%2+/P3! 2)2T
AR (1,1 &8I (H]' () OB/ +BN-SHET H/-1A. 1\ 1) 1&,) 2, +2-(/ Y2 GM/ 23!
HM[L! >5 KEM"26;ARGS+5L+(+! 71,$! 3%00+(H2L$%S!, ) 2, +2-(/ %28 QI / 23!
J[MHH > K"EEER6;"RM$%&/ASD08BAR-+&! ) 198" ) (/2" ) B-EIQR-$H: >!
1&3!45!d) 2_+H!/23'0) +A | 28QEEIR/ 3§ (4+317)(+! K>L&-$/2!-$+t>! 1&+FH02!
-$%&!135023! QIR +B%&-(%41-%4)20%, %+2-FL+31451d)2_+(123!0)+A7/ 2h&!
,) 18! 862980 2-5! ) 2H+&WB [ -H /38 (' 92! )2! :>! 0)('K>L&!-$/-1/3&)(4!12)2T
A%2+/(ABNL+)1&!,)2,+2-(/ 928/ 4) 2Hf " B26; MNUDH+2, +Q%!-$H/ 38 (' -9%2!
JOIK>L&N2-)! > . %-$B%00+(&L(0/,+!$+7 %(5!. H{++O + -43Vc) (140 7' AC
D)2!  +1 /AMQJIEEQRH,+2-A5!3+7)2&-(-+3! -$/-! K>LT"gg! '(+0+(+2-%/AA5
1,17 1A/-+3)2! -5'+1 #OD! :>! %2A+6%)28%,$%2K)7 /-%,./(4)2! 012,-%)A!
6()L'&M! : | &5&-+1%,!&-13506&++3+B-)! 4+--+(1123+(&23! -$+!(+A/-%)2&$%'!
A+- ++21:>181(0/,+1,$+7 %&-(510)(IK>L!/3&) (-%)2M!

! K(+79%) 1@8+/(,$5/&1&$).2! -$/-1-$+13&)(-%)2!/'/,%-5! Y012)2T,)'A/2/(!
=9>&!./&! A).+(!-$/2!-$/-N0!I)T'A2+(1,)7 ")123&!)0!&%%AKE3()'$)4%,%-52!
2/(%)180)(7 &)014A/, 1,/(4)2! Q>)(2+R%+2-YAMIEEHW2_+(V23! 0)+A7/2&C
JEEJRIBHY3&)(-%)21--+21/-%)2! | &I--(%413L)! &-+(95%23(/2, +&ER 17 /445!
4()16$-Y4)1-1 45-$+1.%&-% JOLS+U% 'S+ 25826 8b-B(+&'+,-1)1 ) 2+1/2)-$+(1/&!
7)(+! $A)(%2+&H! 33431-)! -$+1&-(1,-1¢MIS H +2/AL/-+BA/2/(%-5+00+,-&5!
)7 1(@61\ 10 ((K>L&. %! &% % (! AB!0 o5 h&d1-13%00+(+2LT 4+(&)0!)(-$)T
$A)(%2+&QK>LE&T"ICWCI23! FHI-$/-! $/2+! ECUC!/23! H!)(-$)T,$A)(%2+&C!
(+&'+,-% 2+ABRIMbER/AS& MR 3)2+1)2! -$+1206(69621 )2A5NH A).! N\1+)1&!
)2,+2-(/-%)28QEM)II'E! 26;"RCUO)(IK>SLTFHY&! & IAAHU! -$+1Fn! A+2+)a!
)20%3+2,+$/21-$/-10)(IK>L&T" 123! "WRE66 1 (FRC623%, /-Y&28(Y5%23(/2,+&!
J1&+31 45! -$+1'(+&+2,+1)0! H! )(-$)T,$A)B+&!/--+21/-+3! K>L! /3&)(-%)M
=) +2+(C/-! $%6H1+)1&! )2, +2-(/-%)2&Q"EET) "EEET26;'9%21%61(IRC$+!
13&)(-9%6)21,/'1,%-%+&QD! -$+&H1 )26+2+(&! +H+!&-1-%&%,/AUBACY>23%,/-%26!
'A2/ (9B HDH -8 . HH 2)- OB ) (F2-M KSL! (S )2,+2-(/-%) 28! %R
)2-1T %2/-+Ru+3%2-1 &5&-+&!/(+! -5'U/AASY2$+IA).1 "I ) "El 26,71 (/26+C!
&166+&-%2ZH!! 'Al2/(Y%-5400+,-&Y5! 7 | 29%+&-S+7&+A?+E2(H A&Yd B! KA
)23%-%) 2&@RH (7&)0! (%8 -B+&HH&A-&{+! +2,)1(/6%26))28%3+(% 2! -$+!
YA/ )26+2+(&QUNEMIL%-$12)! )(-$) T, $A) (% ZRA%_KEL&TXA23! "JgC!
$%,$-+234)!-$+7 ) &) O%DG/OHIR 1§/ 2HA(6HY 38 (' -%)2L'1,%-%+82!: >!
(+A-9BH-) 12) 2T,) ' A2/ (IK>SL &

