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1. Introduction  

On!April!20,!2010!the!Deepwater!Horizon!semi8submersible!offshore!drilling!

platform!exploded!in!the!Gulf!of!Mexico!killing!eleven!crewmembers!and!resulting!in!

the!largest!marine!oil!spill!in!history.1!An!estimated!4.9!million!barrels!of!crude!oil!were!

released!into!the!Gulf!before!the!well!was!capped!after!87!days.182!A!critical!part!of!the!

emergency!response!was!the!application!of!approximately!2.1!million!gallons!of!Corexit®!

series!chemical!dispersants.!Corexit!was!sprayed!at!the!sea!surface!(1.4!million!gallons)!

and!injected!into!the!subsurface!near!the!wellhead!(0.77!million!gallons)!between!May!15!

and!July!19,!20103!to!facilitate!the!dispersion!of!crude!oil!in!the!water!column!and!

mitigate!damage!to!sensitive!coastal!areas.1!!

Although!use!of!Corexit!as!part!of!an!oil!spill!remediation!strategy!began!in!the!

1980s4,!questions!regarding!the!overall!efficacy!of!the!dispersant!use!still!remain.5!In!

addition,!the!composition,!fate,!and!transformation!kinetics!and!products!of!Corexit!in!

the!open!ocean!and!at!depth!remain!relatively!unknown.689!In!order!to!assess!the!fate!and!

persistence!of!Corexit!during!an!oil!spill!emergency!response,!this!research!focused!on!

four!specific!aims:!(1)!develop!an!analytical!method!for!comprehensive!characterization!

of!Corexit!9500!in!seawater!using!high!resolution!mass!spectrometry;!(2)!examine!the!

degradation!rates!and!transformation!products!of!Corexit!under!environmentally!

relevant!conditions;!(3)!determine!the!influence!that!dispersed!oil!has!on!Corexit!
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1.1 Deepwater Horizon incident  
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1.2 Dispersant use in oil spill emergency response  
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1.3 Fate and persistence of dispersed oil  
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$&+!7&#1$/#!,$.'&%)*&.2!#1)!$,,/**).,)!-.%!()*'&'#).,)!$6!#1)!%&'()*'-.#8! !
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#.!%#-),#(),F!.(2+&1.!.2::1.(A!! !
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#$!%&'#$(!($)#'*$%($+,-!./+#%&+(/0!#$1*'%#$2!.,(!*1!3#,4(',&$+,!#$!'(%(3#&+#*$!*1!

1.+.'(!*#/!,4#//,5 !

1.4 Polysorbate formulation and stability  

67(!$*$#*$#8!8*%4*$($+,!*1!9*'(:#+!#$8/.3(!4*/0,*';&+(,!<=>?!%#:+.'(,!*1!
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,.'1&8+&$+,!&'(!@#3(/0!.,(3!&,!(%./,#1#(',-!3(1*&%(',-!3#,4(',&$+,-!1**3!,+&;#/#D(',-!
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&-/.,58!(+,7)+,1%/8!+/2!2-.)--!%3!-(,-)1314+,1%/8!+/2!1/!,5-!$%&+)!5-+2!.)%7$!91,5!
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1.5 Prospectus  

E&,:,!',:,!%'2!=$/-!.2$4)!20!%&/)!9/)),:%$%/2-7!E&,!0/:)%!.2$4!'$)!%2!9,+,42#!$-!
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.%(5!/&5&*/,%!*)6!&=*8()&5!.%&!'7.7/&!14/&=(.!>?@@!75&!67/()<!4(+!5-(++!&8&/<&),;!

/&5-4)5&A!B++!.4<&.%&/C!.%(5!D4/:!-/&5&).5!*!,48-/&%&)5(E&!*)*+;5(5!4'!.%&!'*.&!*)6!

-&/5(5.&),&!4'!14/&=(.!7) 6&/!&)E(/4)8&).*+!,4)6(.(4)5A! !
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!

!"#$%&'( )''*&+,-."/0'12'+,&0"+-3'4"/5&%/"1.6' 7$%2-+8-.8'0"#%-8&/'81'8,&'1"39
:-8&%'".8&%2-+&'-.4'/8"0$3-8&/'8,&'21%0-8"1.'12'1"3'4%153&8/'8,-8';&+10&'&.8%-".&4'".'
8,&':-8&%'+13$0.6'7$%2-+8-.8/'-%&'1%"&.8&4':"8,',<4%15,"3"+'#%1$5'51".8&4'".81'8,&'

:-8&%'5,-/&'-.4'8,&<',<4%15,1;"+'8-"3'".'8,&'1"3'5,-/&6'=4-58&4'2%10'>-8"1.-3'
?&/&-%+,'@1$.+"36A'B"3'75"33'C"/5&%/-.8/)'D22"+-+<'-.4'D22&+8/6'E,&'>-8"1.-3'

=+-4&0"&/'F%&//)'G-/,".#81.A'C@A'HIIJK'5'JL6 '
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!"#$%&'( )'*+,-.&/"/'01' 2* '345'6789-&7'1%0:';%7&:<'=5'*5>'6?8@8,"<'=5>'
A&/7&:"0-"/<'B5<'B.8%8C-&%"D8-"0,'01'90?+/0%E8-&'3F<'8',0,"0,"C'/$%18C-8,-<'E+'?"G$"7'
C.%0:8-0#%89.+'H/5'"0,':0E"?"-+'/&98%8-"0,'C0$9?&7'@"-.'-8,7&:':8//'/9&C-%0:&-%+ 5'

6,8?+-"C8'B.":"C8'6C-8'(4IJ<'343<'98#&'3J5'
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2. Characterization of nonionic components in 
Corexit ¨ 9500 in seawater by liquid chromatography 
high -resolution mass spectrometry  

2.1 Introduction  

$%&!'()*+!*,,-./*0.)1!)2!3)(&4.0 5 6788!+9(.1:!0%&!;&&,<*0&(!=)( .>)1!?.-!@,.--!

<*A!)1&!)2!0%&!2&<!*B*.-*'-&!&C&(:&1/D!(&A,)1A&!),0.)1A!0)!2*/.-.0*0&!0%&!+.A,&(A.)1!)2!

).-!.10)!0%&!<*0&(!/)-9C1!*1+!C.0.:*0&!0%&!.C,*/0!)2!).-!)1!A&1A.0.B&!/)*A0*-!*1+!A9(2*/&!

<*0&(!&/)ADA0&CAE!?B&(!0%&!/)9(A&!)2!0%&!A,.--F!GE6!C.--.)1!'*((&-A!)2!/(9+&!).-!<&(&!

(&-&*A&+!2()C!0%&!H*/)1+)!<&--%&*+!*1+!#!C.--.)1!-.0&(A!)2!3)(&4.05 !6788!*1+!67I#!<&(&!

*,,-.&+!')0%!)1!0%&!A9(2*/&!A-./JA!KGE"!C.--.)1!LM!*1+!*0!0%&!<&--%&*+!KIE6!C.--.)1!LME"!$%&!

/)C,)A.0.)1!)2!3)(&4.0 5 6788!K%&(&.1*20&(!3)(&4.0M!.1/-9+&A!2)9(!A9(2*/0*10AN!0%&!*1.)1./!

A9(2*/0*10F!+.)/0D-!A)+.9C!A9-2)A9//.1*0&!K;?@@MF!*1+!0%&!1)1.)1./!,)-DA)('*0&!KO@M!

A9(2*/0*10A!,)-D)4D&0%D-&1&!KOP?M!KI8M!A)('.0*1!C)1))-&*0&!KO@!Q8MF!OP?!KI8M!A)('.0*1!

0(.)-&*0&!KO@!Q7MF!*1+!A)('.0*1!C)1))-&*0&!K@,*1!Q8ME!@)-B&10A!2)91+!.1!3)(&4.0!.1/-9+&!

+.,(),D-&1& !:-D/)-!'90D-!&0%&(!K;RSPM!*1+!1)(,*("IEG#!O(.)(!0)!0%&!;&&,<*0&(!=)(.>)1!

A,.--!0%&(&!<&(&!-.C.0&+!*1*-D0./*-!C&0%)+A!0)!+&0&/0!0%&A&!/)C,)1&10AE!T+&10.2./*0.)1!

*1+!+&0&/0.)1!)2!A,&/.2./!A9(2*/0*10A!.A!/(.0./*-!0)!*AA&AA.1:!0%&!)//9((&1/&F!2*0&F!*1+!

, &(A.A0&1/&!)2!3)(&4.0!*20&(!*,,-./*0.)1E!

U-0%)9:%!3)(&4.0!.A!/)C,(.A&+!)2!2)9(!A9(2*/0*10AF!*1*-D0./*-!C&0%)+A!%*B&!