Impact of DOM and Biofilm loadingsu/A+&) A\ .10 ('-$HN9P !/ 23!
4%)0%MA)/3+3Y,-%?/-+31/(4)2 &L.+(+! ["()O%7 /-+A5)2+!)(3+(1)0! 7/ 62%-13+
& | (-5 2! -$) &1 0 (1 -$+ 2%6%! : >! QUBL(+H IR HSB 3+ (H & . /&,) 28&+2-)
%-$1-$+14()/3A5Y,,+' -+312)-%)21$/-1) (6/29d 7/ -H! A. H& -/ (6+!,)7") 123!
100%29%4838&)(4%28%(+,-AR/23;)(1 4A), %26/+&&L)!") (-%)2801:>1 Q>/(-+(!
+-JAMGIRME).+2+(Cl-$+B YA/ (HEBIS+H00+,0) (INIP! /2314%)0%AY3%26!
J&! 2)-14+0"+,-+38%62 ) [--+T7" -LI&! 7 [ 3H)1,)/-1 -$+1>1 %-$I21 \1/AF7 )12-!
YA+, SVD%+2!-$H %" /,-1) ANI P 19! -$% ,/&+1./&! \1%-+A/(6+DQ)2H )(3+(1)0!
7162943+R/17) (H,) 7" (+$+28%H &1351 98 ./((/2-+3! -)!\1/2-%058+%67"/,-! )O!
'O0'+(-%+&! 2).2! -)! %20A1+2NOP! 1'-/ +! &1,$!/&! > -5+ [23! &)A?+2-!



'()'+(-%+&&1,$I&-+7" +(/-1(+QG,$(+%l+{AMIEEFRE3!'= 1/231%)298&!(+26-$!
Q"%!IAMEEJIRM

#) 13+H7 BH@-$H3+, (H &H%2-$H/38 (' -%2!, /' /,%!)A: >!. /&/(+&A
)A-$H /1 3+ (+ &1 %l / 2/ BAA &1(0/,+V(+/C-$+12/A1+8D\ ! %21%61 (9! .+(+!
2)(7 | A%Z+B1-$+1LB#! &1(0/,+I(+/! 0)(! -$+!12%(6%28! NOPTA)/3+31:>M! #$+!
(+31,-%) Z202!B#! &1(0/+Y(+/' ,/1&+345INIP! A)/3%28%63)-!/,)12-! 0)(!-$+!
, | A1A-+3139DH+2, +& %I\ \ME).+2+(C!-$+) &&UYAUEB! /! 3+,(+/&+%02P/%A/4A+!
&1(O/,+Y(+/! ,/1&+345INOP! ./&! ! '(%7/(5!7 +,$/2%&T0)(!:>! 0)1A026%-3
(+&+,-1 )l K>L! /3&)(-%)2!,/22)-! 4+1(1LA+3)1-M! S $%AXRA5!""MJIn! )0! -4
7%))01&! &1(0/,+V(+/" /&' %2/,,+&&%4NP2%-()62!6/&!/-! XX0! 0)AA).%26!
NOP! A)/3%2Q#/4AFRET 1,$! A/(6+(0(,-%)2!)1LA34U+62/, +8&8&Mpd)! -$+K>L!
,)26+2+(&& %2, 48+5I(+!A/(6+( ) A+, LAHESA &0 ()4+! 7)A+,1A+80!&YFA/(!
&% Z+!-)1-$UR!.)LA3IA+IT7) (+1/"()' (%l -H-$/ 21294) 6+2!98!-$RB&/ 2, H