-*(:&-D!2)/9A&+!)1!9A.1:!;?@@!*A!*1!.1+./*0)(!2)(!0%&!,(&A&1/&!)2!3)(&4.0!.1!A&*<*0&(I6F!
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$#%&' !()*! +(,-(../0 12!3455!6/!(!78)879,6:!:87;8<)*!9(/6.=!6*9)+6>69*!</6)?!7<.+6;.9!

,9(:+68)!78)6+8,6)?!@ABAC!7(//!/;9:+,879+,=!@A5C0!D.(:9!9+!(.0$#!*9E9.8;9*!

F<()+6+(+6E9!()(.=+6:(.!79+G8*/!</6)?!.(,?9 %E8.<79!6)H9:+68)!.6F<6*!:G,87(+8?,(;G=!

7(//!/;9:+,879+,= !+8!F<()+6>=!I8,9J6+!:87;8)9)+/0!3455!()*!/8,-6+()!78)88.9(+9!

K9,9!F<()+6>69*!</6)?!ABA!KG6.9!D5!#2!()*!D5!#&!K9,9!6*9)+6>69*!-=!;,9:<,/8,!68)!

/:())6)?!>8,!:87;8<)*/!+G(+!>,(?79)+9* !6)+8!!"# !12L0!M8K9E9,N!;,9E68</.=!;<-.6/G9*!

/+<*69/!8)!+G9!:87;8/6+68)!8>!D5!/G8K9*!(!G6?G!*9?,99!8>!G9+9,8?9)96+=!6)!D5!76J+<,9/0!

O.+G8<?G!D5!#2!()*!D5!#&!(,9!:8778).=!6*9)+6>69*!-=!(!/8,-6+()!/+,<:+<,9!K6+G!'2!P4!

<)6+/!()*!(!78)88.9(+9!>8,!D5!#2N!()*!(! +,68.9(+9!>8,!D5!#&N!+G6/!6/!()!8E9,/67;.6>6:(+68)!

()*!*89/!)8+!(::8<)+!>8,!+G9!7(?)6+<*9!()*!E(,69+=!8>!-=;,8*<:+/!?9)9,(+9*!*<,6)?!+G9!

/=)+G9/6/0!I8,9J6+!6/!(!:87;.9J!()*!;,8;,69+(,=!76J+<,9!8>!/<,>(:+()+/0!I8):9,)/!(-8<+!

+G9!9J(:+!:87;8/6+68)!8>!I8,9J6+!(,8/9!*<9!+8!+G9!<);,9:9*9)+9*!F<()+6+=!(;;.69*N!()*!

<)Q)8K)!;9,/6/+9):9!()*!+,()/>8,7(+68)0 '' !

D5/!G(E9!-99)!K6*9.=!/+<*69*!6)!;G(,7(:9<+6:(.!()*!6)*</+,6(.! 7()<>(:+<,6)? !

*<9!+8!+G96,!.8K!+8J6:6+=!()*!-68:87;(+6-6.6+=01&N!&1!RG9=!(,9!-,8(*.= !</9*!(/!97<./6>69,/N!

*6/;9,/()+/N!()*!/+(-6.6S9,!(?9)+/!6)!:8779,:6(.N!;G(,7(:9<+6:(.N!()*!6)*</+,6(.!?88*/0 1&N!

&$!D5/!(,9!:87;.9J!76J +<,9/!8>!DP4!/8,-6+()!>(++=!(:6*!9/+9,/!()*!G(E9!(!G6?G!*9?,99!8>!

G9+9,8?9)96+=!*9,6E9*!>,87!+G9!>8,7<.(+68)!;,8:9//0!D5/!:8)+(6)!+G,99!*6/+6):+!7869+69/N!

+G9!:8,9!?,8<;N!+G9!9+G8J=.(+9*!:G(6)N!()*!+G9!>(++=!(:6*!9/+9,!:G(6)0!D5/!(,9!/)=+G/6S9*!
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$%!&'(%&)*+,-.!/0)$,+*1!+0!20)3! /0)$,+*-!*-&!+('!&'(%&)*+'&!$%4)0&56+7!,/0/0)$,&'8! 9(' !

60)'!.)054!,/!'+(0:%1*+'&!;,+(!*44)0:,3*+'1%!<=!301!02!'+(%1'-'!0:,&'!>?@A!20)!'B')%!

301'!02!/0)$,+017!5-+,1!2,-*11%7!+('!603405-&/!*)'!'/+'),2,'&8C#!D*),*$,1,+%!02!EF/!,/!

&'),B'&!2)03!+('!&,22')'-6'/!,-!+('!(%&)04 (,1,6!60)'!.)054!>/0)$,+*-7!,/0/0)$,&'7!0)!2*++%!

*6,&A!*-&!401%&,/4')/,+%!02!+('!?@!6(*,-!>-G=7H=A7!*-&!,-!+('!(%&)04(0$,6!30,'+%!

,-615&,-.7!-53$')!02!2*++%!*6,&!'/+')/!-G= IHA7!6(*,-!1'-.+(!>JKIJ<HA!*-&!/*+5)*+,0-!

>/*+5)*+'&!0)!401%5-/*+5)*+'&A8CK7!H"7!LLILM!N5)+(')30)'7!&'.)''!02!'/+'),2,6*+,0-!41*%/!*-!

,340)+*-+!)01'!,-!+('!4(%/,6*1!4)04')+,'/!02!EF/8!O-!*&&,+,0-!+0!+('!('+')0.'-',+%!02!+('!

3,:+5)'/7!/+5&,'/!(*B'!/(0;-!&,22')'-6'/!,-!EF!60340/,+,0-!$'+;''-!$*+6('/ CK7!HH7!LP!

;(,6(!3*Q'/!6034)'('-/,B'!6(*)*6+'),R*+,0-!02!401%/0)$*+'/!*-!*-*1%+,6*1!6(*11'-.'8!O-!

0)&')!+0!*//'//!+('!+)5'!,34*6+!02!J0)':,+!,-!+('!3*),-'!'-B,)0-3'-+7!(0;'B')7!*!3'+(0&!

20)!60341'+'!6(*)*6+'),R*+,0-! 02!,-&,B,&5*1!/5)2*6+*-+/!35/+!$'!&'B'104'&8!! !

EF!/4'6,'/!(*B'!$''-!4)'B,05/1%!6(*)*6+'),R'&!$%!351+,41'!3'+(0&/!,-615&,-.!

3*+),:!*//,/+'&!1*/')!&'/0)4+,0-!,0-,R*+,0-!>STUVOA!SF7 H=7!LLILK!1,W5,&!6()03*+0.)*4(%!

>UJA!SF7CK7!LM7!L#IK=!,0-!30$,1,+%7H"!*-&!6(*).'&!*')0/01!&'+'6+0)!>JTVA8 CH!T%0),-&'!'+!*18LL!

5/'&!STUVO ISF!+0!,&'-+,2%!E?@!/0)$,+*-7!E?@!/0)$,+*-!30-001'*+'7!*-&! E?@!/0)$,+*-!

&,01'*+'!(03010.5'!/'),'/!,-!EF!P=X!(0;'B')7!+('!3'+(0& !;*/!5-*$1'!+0!&,/+,-.5,/(!

/+)56+5)*1!,/03')/8!Y0),/0B!'+!*18CK!6(*)*6+'),R'&!351+,41'!$*+6('/!02!EF!<=!>E?@!><=A!

/0)$,+*-!30-01*5)*+'A!*-&!EF!P=!5/,-.!)'B')/'& I4(*/'!>ZEA!UJ ISF!;,+(![,- I/05)6'\!
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fragmentation!to!separate!the!mixtures!based!on!hydrophobicity!and!characterize!

components!by!the!fatty!acid!ester!moiety.!The!LC8MS!methods!use!the!characteristic!

signal!of!dioxolanylium!ion,!which!represents!of!the!fatty!acid,!to!profile!batches!of!PSs.!

LC8MS!allowed!for!more!comprehensive!characterization!of!the!minor!components!in!

PSs!and!more!accurate!profiling!of!the!variability!between!batches.!Erdem!et!al.41!used!

LC!and!ion!mobility!MS!to!separated!isobaric!species!in!PS!85!with!different!degrees!of!

esterification!by!size/shape.!Yi!et!al.34!developed!a!method!using!2D8LC!coupled!with!

charged!aerosol!detection!(CAD)!and!MS!to!identify!and!quantity!the!different!ester!

components!in!PSs.!These!methods!were!developed!to!characterize!the!native!PS!profile!

for!use!in!industrial!application.!!

This!work!represents!the!first!attempt!at!comprehensive!characterization!of!all!

nonionic!PS!species!within!Corexit!using!RP8UHPLC!coupled!with!CAD!and!ultra!high!

resolution!mass!spectrometry!(UHRMS).!CAD!is!a!universal!detector!for!semivolatile!

and!nonvolatile!compounds!while!HRMS!allows!for!complete!identification!of!

individual!compounds!by!using!accurate!mass!measurements!(<2ppm).!This!method!

allowed!for!systematic!differentiation!of!isomers!using!high!resolution!MS/MS!spectral!

analysis!and!differentiation!of!isobars!in!the!full!scan!high!resolution!spectra.!An!

improved!understanding!of!the!molecular!heterogeneity!and!polydispersion!of!Corexit!
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$%&'(!)*!&+*,&'!-.!/0%,-'-.1!23*!,42*!4.(!/*0+-+2*.5*!%,!6%0*7-2!4,2*0!4//'-542-%.!-.!23*!

*.8-0%.9*.2:! !

2.2 Materials and Methods  

2.2.1 Reagents and Materials  

;''!+%'8*.2+!$*0*!<=>6!104(*!%0!3-13*0:!;!.*42!+24.(40(!%,!(-%52?'!+%(-&9!

+&',%+&55-.42*!@ABCCD!$4+!/&0534+*(!,0%9!C-194!;'(0-53!@C2:!>%&-+E!FBD:!>-G&-(!

+24.(40(+!%,!60%(4!C24.(40(!H$**. I !JK!@=C!JKD!@)4253L!FMNA#OPQDE!60%(4!C24.(40(!

H$**. I JO!@=C!JOD!@)4253L!KJOMKKORDE!4.(!60%(4!C24.(40(!C/4.I !JK!@+%0)-24.!

9%.%%'*42*D!@)4253L!FMNAQS"PD!$*0*!%)24-.*(!,0%9!C-194!;'(0-53!@C4-.2!>%&-+E!FBD:!

6%0*7-2!$4+!%)24-.*(!,0%9!T4'5%!<%'(-.1!6%9/4.?:!U.+24.2!B5*4. I !+4'2!9-7!$4+!

5%9)-.*(!$-23!<=>6!104(*!$42*0!,%0!23*!+4'2 !$42*0!9420-7:!;''!1'4++$40*!$4+!9&,,'*(!

42!QOKV6!,%0!J!3%&0+!/0-%0!2%!&+*:!H*,'%.!,'4+W+!4.(!4&2%+49/'*0!8-4'+!$*0*!5'*4.*(!)?!

+&55*++-8*!$42*0!4.(!45*2%.*!0-.+*+!2%!/0*8*.2!5400?%8*0!)*2$**.!*7/*0-9*.2+:!

2.2.2 Analytical standard stability  

C&0,4524.2!0*,*0*.5*!+2%5W+!@.X#KD!$*0*!/0*/40*(!,0%9!23*!'-G&-(!+24.(40(+!,%0!

=C!JKE!=C!JOE!+%0)-24.!9%.%%'*42*E!4.(!6%0*7-2!-.!45*2%.-20-'*E!4.(!,0%9!23*!+%'-(!

+24.(40(!,%0!ABCC!-.!9*234.%':!;''!+2%5W+!$*0*!+2%0*(!42!Y"KV6!-.!#KKZ!+%'8*.2!&.2-'!

&+*:![%0W-.1!4.4'?2-54'!+24.(40(+!$*0*!/0*/40*(!-.!#KZ!45*2%.-20-'*L!\KZ!$42*0!-.!

H*,'%.!4&2%+49/'*0!8-4'+:!!
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2.2.3 Sample preparation and recovery experiments  

#$%&'()!*(+(!&+(&$+(,!-.! "/0%1! 2$'3(.(!4(5'6.!789!8+'(.%(:(+!5'$);)!

<4=(+%6!7-)=(+!#>-(.?-5->@A!#B+5$>?$.?)!*(+(!,-))6'C(,!-.! D.)?$.?!E>($.!?6!)-%B'$?(!

)($*$?(+!>6.,-?-6.)!$.,!%-%->!-6.!)B&&+())-6.A! #6'-,!&=$)(!(F?+$>?-6.!*$)!&(+56+%(,!

*-?=!G$?(+)!E$)-)!H1I!>$+?+-,3()!<J>>K!/00%3K!L0M%K!N-'56+,K!NO@A!I+-(5':K!>$+?+-,3()!

*(+(!&+-%(,!*-?=! $>(?6.(K!PQP!$>(?6.(Q!*$?(+K!$.,!*$?(+!<P0!%1@A!#$%&'() !* (+( !'6$,(,!

6.?6!?=(!>$+?+-,3(!$?!$!+$?(!65!P0!%'!%-. RPA!4=(!>$+?+-,3()!*(+(!*$)=(,!*-?=!H91S!3 +$,(!

*$?(+!$.,!,+-(,!B.,(+!C$>BB%A!4=(!4(5'6.!5'$);)!*(+(!+-.)(,!*-?=!$>(?6.( !<LFL%'@K!$.,!

?=(!$>(?6.(!*$)!B)(,!?6!('B?(! ?=(!>6%&6B.,)!5+6%!?=(!>$+?+-,3(A!#$%&'()!*(+(!,+-(,!-.!

$!4=(+%6!#$C$.?!#&((,C$>!#9TRP"P9!$.,!+(>6.)?-?B?(,!-.!/00 !M'!$>(?6.-?+-'(!$.,! )?6+(,!

-.!?=(!R"0US!B.?-'!$.$':)-)A! !

9+-6+!?6!$.$':)-)K!"0!M'!65!(F?+$>?!*$)!,-'B?(,!-.!PV0!M'!65!H91S!3+$,(!*$?(+!*-?=!

/%%6'!$%%6.-B%!$>(?$?(!-.!$!#$C-''(F!/00M'!97O!$B?6)$%&'(+!C-$'!<W.6FC-''(K!42@A!

4=(!&+(&$+(,!)$%&'(!*$)!$.$':X(,!*-?=-.!"Y!=6B+)K!Z(>$B )(!?=(!(F?+$>?!*$)!B.)?$Z'(!-.!

$[B(6B)!)6'B?-6.)!56+!'6.3(+!?=$.!YV!=6B+)A"\ !!

2.2.4 UHPLC-HRMS-CAD Analysis  

H-3=!&(+56+%$.>(!'-[B-,!>=+6%$?63+$&=:!<H91S@!$.$':)-)!*$)!&(+56+%(,!6.!$!

/ !M'!-.](>?-6.!65!)$%&'(A!4=(!H91S!):)?(%!>6.)-)?(,!65!$!9O1!$B?6 R)$%&'(+!<4=(+%6!

7-)=(+!#>-(.?-5->@!$.,!T-6.(F!^'?-%$?(!L000_#!Z-.$+:!=-3=!&+())B+(!%-F-.3!&B%&!
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$%&'()*+,-&'(!./,'01,2,/3!405!4!678'(-,9!:*95!; <!('='(-'5!8&4-'!/*9>)0!$?@A!B)C!"DD!E!

"@?!))C!%&'()*!+,-&'(!./,'01,2,/C!.40!F*-'C!;G3@!%&'!,0,1,49!/*05,1,*0!*2!1&'!/*9>)0!H4-!

ADIG!$J!BK!4))*0,>)!4/'141'!,0!H41'(3!405!?DIL!$JBK!4))*0,>)!4/'141'!,0!

4/'1*0,1( ,9'3!H,1&!4!29*H!(41'!*2!#DD!BM!),0 N?!405!/*9>)0!*='0!1')8'(41>('!*2!#DO;@!%&'!

404971,/49!P(45,'01!H4-!&'95!41!?DIL!>01,9!?!),0>1'!1&'0!(4)8'5!1*!AAIL!>01,9!"D!

),0>1'-!>-,0P!4!/*0='E!$9'='9!#3!/>(=' @!%&'!P(45,'01!H4-!&'95!41!AAIL!>01,9!"J!),0>1'-!

405!('1>(0'5!1*!,0,1,49!/*05,1,*0-!"J@?!),0>1'-@!Q0,1,49!/*05,1,*0-!H'('!&'95!2*(!J!),0>1'-!

2*(!/*9>)0!(' N'R>,9,S(41,*0@!

+>99!-/40!K.!5'1'/1,*0!H4-!8'(2*()'5!H,1&!40!T(S,1(48!+>-,*0!M>)*-!

$('-*9>1,*0!U!V!"<DW!41!"DD!!"#$%(40P'!?JDN"DDD%!"# C!4>1*)41,/!P4,0!/*01(*9!<'JX!

)4E,)>)!,0Y'/1,*0!1,)'!?DD)-3!H,1&!'9'/1(*-8(47!,*0,Z41,*0!$[.Q3!,0!8*-,1,='!)*5'!H,1&!

4!-8(47!=*914P'!*2!##DD!\!405!4!/48,994(7!1')8'(41>('!*2!"]JO;!405![.Q!,0!0'P41,='!)*5'!

H,1&!4!-8(47!=*914P'!*2!N"JDD!\@!K.^K.!4/R>,-,1,*0!H4-!8'(2*()'5!>-,0P!8'4W!48'E!