Implications for use as an in situ remediation technologyM¢$%&:-135!
3+-+(2+3N1%A%A(VREN (-%) 21/, % -%#&0 (1l '1K>L&) 2!-5' H#9D!: >NH$H
2)2TA%29(¥123A%AB+AL/&! 0)123L)! 0%3+HO'+(%R2-/AI>! %&)-$+(B/-/!
Q/?+(/6+U°1 k! BVIHT, ) 12-1 k! IXRVE: - $963$! A 1984(%7 | /\ 14) 18 ,) 2, +2-(/ -92&
Qf'EET!-)!"EEET26;"RI&A&-/-%&-%,/AA5!+\1/AI0)('K>L&!HC!"JC!"WC!FHC!F[C!FJC!/23!
X\ 0)(IKSL&TXAR3!"IQ! . +(+! %23%&-YeRBIEHE)7 )2+!/2)-$+(CAL-1A/(6+(!
-$/21-$+)-$+(1X1)26+2+(&MS+(+0) (HC+%-$KEL! $53()'$)4%,%-2) (! 'A/2/(%-5!
)2-0AA+3N /-1 (+A/-%?2+8B6F\1+)1&! )2,+2 -(/ -9 AH2/-B+AC/ -1 A. !
N1+)1&!))2,+2-(/-%)28QEM-I'ET26;"RJ26+2+(&! %-$-$)T,$A)(%2-983! -$+!
A).+&-Y38&)(*-%)2!,/'1,%-%+&C2B- %268+ (% $3%23(/2,+&++21/-+3Y3&)(-%) 2M!
#5%8AEB+D%(&H/! &+-15/-1(+")(-&!c(+123A% 7 ++(&D)('K>L!,)26+2+(&)2!
> (HA%E&ADH)1&! ' $/&H+!,)2,+2-(/-%) 2& MBS+ E&HH & PR B3Y -H-$/ -1 7 ) 3+&
"(+3%,-%2@+!'+(0)(7 /2,+1)0!:>! /7 +237+2-&)! &+3%2-&)(! &+3%7+2FK!
&9$)1A3)2&%3HBE&)("-%)2R)2TA%2+/(Y&HQE+3! -)!1)2A5A%2+/(+%-%)2%/2a!
(+)(-+3!45)-$+(&Rd)2_+(23! 0)+A7/ 2&QJEEIJRM1 (-$+(C$%A+1%2+-%;13%+&!
2++34H)! 4+13)2+!1-)! +?2/A1/-+K>L! 0A1@+$()163!: >! /'&C!-$+&H/-,$! (+&1A-&!
B3% -+ -$/-! &, B+od &13%U &) 1A %, A3H KSL& . %! /! (/26H )0
$53()'$)4%,%-83!?/(%)1&117 4+(&0N(-$) T,$A)(%2+&M!

@&)-$+E0+(+! 7 +/&1(+3RINIPTA)/3+3123!4%)0%AY?+(+313&) (4/-+&!
) 3+-+(P02%0IOP! /23!14%)0%ATA3! 2+6/-% 2+ +,-K>L!/3&)(-%)2NIOP !
1231 4% YAR)/3%28H ,(+/&+3K>LT. > 1984(%7 !/ 38 (' -92!,/' |, %48 by one
order of magnitude'/23!-$1&H(+! +00+,-%&4?+26+(&)('K>L!/3&)("-%)2K%-+&M
=).+2+(Cl-$+K>L!1 &) (-%)2Y/'1,%-%+&?+2%02%+!(+&+2,+)0IN9OP! /23!4%)0%#A7
3)+&12)-! '(+,A13+1%-&K+!/&! /' |[' ' %261 +3%d 4+, / 1&H -$H (+&1A%6! & (' 92!
A'1,%-%+8&!/(+1&-%AABRIBESNH--/% A €31 3%HRAIUHI) 2+!1-)1+2/A1/-+!/1&1%-+!)0!
(H B&YAA 3926!& +2/ (Yl QIO P I-5' +T7 | A 32688 AR+2-!" ()" H-%8R%B4/ -, $!
1231)2-%21)1&TOA).!|&5&&M!