5'1'/1,*0!405!5704),/!'E/9>-,*0@!_('/>(-*(-!2*(!K."!H'('!-'9'/1'5!>-,0P!%*8!.8''5!

)'1&*5!H,1& !?N-'/*05!/7/9'!1,)'@!6,P& N('-*9>1,*0!T(S,1(48!K."!40497-,-!/*0-,-1'5!*2!

&,P&!/*99,-,*0!5,--*/,41,*0!$6;`3!<J'\X!G;:!"@J'<X!)4E,)>)!,0Y'/1,*0!1,)'a!JD)-X!

,-*941,*0!H,05*H!?@b`4C!UV?JW@!!
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$%&!'()*+!,-.!/0123&4!50!-!6708&9!+0:08-!'35:-!+%-:;&4!<&:0.03!6&5&/50 :!

=+<6>!02&:-5&4!-5!?@!2.7!875:0;&8A!8&B137C&:!%&-5&:!"@D+A!E735&:!,-.!.&5!50!FA!4-5-!

/033&/5708!:-5&!-5!GF!(CA!20,&:!E18/5708!.&5!50!GH!!

I087C-5708!&EE7/7&8/J!,-.!-..1K&4!50!B&!/08.7.5&85!,75%78!&-/%!&.5&:!/0K208&85A!

%0,&L&:A!5%&:&!-:&!205&857-5708!47EE&:&8/&.!B&5,&&8!&.5&:.!/0K208&85.!-84!5%&:&E0:&!

5%&!MN!:&.135.!-:&!.&K7OP1-8575-57L&H!+<6!,-.!1.&4!50!2&:E0:K!P1-8575-57L&!-8-3J.7.!0E!

+0:&975!BJ!&.5&:!/0K208&85H!!

2.2.5 Data Analysis  

$:-/&!Q784&:!#HG!=$%&:K0Q7.%&:!N/7&857E7/>!,-.!1.&4!50!4&5&:K78&!5%&!505-3!2&-R!

785&8.75J!E0:!&-/%!E&-51:&!,75%!-!K-..!503&:-8/&!0E!?!22KA!:&5&85708!57K&!,7840,!0E!SF!

.&/084.A!-84!78/314&4!7.0502&!2-55&:8!K-5/%!-84!E:-;K&85-5708!708!74&857E7/-5708H!$%&!

505-3!E&-51:&!785&8.75J!,-.!4&5&:K78&4!BJ!5%&!.1K!0E!K135723&!K03&/13-:!708.A!78/31478;!

2:0508A!.0471KA!0:!-KK0871K!-441/5.!E0:!.78;3J!/%-:;&4!.2&/7&.A!0:!-8J!/0KB78-5708!

E0:!401B3J!/%-:;&4!.2&/7&.H!+:75&:7-!50!.1220:5!-!/0K20184!74&8575J!78/314&4!=G>!&9-/5!

K-..!=T!?22K>A!=">!0//1::&8/&!0E!K0:&!5%-8!&7;%5!&5%09JK&:.!78!-!%0K030;1&!.&:7&.A!=?>!

&92&/5&4!:&5&85708!57K&!-84!B&%-L70:A!=#>!2&-R!.%-2&!.7K73-:75J!,75%78!-!%0K030;1&!

.&:7&.A!=@>!E78&!7.0502&!2-55&:8A!-84!=U>!785&:2:&5-5708!0E!MNVMN!1.78;!M-..!Q:0857&:!WHF!

=$%&:K0Q7.%&:!N/7&857E7/>H!M-..!Q:0857&:!7.!-!:13&OB-.&4A!!"#$!%!&'!K-. .!.2&/5:-3!
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$%&'()*+&+,-*!.%)/,0+,-*!+--12!34,04!45.-+4)6,7)6!$%&'()*+!,-*6!$-%!&!',8)*!"9!

(-1)0:1&%!6+%:0+:%)!;&6)/!-*!<*-3*!$%&'()*+&+,-*!%:1)6!&*/!1,;%&%,)6=!!

2.3 Results:  

2.3.1 Reversed Phase Separation of Corexit ¨ 9500 components  

>! %).%)6)*+&+,8)!;&6)!.)&<!,*+)*6,+5!?@ABC!04%-(&+-'%&(!$-%!D-%)E,+!,6!64-3*!,*!

F,':%)!G&=!H4)!4)+)%-')*),+5!-$!+4)!(,E+:%)!,6!)8,/)*+!$%-(!+4)!04%-(&+-'%&(!&6!3)11!&6!

+4)!$)&+:%)!/)+)0+,-*!.1-+!34)%)!(:1+,.1) !&*/!0-)1:+,*' !4-(-1-':)!6)%,)6!&%)!-;6)%8)/!

3,+4,*!)&04!)6+)%!0-(.-* )*+!?F,':%)!G; C=!I,(,1&%!+-!-+4)%!.-156-%;&+)!6:%$&0+&*+62GJ!+4)!

0-(.-*)*+6!-$!D-%)E,+ !)1:+) / !;5!+4)!/)'%))!-$!)6+)%,$,0&+,-*!3,+4!*-*)6+)%,$,)/!

)+4-E51&+)6!)1:+,*'!$,%6+!;)+3))*!KLM!(,*2!+4)! &*,-*,0!6:%$&0+&*+!9NII!&+!#="!(,*2!

(-*-)6+)%6!;)+3))*! MLKK!(,*2!/,)6+)%6!;)+3))*!K " LKO!(,*2!+%,)6+)%6!;)+3))*!KPL"" !(,*2!

&*/!$,*&115!+)+%&)6+)%6!;)+3))*!"GL"#(,*=! !

Q1:+,-*!.%-$,1)6!$-%!)&04!6:%$&0+&*+!3)%)!)E&(,*)/!;5!0-*6+%:0+,*'!+4)!)E+%&0+)/!

,-*!04%-(&+-'%&(! ?RBDC!?F,':%)!MC!$%-(!)E&0+!!"# !8&1:)6!+-!/)+)%(,*)!+4)!,*$1:)*0)!-$!

04&,*!1)*'+42!6&+:%&+,-*2!&*/!0-%)!'%-:.!-*!%)+)*+,-*!+,()! &*/!8)%,$5!%)6:1+6!&'&,*6+!

)E.)0+)/!)1:+,-*!.&++)%*6 =!S,+4,*!&!0-(.-*)*+2!4-(-1-':)!6)%,)6!)1:+ )/!3,+4!,*0%)&6,*'!

04&,*!1)*'+4T!64-%+)%!$&++5!&0,/!?F>C!04&,*6!)1:+)/!.%,-%!+-!1-*')%!04&,*6!?F,':%)!M&C=!

A-15L:*6&+:%&+)/!F>!)6+)%6!&%)!(-%)!45/%-.4,1,0!+4&*!6&+:%&+)/!F>!)6+)%6=!H4)%)$-%)2!
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$%&'()*+,-).,-/0 !12+!/&)-/0!/,.&3/.!-4,* !5%*%()*+,-).,-/0!12!/+-/.+6!,*0!+,-).,-/0!12!

/+-/.+!7138)./!9:;<!=%-4!%:+/.>,-3%*+!?/./ !@%*+3+-/*-!?3-4!-4/!/A$/@-/0!/&)-3%*!$,--/.*<!!

B3-43*!+/.3/+!@%*-,3*3*8!-4/!+,5/!12!@4,3*!&/*8-46! 0/8.//!%C!+,-).,-3%* !,*0!

*)5:/.!%C!/+-/.!8.%)$+ 6!-4/!/&)-3%*!%.0/.!%C!-4/!@%./!8.%)$!C%&&%?/0D!+%.:3-,*6!

3+%+%.:30/6!,*0!-4/*!12!/+-/.!7138)./ !E,;<!F$/@-.,!)*0/.!+/>/.,&!$/,G+!?/./!/A,53*/0!-%!

0/-/.53*/!-4/!,00)@-!03+-.3:)-3%*!:/-?//*!@%./!8.%)$+!,*0!?3-43*!,!+/.3/+<!H4/!+$/@-.,!

C%.!IJK!+%.:3-,*!5%*%%&/,-/!@%*-,3*/0!-?%!5,L%.!3%*!+/.3/+D!MNOPQ9RO!,*0!

MNO"7PQ9;RO"6!?43&/!MNOP,RO!./$./+/*-/0!,!53* %.!+/.3/+!7138)./!E:;<!1%.!+%.:3-,*!

5%*%%&/,-/6!-4/!5,L%.!3%*!3+!MNOP , RO<!H4/!5,L%.!3%*!C%.!JK!@4,3*+!&/++!-4,*!S#!?,+!

MNOPQ9RO6!,*0!MNO"7PQ9;RO"!C%.!JK!@4,3*!&/*8-4+!8./,-/.!-4,*!S#<!H4/!+$/@-.,!C%.!IJK!