N&-ASCS%AHB/-/1&+-&%62?)A?%REL! ,)26+2+(!1/3&)(-%)2!-)! :>1 [(+!
& | (&H R -$H Ao{/ -1(+TC-SHHUOE() . %6 +?%B+2, H-$/-1: >1-5' Hof%" ) (< 2-NE) (!
R&I 2, +T-5' H#9D!: >C. $UB!. / J1&+31%! -3 (+& (, $CTH 3!A. H! A 1984(%7 !
138 (" -92!, /" 1,940 (-$HH, ) 26+2H&,) 7 7)) 2!-) I-$H. ) (_13) 2H45!d) 2_H!/ 23!
0)+A7/2&QJEEIRIM,$! %&)-$+E@CIALT 2!-+&-82B! :>! &1 (0/,+!&-13% &) 1A3!



448)2+1) 3+-+(P028! '()'+(-%+8&0)(42%/ 2, +3IK>L 1/ 38) (' 92! -$H' (+&2, H
)Q,) 7" +9%6'& A-+8AGHNIP M

Cap performance under flowconditions.

@26/2 % Q(++!/-+(Cl: >1,/'&! 3)!/21+0,+AA+#341)0!7 %-%6/-%426" 04.O!
+2+21-! 2+(51$%6F++/6+2+A), %-3) 4(+/_-$()16$!./&! )4&+(?+30-+([IE!
3/5&NK&Y02611/-%)2!C1%-$Rs kI EMEEJR CR, (K'EMEJR[ '@(' JEQFET +&$!
>RCI23!t5 KIIE! 3/5&CH+H\1%?/A+PAAATE PAK)A/-%6YIDH ' () ?%3+345!-$%&!
J'ClecCI&! [-] A+/&WES+/(&NB!+\1/-%) 2Q R EBYoBI&) A/-%6YAH L) ((+&)23&!-)! /!
&,+2/(%)%-$12! /"(),$!  ?+A),%BCC)AWE, 7 ;3/5!/23!/!1, /" 1$+%$-1) A HY!
JINP)(H(HABRYA ' (), 3 24A, %868 %!, /"' %6/ (HALL-$/2'F, 7 ;3/5!/23C
-$+(+0) (+BH&'Vo-+$+(+A/-%2+ARBH /' | $+965- 981 -/ UG #! "1, 7 1947 ) (H
-5'%,/ARG&)A/-%6YaR &I 1,$! A)26+($/2!WEI+/(&1)1A3!4+%O'+,-+31%-$9cS M

@ -$H' (+&2,H)UA8 9P TK>L!4(H _-$()16%!),,1((+3! (/'%3A5&166+&-%26!
-$/-1(+HAY > & 123+((+/A%E&-YEh 26!&,+2/(%)&%-$BOP! '(+&+2-F /5!2)-!
"HO (7). HANAN+E %H-$H(+31, +31A 1984(%7 1/ 38 (' 92!, /' /, 984680 ('K>L &) 2!
> (+A)/3+3!.%-$189P!  3+-+(7%2+B))7! -$+! %&)H7! &-13%+8E2, HH2-!
4(+/_-3()16%$!&3$)1AR)-! $/?2+),,1((+3! 12A+&EH02+-%P/0-/-%) 28D % & -+ BB
I"0LS!  ?+A),%-BO1(,+1./-+(C!/231+A+()AS-+5'+! +(+! &5&-+F%,/AABN%o+3!
@/ AAIR-) 16/ 21226 &-) 1-$H2/ -1(H) Q-$+&H_B+Yd AB % -%28M

1 217 4+(1)0'%2&%6$284+16/%2+B)) 7 | -$+K>L! 4(+/_-$()16$!3/-/! %2!
:"+23%0ILME%(&ICIL! ,)2,+2-(/-%)28802$+H00AL+2H, (+/&+3%-$P02, (+/226!
BL>#! @ / A KY &QV#SR B /2! 9B ) (4 2-! (+&LAR! %-&166+&-&B/-! .$%A+!
+\1%A%4 (V& X'-%)2! ,/'/,%-%+&L+(+! 2)-! (+/,$+3! '(%)(! -)! '/(-%/A! K>L!
4(+/_-$(0)163C)7 ' A+-+H+7)?/A1)0! K>SL&!.)1A3! 4+!1"&&%4A6%?+R100%,%+2-!
,) 2+, -1-9B HQeNAS% H!ASH!) A/, - +3!,/(4) 21/ 23;)) ('A. H'04. I(/-+SRAHS$H
-(/ 284802! Q) 7 ! K$/ &H @ReKEMBERY)! K$/&+(@ @RaK B RO (1 /2! BL>#!)0 ¢!
&+,)23&K3).+3! -$/-1 3% #28&%)2A+REL! )2,+2-(/-%)2&%62,(+/&+3&! -$+!Re!

217 4+(1I&! $IAP+3R()7! +\1/-9%)28CFOR3I WEBA)AA).&$/-1 7, 1 V.1 1/23!

tor 1 VA/[ C&)\&!V 1 1&! $IA?+3Ch, 123! 11! 9B, (H &ML+, / 1&H-$H-%B HO) (!
%02-(/'/(-%, A3% 001 &UBP - $+8./7 HUo K$/& &DIBB! @ B@Hg'&+,)23BL>HCI$+!
B, (H & B> ;> Z3Y -+&-F/ - A1 OA | 3N &EY2! . | &-FH (/ -+T8% %R6! 7 | &
(1 2807 + $/ 2067 M@°&2) -/ AAL-$/ -1-$%FA&+(?/-%0) AR A+&RA(+2-! )(! /4&+2-!
0)(! [HT3%,$A)()4% '$+25AIMFFNT! -+(/,$A)()4%'$+25ACY23!  JJh[HHhT
'+2-/,3A)()4%'$+25A! $).+?2+( C-$H ?H5! A. 1 R0A+2-! ) 2, +2-(/-%2& ) A -$+&H
-$(++)26+2+(8&31(%268%'&(%) 3% &8+A% _+AR+)0-$%F2,)2&%8-+2,5M!
cO7!KY &H @) @'-$HQ 1(,H. /H!. /&,$/26+31Q) 7 "B 7 6:°1/ &>
@IS !-)!19cS!. $%& Re! ./&! $+A3)2&-/2-1 /- EMER! -$+(+!/&! /2! 9% 7 +3%/-+!
3+,(+/&+%021;> /-1 4)-$! BL>#&!0) (/AAR+?+K>L! ) 26+2+(84$/-1$/3! 3+-+,-/4A+!
+00A1+22,+2-(/-%) 28 % K $/&+D @ENLEAE&+(?/-%)20&! +7%3+2 B/-|K>LT
8OP! )7'A+O+&IA+3L)! %62 (+/&+3%0018%)Q¥&Y6&-/2,/93! %T %(+3K>L!
& (' -%2!-)!: >1RKS &H @A@B @ CRMP -(/-%)2&H2+(/AASH, (+/1& 301 (-$+(
1" )1 -$+H423)0!'KS$/&+ @ UDN/S5'FER@166+&%6! -3/ -1 8 9 P | 3%@1 &+3!) 1-1) 0 -$+
1,-%7P-+31,/(4)2C10(++%B233%-YH)AK>L! &)(-%)2B%-+RGI-$/-1')(+! 4A), [6+!
123;)( 1394(,-1&%-3T ' +-%-OH)R&)% 7% (+3K>L! &)(-%)231 0626($/8+EDQE@G!