3+%+%.:30/!5%*%%&/,-/!,*0!IJK!5%*%&/,-/!,./!0%53*,-/ 0!:'! MNOPQ9RO!3%*!+/.3/+6!,*0!

-4/!MNOP,RO!+/.3/+!@%5$.3+/0!,:%)-!"TU!%C!-4/!-%-,&!C/,-)./!,./,<!H4/!MNOQRO!3%*!?,+!

*%-!0/-/@-/0!3*!,*'!+/.3/+ <!!

H4/!*)5:/.!%C!JK!)*3-+!,&+%!,CC/@-/0!-4/!./-/*-3%*!-35/!%C!$%&'+%.:,-/+!7138)./!

V:;<!P%*/+-/.3C/0!+/.3/+!/&)-/ 0!?3-4!3*@./,+3*8!JK!@4,3*!&/*8-4<!JK!@4,3*!&/*8-4!4,0!*%!

/CC/@-!%*!-4/! /&)-3%*!%C!5%*%/+-/.+!+/.3/+<!W3/+-/.6!-.3/+-/.6!,*0!-/-.,/+-/.!+/.3/+ !/&)-/0!

?3-4!0/@./,+3*8!JK!@4,3*!&/*8-46!,+!&%*8/.!JK!@4,3*+!3*@./,+/0!-4/! 4'0.%$43&3@3-'!%C!-4/!

5%&/@)&/<!X/$./+/*-,-3>/!+-.)@-)./+!C%.!,&&!-4/!@%5$%*/*-+!7138)./!#;!,*0 !3*@&)0/!-4/!

*,5/!,*0!.,*8/!%C!-4/!JK!@4,3*!&/*8-4! 0/-/@-/0!$/.!+/.3/+<!
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2.3.2 Core group and EO distri bution in Corexit  

$%&!'()&*+(!,-!.&+&/,0&%&1+2!31+.1%!4,/&51+!1(!6&/17&6!-/,8!+.&!+2)&!,-!*,/&!

0/,9) !1%!'!(&/1&(:!;.&!+./&&!,<(&/7&6 !*,/&!0/,9)(!'/&!(,/<1+'%=!1(,(,/<16&=!'%6! >? !&(+&/(:!

?@+.,90.!),@2(,/<'+&(!'/&!,-+&%!6&(*/1<&6!<2!+.&!(,/<1+'%!*,/&=!'@@!+./&&!*,/&!0/,9) ( !

3&/&!&A9'@@2!61(+/1<9+&6!1%!+.&!&+.,52@'+&=!8,%,&(+&/=!'%6!61&(+&/!*,8),%&%+(!B>109/&!

#'C:!D%!+.&!8,%,&(+&/!'%6!61&(+&/!*,8),%&%+(=!EF$!&(+&/(!'/&!+.&!)/&6,81%'+&!()&*1&(!

BGHI #J!'%6!GKI LJ=!/&()&*+17&@2C=!-,@@,3&6!<2!EF$!(,/<1+'%!&(+&/(!BK"I MJ!'%6!KNI #J=!

/&()&*+17&@2C!'%6!EF$!1(,(,/<16&!&(+&/(!B"LI GJ!'%6!OLI KJ=!/&()&*+17&@2C:!D%!+.&!

&+.,52@'+&!*,8),%&%+=!EF$!1(,(,/<16&!&%*,8)'((&6!+.&!@'/0&(+!),/+1,%!BGHI KJC=!

-,@@,3&6!<2!EF$!(,/<1+'%!BKGI KJC=!'%6!EFP!B"MI "JC:!;.&!+/1&(+&/!'%6!+&+/'&(+&/!

*,8),%&%+(! ,%@2!*,%+'1%&6!+.&!(,/<1+'%!*,/&!0/,9)=!'(!+.&!(,/<1+'%!(+/9*+9/&!.'(!-,9/!

/&'*+17&!.26/,52@!0/,9)( !-,/!&(+&/1-1*'+1,%=!3.1@&!1(,(,/<16&!,%@2!.'(!+3,!.26/,52@!(1+&(:!

;.1(!,<(&/7&6!61(+/1<9+1,%!,-!*,/&!0/,9)(!(900&(+(!+.'+!+.&!.26/,52@!(1+&(!.'7&!(181@'/!

/&'*+171+2!+,!&(+&/1-1*'+1,%!(1%*&!+.&!-/'*+1,%!,-!+.&!*,/&!0/,9)(!3'(!*,%(1(+&%+!<&+3&&%!

61--&/&%+!6&0/&&(!,-!&(+&/1-1*'+1,%:!!

;.&!'7&/'0&!%98<&/!,-!F$!9%1+(!-,/!),@2(,/<'+&(! 1(!'@(,!<'(&6!,%!+.&!%98<&/!,-!

/&'*+17&!.26/,52@!(1+&(!,%!+.&!*,/&!0/,9):QO!R1%*&!&'*.!.26/,52@!(1+&!.'(!&A9'@!/&'*+171+2=!

' %!&+.,52@'+1,%!,- !"HSO!F$ S!(,/<1+'%T1(,(,/<16&!3,9@6!/&(9@+!1%!'%!'7&/'0&!F$!*.'1%!

@&%0+.!,-!Q:#!F$!9%1+(!)&/!'/8U!+.&/&-,/&=!(,/<1+'%V*,%+'1%1%0!(&/1&(!3,9@6!1%*@96&!,%!
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$%&'$(&!")!*+!,-./0!$-1!.0202'3.1& 452-/$.-.-(!0&'.&0!62,71!52-/$.-!89 :)8!;-1&&1<!

02'3./$-!0&'.&0!&=>.3./&1!$-!$%&'$(&!*+!7&-(/>!2?!"@<!6>.7&!.0202'3.1&!$-1!?$//A!$5.1!

&0/&'!0&'.&0!52-/$.-&1!8"!$-1!8B!*+!,-./0!C&'!D27&5,7&<!'&0C&5/.%&7A!EF.(,'&!G3H:!I>&!?,77!

*+!1.0/'.3,/.2-!2?!J*+!02'3./$-!D2-2&0/&'!.0!0>26-!.-!F.(,'&!G3!E.-0&/H<!6./>!*+!

1.0/'.3,/.2-!'$-(.-(!?'2D!B 4KB!,-./0:!I>&!-2- 4&/>2=A7$/&1!02'3./$-!D2-2&0/&'!.0!$702!

1&/&5/&1!.-!/>&!0&'.&0:!I>.0!52DC2,-1!.0!1&'.%&1!?'2D!/>&!LC$-#B!0,'?$5/$-/!$-1!

52DC'.0&0!B:#M!2?!/>&!/2/$7!>2D272(,&!0&'.&0!3A!$'&$:!+%&'$77<!/>&!$%&'$(&!*+!5>$.-!

7&-(/>!$-1!*+!1.0/'.3,/.2-!6$0!027&7A!1&C&-1&-/!2-!/>&!-,D3&'! 2?!'&$5/.%&!>A1'2=A7!

0./&0!2-!/>&!52'&!('2,C!$-1!-2/!2-!/>&!1&('&&!2?!&0/&'.?.5$/.2-:!I>.0!?.-1.-(!.0!52-0.0/&-/!

6./>!C'&%.2,07A!'&C2'/&1!'&0,7/0!?2'!2/>&'!C27A02'3$/&!0C&5.&0:9)<!)8!

2.3.3 Distribution of fatty acid s in Corexit  

N7/>2,(>!JL#B!$-1!JL#@!$'&!52DD&'5.$77A!57$00.?.&1!3A!/>&!27&$/&!&0/&'!D2.&/A<!

0/,1.&0!>$%&!0>26-!/>$/!&$5>!?2'D,7$/.2-!52-/$.-&1!$!%$'.&/A!2?!5>$.-!7&-(/>0!$-1!

0$/,'$/.2-0: K8<!@#<!)"!O$0!5>'2D$/2('$C> A!EOPH!.0!$!57$00.5!D&/>21!?2'!1&/&'D.-.-(!?$//A!

$5.1!52DC20./.2-!.-!C27A02'3$/&0:9Q!R26&%&'<!OP!'&S,.'&0!0$C2-.?.5$/.2-!2?!/>&!?$//A!

$5.1<!6>.5>!&7.D.-$/&0!/>&!52DC2,-1!0C&5.?.5!.-?2'D$/.2-!/>$/!62,71!3&!$%$.7$37&!.-!$!

6>27&!52DC2,-1!$-$7A0.0:!!

TP4RUVL!D&/>210!>$%&!3&&-!,0&1!/2!.1&-/.?A!.-/$5/!52DC2,-10!$-1!

1&/&'D.-&1!/>&!&0/&'!1.0/'.3,/.2-!.-!5>'2D$/2('$C>.5$77A!'&027%&1!C&$W0:!I>&!D$X2'!
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2,0,5$0,5*('! @DAEF"C!*0.!=>?!@AAC!$%,%,+G$.'!2,0,%('*+*('!@DAEFHC!-'+'!$%,2'+%!-$()!