@ OHPMRAE) 28 %0&-+2%-$!)4&+(?/-%)2&! 3+!0)(! 3(%626Y-+(! -(+/-7 +24
)23%-%)28H9

QK$/&HICGUS!./&! 16/%2%2-()3%319%) |-$+,) A7 2141, UBIIET7 P!
8/>AI&IN 4], 6()123! +A+,-()AS-HI2&-+RI"E! 7 P I>/>AM>:> 8 921 K$/ 8- u !
CHHAL HL) 7 (+31) 1-9) &HBIKY & @ @@INFT-(%,$A)()4%'$+2ZZALIhFFNT
CIJNFGhTEZB! JIhgghT-+-(/,$A) ()4% $+ 2523 &YToA) (1-$+)-$+(1,)26+2+(&RC!
%623%%26H-1 K>LTBIP! )7 ' A+O-R&21>/ Pl -() A-HIB' | Yor3IK>L 18 (* 962!
N ,-%20-+31(4)2! 7 ) (+B)L$/21/1 8/ Pl () B-HD) ($/ 7 1+ AI2RED) . +31-/ -!
%2,(+/&%361°1,)2,+2-(/-%) 2!A+3)! $%6$+R , +2-(/ -%2&) A/ 38 (4+3!89 P 1) 2!
6(/' $%H ,)7 "'/ (+3! -)! A1%?/A+2%)2%&-(+26-$B/ P! 4+ /1&+! +A+,-()&-%,!
(+'1A&Y)284-++2! 89P! 7)) A+ 1A+&H(+! 7)(+! +00+,-%62+&FH+2+345] -$+!
30 A2-, | -YQWHSH B, (+ &3!/ 38 (44317 / &&)0ISIP! %28+1(+&+2,+1)0!>/ I
)7 TI(+31-)1 8/ P17 /51 $/ 2+ (+8LA+3! % AR+ K>L1/38) (92! B! -$H
UGCG#M

9-$+(! (+&+/(,$+(8$/2+! &$).2! -$/-1 89P! /66(+6/-+&4BLAK>LE!/&!
) (6/294,) 7 " AC-RQ IRKB+EY6B%&-(%41-YO)ZBEN1/-%, !, ) AA) % 3-A/&1(+315!
NAG1%26%&+135H(+! fl "EE2710)(14)-$! +A,-()A5-+&MI%2,%3+2-/ ABBLY (%&!
+1/ NI IR&S).+3!-$/-1-$+TEEDR7 |, )AA)%38YP! 0(/,-%)2)7 ' A+O+B+41A)D!
K> L &% -$+90A2304A] , $/ -H+O H% +2-QUt$+L-5'+1#9D! :>1 1&+02$%&:135!
$/&Y! -)-IAI&'+ %091 (0/,+1(+/! YOHWII 7 %;61.%-$B(+/-+(L$/2'WEN!)2-/%2+3%2!
7 %)) (+&! Q6+2+(/AAFREN2!J127 1%62%3-$RI! &1,$Q)(+! -$/2! WEN)O!-$+!
>1 &1(0/,+Y(+! /&) A% _+B@+8&8%AAWI&I$! A/(6+K>LT8IP! ,)7'A+O+&M
L+,/18+L$+)AAVO R B 2)-12/(5! . %-$hA+,-VAS—-BI+CI$+B(+/-+(18) (-%)2)0!
K>L&P62$+!(+&+2,+)018/ PIQS/ &HU R, ) 7' / (+31-) 1>/ PIQKS/ &H @RELE6+&!-$ -!
S+ %62+-9QR! 3+&)(-%) 20! K>L&IO()7 ! 89P! . +(+! O/&-+@628+!'(+&+2,+)0!
&)3%10)7'(+3! -)IJA,%1M!