()*# #AB6IBAA!/,+!()'!J8KL7 BMK!$,0!@<$1&+'!EC6!N)' !/$+%(!/'*(&+' !'5&('.!*(!AA6O!2$0&('%!

-$()! ()* !#AB6IB"H!@H6#E!442C6!N)'! 7P Q89:89! %4'3(+*!3,0(*$0'.!*!2*%%!/+*12'0(!*(! ()* !
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2*%%!'++,+F!B6H#!442C6!N)$%!%4'3(+&2!4+,T$.'.!'T$.'03'!()*(!()'!/'*(&+'!-*% !=>?!@ABC!

2,0,5$0,5'*(' 6!N)'! %'3,0.!/'*(&+' !'5&('.!*(!A"6I!2$0&('%!-$()! ()*# #AB6IB"E!@A6EI!442C6!

N)'!7P Q89:89!%4'3(+*!,/!()$%!/'*(&+' !)*.! 2*%%!/+*12'0(!$,0%!*(! ()* !OAA6"#IB!*0.!

ER6HBBA!-)$3)!-'+'!2*(3)'.!(,! * !%('*+*('!/+*12'0(!@JD"H7 OE? "K7MK;!'S *3(!( )*!OAA6"#BB;!

2*%%!'++,+!I6"B!442C6!U%,2'+%!-'+'!%V%('2*($3*55V!3,0/$+2'.!GV!/+*12'0(%!%(+&3(&+'%!

/,+!'*3)!%'+$'%6!N)$%!2'(),.%!$%!%$2$5*+!(,!()'!&%'!,/!()'!W.$,S,5*0V5$&2X!$,0%!&%'.!(,!

4+,/$5'!4,5V%,+G*('%;!),-'T'+!$0%('*.!,/!&%$01!()'!3)*+*3('+$%($3!$,0!/,+!4+$2*+V!

$.'0($/$3*($,0;!()'V!*+'!&%'.!*%!%'3,0.*+V!3,0/$+2*($,06! !

D,+'S$(!-*%!.,2$0*('.!GV!()'! DAE!/*((V!*3$.!*3+,%%!*55!'%('+!3,24,0'0(%! @<$1&+'!

#C6!N)'!,5'*('! 2,$'(V!*33,&0('.!/,+!IH6AY!,/!()'!(,(*5!<Z%! GV!*+'*!-$()$0!D,+'S$(;!

/,55,-'.!GV!()'!5$0 ,5'*('!@DAEF"C!"EY6!N)'!*5('+0*($T'!<Z!2,$'($'%!3,24+$%'.!5'%%!()*0!

A"Y!GV!*+'*6!N)'!2$0,+!<Z!2,$'($'%!$035&.'.!%('*+*('!@DAEFHC!O6EY;!)'4(*.'3*0*('!
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$%&'(#)!&*+,-!./0!12345.021/4.61!$%+#(+)!&*7,-!5849/!2/!681!2/516!4:!;2<=>1!?*!@A684=<8!

681!>./<1!4:!;@!B4216215!25!02C1>51-!681!B.D4>26E!4:!34BF4=/05!91>1!681!%&G(&!4>!%&G(+!
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%4>1I26!9.5!.A54!38.>.361>2J10!HE!B.D4>!;@!B4216215!H16911/!1561>2:23.624/!

<>4=F5!$;2<=>1!&#)!2/!98238!1.38!04B2/./6!51>215!92682/!./!1561>!<>4=F!34/6.2/10!.6!

A1.56!4/1!4A1.61!B4216E*!K81!LMN!4A1.61!9.5!681!04B2/./6!5F13215!$+7O7,)!92682/!681!

B4/41561>!34BF4/1/65-!:4AA4910!HE!LMN!54>H26./!B4/44A1.61!$&?O",)-!./0!LMN!

25454>H201!B4/44A1.61!$&PO",)*!K81!B.D4>!51>215!92682/!681!021561>5!91>1!LMN!

B4/44A1.61!B4/4A2/4A1.61!$&GO",)-!LMN!024A1.61!$&PO",)-!./0!LMN!54>H26./!024A1.61!

./0!LMN!54>H26./!B4/44A1.61!B4/4A2/4A1.61!98238!.334=/610!:4>!&+O+!./0!&#O",-!

>15F1362C1AE*!Q/!681!6>2R!./0!616>.R1561>!34BF4/1/65-!681!B.D4>!51>215!34/6.2/10!.6!A1.56!

4/1!4A1.61!B4216E*!LMN!54>H26./!6>2561.>.61!./0!616>.561.>.61!91>1!/46!4H51>C10!2/!6825!

./.AE525*!K81!561.>.61!;@!.334=/610!:4>!A155!68./!7,!HE!.>1.!.3>455!.AA!1561>5!2/!%4>1I26S!

681!6>2561.>.61!./0! 616>.561.>.61!51>215!B2<86!H1!F>151/6!8491C1>-!H13.=51!4:!6812>!82<8AE!
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2.3.6 Corexit and PS recovery and relative response factor using CAD 
and MS  
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Figure'6:'Classification'of'polysorbate'compound'classes,'structures,'and'EO'
chain'length'
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Figure'7:'Distribution'of'core'groups'(a)'and'average'EO'chain'length'for'fatty'
acids'isosorbide,'and'sorbitan'(b)'within'each'ester'component.'Inset'shows'

distribution'of'EO'units'for'PEO'sorbitan'monoesters.'
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2<)& &

2/:=/0%0
,&

<=%3&
& >!&
?:*0@&

>%$",*A%&<:/.0,&/1&B+,%-+&*0&9.-1"C,"0,&?D@&#E&2<)&
2/-%3*,&4566& 89&F6& 89&F5&

98<G&F6&
$%&'()*+%,-! "./" ! 0.11!2!3."4! 5".652!5.7! 5.4/!2!3.5"! 89 !
:';',-%,<- ! 50.35! 5"."5!2!0.45! "6.632!/.04! 01.562!5.06! 07.452!5.3#!
9=,-%,<-! 03.37! 06.55!2!3.61! 01.052!".40! "0.352!3.#"! "".3# 2!3.// !
><=,-%,<-! 0".0#! 03.0#!2!5.77! 6.002!3.57! 07.702!3.40! 0#.7#2!3.05!
>,%<+,-%,<-! 01.35! 6.07!2!0.47! 3."3!2!3.01! 0.452!3.74! 3.442!3.05!
9?@@! 6./1! 01.3/!2!5.74! AA! AA! AA!
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3. Elucidation of biotransformation products and kinetic 
rates of surfactants from Corexit ¨ 9500 in seawater using 
high -resolution mass spectrometry  

3.1 Introduction  

$%&!'(&!)*! +%&,-+./!0-(1&2(.34(5!,.-3/6!7)2&8-4 9 !:";;5!-3!4%&!.*4&2,.4%!)*!4%&!

<&&1=.4&2!>)2-?)3!@-/!A1-//!=.(! )3&!)*!4%&!.B.-/.C/&!&,&2D&3+6!2&(1)3(&!)14-)3(!4)!

,-4-D.4&!4%&!-,1.+4!)*!+2'0&!)-/!)3!+).(4./!&+)(6(4&,(E!F&.2/6 !G!,-//-)3!/-4&2(!)*!7)2&8-4!

=&2&!.11/-&0!.4!('2*.+&!)-/!(/-+H(!.30!.4!4%&!=&//%&.0!-3!)20&2!4)!0-(1&2(&!+2'0&!)-/!-34)!

4%&!=.4&2!+)/',3 !.30!2&0'+&!('2*.+&!)-/!(/-+H(5I !,.H-3D!4%-(!4%&!/.2D&(4!.11/-+.4-)3!)*!

+%&,-+./!0-(1&2(.34(!-3!4%&!,.2-3&!&3B-2)3,&34!4)!0.4&E!7)2&8-4!:";;!-(!+),1)(&0!)*!

()/B&34(5!0-12)16/&3&!D/6+)/!C'46/!&4%&2!J<KLMN!.30!3)21.2O#5!4%&!.3-)3-+!('2*.+4.34!

0-)+46/!()0-',!('/*)('++-3.4&!J<@AAN5! .30! 3)3-)3-+!1)/6()2C .4&!('2*.+4.34(5!$=&&39 !P;!

J1)/6()2C.4&!JQAN!,)3))/&.4&N5!$=&&39 !P"!JQA!42-)/&.4&N5!.30!A1.3 9 !P;!J()2C-4.3!

,)3))/&.4&NEIG!$%&!0-(1&2(.34(!=&2&!.11/-&0!4)!.++&/&2.4&!4%&!0-(()/'4-)3!)*!+2'0&!)-/!C6!

2&0'+-3D!4%&!-34&2*.+-./!4&3(-)3!C&4=&&3!+2'0&!)-/!.30!=.4&2EI5!R"!S3-4-./!2&(1)3(&(!4)!4%&!

0-(1&2(.34!.11/-+.4-)3!*)+'(&0!)3!4%&!4)8-+-46!)*!7)2&8-4!O:5!#T!.30!-4(!-,1.+4!)3!4%&!

C-)0&D2.0.4-)3!)*!0-(1&2(&0!)-/EO;5!#G5!RRURG!>)=&B&25!4%&!*.4&5!1&2(-(4&3+&5!.30!0&D2.0.4-)3!

2.4&(!)*!-30-B-0'./!('2*.+4.34(!-3!7)2&8-4!'30&2!,.2-3&!+)30-4-)3(!.2&!(4-//!2&/.4-B&/6!

'3H3)=3E !
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$%&'(!)%(!*+&,+&-!./01*-)*+)2!34552!%*.!6((+!*..(..(7!1,0!)%(!8&+()&-!7(90*7*)&,+!

*+7! (+:&0,+;(+ )*'!<(0.&.)(+-(2 !*!-,;<0(%(+.&:(!*+*'=.&.!,1!)%(!7(90*7*)&,+!0*)(.!*+7!

(+:&0,+;(+)*'!1*)(!,1!)%(!+,+&,+&-!./01*-)*+).!&+!>,0(?&)!%*.!+,)!6((+!&+:(.)&9*)(7@!

3455!A*.!7()(-)(7!&+!)%(!./6./01*-(!<'/;(!7/0&+9!3((<A*)(0!B,0&C,+!,&'!.<&''!A%(0(!&)!

0(;*&+(7!7()(- )*6'(!1,0!DE!7*=.!*+7!/<!),!#FF!8;!10,;!)%(!*<<'&-*)&,+!.&)(@ GH!B,A(:(02!

'*6,0*),0=!. )/7&(.! ,+ !3455!6&,7(90*7*)&,+!*0(!-,+)0*7&-),0=@!I*0-&* !()!*'@DJ!1,/+7!3455!

;&+(0*'&C(7!6=!JFK!&+!10(.%A*)(0!A&)%&+!GJ!7*=.2!A%&'(!>*;<,! ()!*'@DH!1,/+7!3455! A*.!

6&,7(90*7(7!6=!HJK!&+!J!7*=.!A%(+!&+-/6*)(7!&+!./01*-(!.(*A*)(0!*)!G" L>!*+7!#J!7*=.!

&+!7((<!.(*A*)(0 !*)!" L>@!5/-%!1&+7&+9.!%*:(!0*&.(7!M/(.)&,+.!*6,/)!1*)(!*+7!<(0.&.)(+-(!

,1!)%(!+,+&,+&-!<,'=.,06*)(!./01*-)*+).@ !!

N,'=.,06*)(.!ON5P!*0(!A&7('=!/.(7!&+!<%*0;*-(/)&-*'!*+7!-,.;()&-!1,0! )%(&0!',A!

),?&-&)=2!*+7!.)*6&'&C&+92!(;/'.&1=&+92!*+7!A())&+9!<0,<(0)&(.@#"2!QF!N5!JF2!N5!J"2!*+7!

.,06&)*+!;,+,,'(*)(!0(<0(.(+)!)%(!+,+&,+&-!./01*-)*+).!&+!>,0(?&)@!R%(=!*0(!

%()(0,9(+(,/.!;&?)/0(.!,1!<,'=()%,?='*)(! ONS4P!.,06&)*+!,0!&.,.,06&7(!A&)%!1*))=!*-&7!

OTUP!(.)(0.@!R%(!<0(7,;&+*)(!TU!;,&()=!&.!)%(!,'(&-!*-&72!%,A(:(0!)%(0(!&.!7&:(0.&)=!&+!

)%(!TU!-%*&+!'(+9)%!*+7!.*)/0*)&,+@!N5.!&+%(0(+)!-,;<'(?&)=!&+!-,0(!90,/<2!TU2!+/;6(0!

,1!()%,?='*)(!/+&).2!*+7!7(90((!,1!(. )(0&1&-*)&,+!&.!<0(./;(7!),!6(!)%(!0(*.,+!)%(=!*0(!

(?-(''(+)!./01*-)*+).!A&)%!;*+=!7&11(0(+)!*<<'&-*)&,+.@!V(-*/.(!,1!)%&.!7&:(0.&)=2!)%(!
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$%&'()*!+,-!,!.%/*!),01*!23!4+5-%2 67+*$%7,8!4)2-4*)%'%*-9!.+%7+!,33*7'-!'+*!-',:%8%'5!23!

'+*!$%&'()*9!,0/!'+*!*33*7'%; *!$*7+,0%-$-!23!/*1),/,'%20<! !

!=>(*2(-!-28('%20-!23!?@-!,)*!-(-7*4'%:8*!'2! /*1),/,'%20!:5!'.2!$*7+,0%-$-9!

*-'*)!+5/)285-%-! #A6##9!BC!,0/!,(' 2&%/,'%20<#D9!#E9!EA!F2'+!4,'+.,5- !+,;*!0*1,'%;*!*33*7'-!20!

'+*!-',:%8%G%01!4)24*)'%*-!23!?@-<!F,'*-!*'!,8<#A!/*'*)$%0*/!'+,'!'+*!+5/)285-%-!23!?@!HI!%-!

/*4*0/*0'!20!4J9!%20%7!-')*01'+9!,0/!' *$4*),'()*!,0/!1*0*),'*/!K=!*-'*)-!,0/!?LM!

-2):%',0<!N+*-*!:54)2/(7'- !,)*!+%1+85!.,'*)!-28(:8*9! 8,7O!,$4+%4+%8%7!4)24*)'%*-!23!,!

-()3,7',0'9!,0/!'+*)*:5!/%-)(4'%01!'+*!/*-%)*/!-()3,7',0'!4)24*)'%*-< #E9!BC!J*.%''!*'! ,8<##!

$,/*!-%$%8,)!2:-*);,'%20-!,0/!72))*8,'*/!'+*!+5/)285-%-!),'*!.%'+!K=!7+,%0!8*01'+<! !

=02'+*)!/*1),/,'%20!4,'+.,5!23!?@-!%-!,(' 2&%/,'%20<!=('2&%/,'%20!1*0*),'*-!

4*)2&%/*-!!"#$!%&'#.+%7+!,'',7O!3,''5!,7%/-!,0/!1*0*),'*!2&%/,'%20!'),0-32 )$,'%20!

4)2/(7'-9!.+%7+!7+,01*!'+*!2;*),88!-',:%8%'5!23!?@!,0/!8*,/!'2!-*720/,)5!

/*72$42-%'%20<D"9!#"!=('2&%/%G*/!),'*-! .*)* !,77*8*),'*/!:5!PQ!8%1+'9!4J9!2&51*09!,0/!

'*$4*),'()* 9!,0/!'+*!:54)2/(7'-!,/;*)-*85!,33*7'! '+*!-',:%8%'59!*$(8-%35%01!4)24*)'%*-9!

,0/!'2&%7%'5!23!'+*!$%&'()*<D"9!#E!=(' 2&%/,'%20!%-!,!4)%$,)5!7207*)0!32)!(0-,'(),'*/!K=-9!

8%O*!28*,'*-!,0/!8%028*,'*-<!F)%*3859!+5/)21*0!,:-'),7'%20!%-!%0%'%,'*/!'2!1*0*),'*!'+*!

)*,7'%;*!3)**!),/%7,8!%0'*)$*/%,'*9!.+%7+!),4%/85!)*,7'-!.%'+!,0!2&51*0!'2!4)2/(7*!,!

4*)2&58!),/%7,8<!N+%-!4*)2&58!),/%7,8!,:-'),7'-!,02'+*)!+5/)21*0!'2!720'%0(*!),/%7,8!

4)24,1,'%20<!R0!?@!HI9!,('2&%/,'%20!/*1),/,'%20!.,-!-+2.0!'2!32)$!2&2 69!O*'269!
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#$%&'($) *+!,-'($ *+!./%!#$%&'-,&'($ *!0'1,21,3!'4!2#,!'),.2,!4.22$!.51%678+!98!:,5'/%.&$!

%,;&.%.21'/!<12#!2#,!=,2' *!./%!#$%&'($) *!;&'>-3!<,&,!.)3'!&,-'&2,%!2'!4'&0!4.22$!.51%!

0,2#$)!,32,&3?76!!

@)2#'>;#!#$%&')$313!./%!.>2'(1%.21'/!'4!A:3!#.3!B,,/!,(2,/31C,) $!32>%1,3!

B,5.>3,!'4!2#,1&!>3,!1/!1/%>32&1.)!-&'%>523!./%!-#.&0.5,>215.)3+!),33!13!=/'</!.B'>2!2#,!