HE+H(+&D-B()7 -$+GUSIUGG>#%623%1B!-$/ -1/ 1-SRIASH!: >18+398 +2-!
T I514H )T () 7 %3 (Y(!-) 1, $967%2601%AY%4 (RANBY 28D K>L & NHE+& ¥
AB %928 | (H 314 )1 K>L! § (92! )2-)! 89P! )7'A+O+&!.%-$!/"/(+2-!
3%/ F-+(QDI"E!-) "EE27!-$/-1 &A).1-$+K>L! /38)(-%)2! %62-+-ol @MH?+(CIl-$+!
GUS! UGG>#./&! Y+(/-+3! /-] (+Al-%24+856691'()/,$!  2+A),%-%HRT / 4
7 + EL(+7 +2-80 QAMNE) 1488/ -+, ' ' HO)(7/2,+! [-IA).+(/"01,$!  2+A),%-%+&C!
AL -9R[ 1)1, HH/'" A3 1-$HCQUS UGG #1/2310 (1/ | QLANE, / A/ 38 (4!
%-$4+3A+26-CK"! 7 /231 JEQFETY +&$!>! QNKEMEFEF!RM$+!(+&1A/&H!
&$).21%21c%61(+![M!

C) (1 $HAUS IUGB#E- !~ 0 (1§ (4/-+ (/ 39B(TAR -/ 2! " F1 27 !
QCY%B1FERMAL+EOL 0 (! I"FI27 1,) 1812) 14+ /A, 1A/-+318%62611/-%) 2l
1&13)%2@&)1?%)A/-+&H,,+'-/4A+! (/26+!)0!-$HG 1217 4HNHSHE (4] -+ (/ 3%B&(CT
0 (IK>L&Y4&)(4+3L)! 89P! %2-()3%31%3! -$HUCG#&. HHAHS!, A& (!-) |FE
271Q3+-+(B+3U5IN'GRE) +2+(C5%+A326! - & | A{! -8/ 215+ (/-9
%23%,/-98R2%6 1 (F*M!& 1&1,$Cb2,% %KL 4(+/_-$() 16$!%!-$HCAUS UGG>#!
18 At |1 18#3) 45! -$H (+A-TB+E! A(6H +D, -92H &&H )A -$H K>LTBOP!
)7 ' A+O+8Y,SI()3L +3U! (ASHRBA)L - - M 84O + -+3CB A (1(+238
J(+1+ 263+ D)(1-$+D1AAREY3 &)(4+(DcY%EA '/2+AGNCBT23IcRIA! /"()/,$ !
2+A),%-5!)01IX1,3/5!./81,$)&+21/&!-$%6&),)((+82B&!-)!-$+PB% L7 lu_ O (!
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C%6L (ML) 123/(5! A/5+A+26-§4 ARSI F2++3+30)(13%00UR. -$() L6 $-$+!
4)123/(5!A/5+(1QeR 23! (/-%))0V32+,-%) 206 FQry R Ineg!/&!/1012,-%)21)0!
&)(4/-+/3 BEQTHo2$+ UG G>HED'/2+A&TILCIR231>R0) (W K EWMI!, 7 1/ 23!

N KEMEEFW!,71/2310)(//'01AAI&%Z+1/3&)(4+(1Q'[2-+A&INCIBGH 2T cRaG) ("
N. KEMEFEF!,7M!

|

$%,$H\1/-9%)2J! /"A%+&NHTR3!I"EWT, 73/5!. H+, $) &2!-) 1%41&(/ -H-$H-(+23!
Y-S0 7+A)%-BMIM())$! 2+A)%!) AR, 7:3/5!. /&//8)19%B, A3+31 B
CHBL(FELYO-SE | JA LA+ &+JR1>1 I(-%0, AR TIHL/-%0) IR U+ /184

-$+U+L)A+(/2,+80) (H+\1/-%) 2 +(+! ?%)A/-+3f$I+V,-1/A!(/-%){I\Iu ;-N@|.)1A3!4+!
$H QT H) (I SBEH! 4+ /1&H S (+ (+82-8 /1. ) (&' ,/ &H & +2/ (YT K-S+



710%617! 3%001&BYBR~/2, 4l &1")(-! -$+&+&,/A%2KB17 +2-&T/ ! QLANE, / Al
A4) (1) (5140 H9B +2-| QWA 7 1920+ 3%67 +HIGASR, ) A7 2!, [&' [, +3!. o&l/1"1
7 | A/5+()0! JEQFET +&$1-5'+! #9D! :>R! /&! )'+(/-+3! O (! "JE! 3/5&MBUS!
7 +23+31%-$H$+1"! K>L&Y23I"EIT P 1>/>A &) 17 "+311/(3! -$()16$!-$4

4+3Y-1121 0L $! 2+A),%-BIFL7 ;3/5MES()16$!-$+I"IE!3/5! &-135Q)! K>L&
L H{H3 e +310B-$H+00A2-MF SR (+LA, ) 2-(/ &&-$/ ) O-$HAUS UGG #1. $+(H
9%2,%'%42>L! 4(+_-$()16$!),,1((+3MIC%6(! Fc! 6%?+8428%68&:L)! . $5!2)!
A(+1_-$()16$!),,1((+3! /0-¥! "JE! 3/5&1%25+101ARL/A )AL72M- F!,7 ;3/5C

o g RAGH (AT ) 1S (/PR %2B4 UGG #BI%-$L - " EET$H

K>L&!$/3! &100%, %92 -)! 3%6001& 15+ : >181(0, H' (Y(!-) ! 44926! / 37+, —+3!
-$()16$L$+!>! A/5+(M!
! #3U(/-%l. AAH+2+21$BSH!/ 1A, Hlu 1 /23!-$+H00+,-%HERO!-$+1>!
A/S+(L)1A3! %T)?2+C!)&EIAAB! -$+102- ' (+3%-+3! 45! A 1984(%7 | K>L &
A/3268 % -$H' (+&2,H)A89IP MS $%H -$+17 /O%017! /"()/,$! ?+A),%-58/-!
(7 %-8\1%A%APRL(T-%6)2L)! > J&! 2)-13+HT BH3TUT 1&! 4+ /-1 Al &! A&
-$/21 "JE! 7 ;3/5CL$+!7 B% 17! A1%?/A+20LARL/IA+L . 1 -+&+3! %! -$H QUS !
UGG #&W

Implications for field application.!!#$%&( ! &$).&!-$/-10%AF%001&%)2!
1 &-$H (/ -+ AB Y%26! 7 / 88 (] 280H! 7 +,$12%& T0) (1 K>L! &)(-%)2L)! :>1 123+(!
&+3%2-1,/"%26! ,)23%-%)2GN&)&S).&!-$/-1,/" '+(0)(7 /2,+'QYIAHQHb&-/2;)#!
K>L!4(+_-$()16$RE$) LAZHB%6SR3+((+/A%E:IBA26! &,+2/(%)&h+(+! 89P!
%8} &+2-12 310A).1?7+A), %-WHELO6260A5A+&&/2!F, 7 ;3/5MD%?+28% &L
121 2).1 0)(7T1A/-+17 ) 3+A8&%6-$ &1%-/AAH (B -) | 3+HT BH' HQ (7 /2, H/-!
?H5'A. 10). C) (! 3%aL&xp2!) 25C, ) 23982\t 3398)2/ A+O H%B +2- A+?79%B+2,
)1A3! 4+1$+A'01A62N)3+AI3+2+A) 7+2C%2,A13%6261& 1 (+ 7+2-)0! K>L TS9P !
3+ (-%2!_B+9a/ &/1A12, -9%2!) A& A-%2!, ) 23%8)28WMGL, $!. ) (1. %A% " () ?H
“$+1,,1 (1,5 )OI+(0)(7/2,+T4/&+3N 3+&%32BI&$)1AZH+L$+D),1&)0!)26)%26!
%27?+&-% /&N
|

3. Utilization

End User Application
a8 19 &/ 198 -$H -+, $2%4 A7 1 2/ 6H!0 (I-$+>B#>9! A%2IB'U>P]! '()31,-&MI=+!
SI&N 2+ (&++BA?+(/AV*+,- &LS+(+! /21 :>T/7+23+3! U>P! /&! %2&-IAKHEL$+!
'1()&+! )0! &%0-(H7 +3%/-%) 28T/ 23! @4 (%)3%,/ARSHE&,1&&¥IU>P! /23! %-&!
I"A%,/-%)2P%/$)2+! )(! /-1 7 ++-%26&Y(+! (+,+2-A5@)2&1A0)('K/(&)2h&PR! /!
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