%,;&.%.21'/!'4!1/%1C1%>.)!5'0-'/,/23!'4!A:3!>/%,&!,/C1&'/0,/2.)!5'/%121'/3+!

,3-,51.))$!1/!3,.<.2,&6!A&,C1'>3!0,2#'%3!>3,%!5#.&.52,&13215!1'/!4&.;0,/23!2'!1%,/214$!.!

3,&1,3!B.3,%!'/!2#,!D@!,32,&6!E,&,!<,!>3,%!#1;#!&,3')>21'/!0.33!3-,52&'0,2&$ !<#15#!

5'0B1/,3!#1;#!3,/3121C12$!<12#!.55>&.2,!0.33!0,.3>&,0,/23!'4!1/%1C1%>.)!5'0-'>/%36!

F/!2#13!./.)$313!<,!5#.&.52,&1G,%!0.H'&!%,;&.%.21'/!-&'%>523!./%!=1/,215!%,;&.%.21'/!

&.2,3!'4!I'&,(12!>/%,&!B1'215!./%!.B1'215!3,.<.2,&!5'/%121'/3!./%!,(.01/,%!2#,!,44,52!'4!

2,0-,&.2>&,!'/!%,;&.%.21'/!=1/,21536!F/!.%%121'/+!<,!,(.01/,%!2#,!%,;&.%.21'/!'4!

5'0-'/,/2!-')$3'&B.2,3!./%!5'0-.&,!2#,!%,;&.%.21'/!&.2,3!./%!2&./34'&0.21'/!

-&'%>5236!J32,&!#$%&')$313!<.3!2#,!0.1/!-.2#<.$!4'&!%,;&.%.21'/!>/%,&!B'2#!B1'215!./%!

.B1'215!5'/%121'/3!./%!2#.2!2#,!#,2,&';,/,12$!'4!I'&,(12!13!&,4),52,%!1/!2#,!%,;&.%.21'/!

-&'5,336!K,!B,)1,C,!2#.2!.!B,22,&!>/%,&32./%1/;!'4!2#,!32&>52>&,!./%!32.B1)12$!'4!I'&,(12!

1/!3,.<.2,& !<1))!#,)-!,)>51%.2,!2#,!,/C1&'/0,/2.)! 10-.52! ./%!-&'C1%,3!.33132./5,!1/!

3,),521/;!.--&'-&1.2,!3>&4.52./23!4'&!>3,!1/!'1)!3-1))!,0,&;,/5$!&,3-'/3,6 !
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3.2 Materials and  Methods  

3.2.1 Seawater collection : 

$%&'(&)!%*+&,!-&(+.!-&'!*%))+*(+/!&(!(0+!123+.'!4')&,/!$%&'(&)!56'+.3&(%.7!

814$59!'2(+!8:;<=>?>@A!=#<#=B=@C9!,+&.!(0+!D+&EF%.(!4,)+(!&GG.%H2I&(+)7!:B!*I!6+)%-!

(0+!'E.F&*+!2,!J<"!K!&I6+.!6%(()+' <!D%(()+'!-+.+!.2,'+/!-2(0!-&(+.!&,/!&*+(%,+!G.2%.!(%!

'&IG)+!*%))+*(2%,<!C&(+.!LE&)2(7!I+&'E.+I+,('M!2,*)E/2,N!(+IG+.&(E.+M!GOM!&,/!'&)2,2(7!

-+.+!(&P+,!/E.2,N!'&IG)2,N!&,/!/2''%)3+/!2,%.N&,2*!,E(.2+,(!*%,*+,(.&(2%,'M!

*0)%.%G07))!! !*%,*+,(.&(2%,M!6&*(+.2%G)&,P(%,M!&,/!G07(%G)&,P(%,!&6E,/&,*+'!-+.+!

/+'*.26+/!G.+32%E')7=: Q=; !&,/!.+G%.(+/!2,! RGG+,/2H!R<><!S%(&)!/2''%)3+/!%.N&,2*!*&.6%,!

8ST5$9!-&'!I+&'E.+/!%,! S5$ QK!-2(0!RU4QK!RE(%'&IG)+.!8U02I&/(VE!$%.GM!W&G&,9<!

U+&-&(+.!'&IG)+'! -+.+!'(%.+/!&(!X;@$!E,(2)!FE.(0+.!&,&)7'+'<!

3.2.2 Chemicals and reagents  

R))!'%)3+,('!-+.+!O1K$!N .&/+!%.!02N0+.<!!O1K$!N.&/+!&II%,2EI!&*+(&(+! &,/!

I +.*E.2*!*0)%.2/+!-+.+!GE.*0&'+/!F.%I!U2NI&!R)/.2*0!8U(<!K%E2'M!Y%9<!R!,+&(!'(&,/&./!

%F!/2%*(7)!'%/2EI!'E)F%'E**2,&(+!8T5UU9!-&'!GE.*0&'+/!F.%I!U2NI&!R)/.2*0!8U(<!K%E2'M!

Y59<!K2LE2/!'(&,/&./'!%F!S-++,!?BM!S- ++,!?"M!&,/!UG&,!?B!-+.+!%6(&2,+/!F.%I!U2NI&!

R)/.2*0!8U&2,(!K%E2'M!Y59<!$%.+H2(!Z"BB!-&'!%6(&2,+/!F.%I!A&)*%!O%)/2,N!$%IG&,7!

8A&G+.32))+M!4K9<!A&)N+,+!S+F)%,![\1!\.)+,I+7+. !F)&'P'!8S0+.I%!U*2+,(2F2*9!&,/! U&32))+H!
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$%&'($)*+,-!./$+(!0,-,!1+,$2,3!45!(%11,((/. ,!0$&,-!$23!$1,&'2,!-/2(,(!&'!*-,.,2&!

1$--5'.,-6 !

3.2.3 Degradation of dispersants only in seawater  

7$4'-$&'-5!(1$+,!4/'3,8-$3$&/'2!,9*,-/),2&(!0,-,!*,-:'-),3!'2!;'-,9/& <!=>!?@<!

=>!?"<!$23!('-4/&$2!)'2''+,$&, !/2!A"@)+!':!B,$%:'-&!(,$0$&,-6!C/1-'1'()!,9*,-/ ),2&( !

0,-,!1$--/,3!'%&!$&!.$-/'%(!&,)*,-$&%-,(!/2!D,:+'2!:+$(E(6!D,:+'2!:+$(E(!0,-,!1+,$2,3!

0/&F!0$&,-!$23!$1,&'2,!$23!1$**,3!*-/'-!&'!%(,6!D'!$11'%2&!:'-!$4/'&/1!+'((<!(,$0$&,-!

0$(!$),23,3!0/&F !"@**)!),-1%-/1!1F+'-/3, !&'!,2(%-,!(&,-/+,!1'23/&/'2(!&F-'%8F' %&!&F,!

,9*,-/),2&6!DF,!3/(*,-($2&!1'21,2&-$&/'2!0$(!A@**)<!0F/1F!/(!1')*$-$4+,!&'!&F,!

1'21,2&-$&/'2!'4(,-.,3!$&!&F,!G,,*0$&,-!H'-/I'2!0,++F,$3! !"#$!%&'JK!L+$(E(!0,-,!

/21%4$&,3!/2!&-/*+/1$&,!/2!$!3$-E!/21%4$&'-!(F$E,-!$&!1'2(&$2&!&,)*,-$&%-,!$23!-'&$&/'2!

(*,,3!':!A@@!-*)6!G/(*,-($2&!3,8-$3$&/'2!0$(!)'2/&'-,3!'.,-!.$-/'%(!&/),! *'/2&(!

M4/'&/1N!G$5N!@<!@6J"<!@6"<!@6#"<!A<!J<!O<!K<!AO<!JA<!J?!$23!$4/'&/1N!3$5(N!@<!@6"<!A<!O<!K<!AO<!J?P6!Q!

(,$0$&,-!4+$2E!0$( !$2$+5I,3!$&!&F,!4,8/22/28!$23!,23!':!,$1F!3,8-$3$&/'2!,9*,-/),2&6 !!

3.2.4 Sample Preparation  

>'+/3!*F$(,!,9&-$1&/'2!0$(!*,-:'-),3!0/&F!R$&,-(!S$(/(!H7B!1$-&-/38,( !MT11<!

"@@)8<!U@V)<!C/+:'-3<!CQP6!B-/,:+5<!1$-&-/38,(!0,-,!*-/),3<!( $)*+, ( !0,-,!+'$3,3<!$23!

1$-&-/38,(!0,-,! 3-/,3!%23,-!.$1%%)6!DF,!D,:+'2!: +$(E(!0,-,!-/2(,3!0/&F!$1,&'2,<!$23!

&F,!-/2($&,!0$(!&-$2(:,--,3!:-')!&F,!:+$(E(!$23!%(,3!&'!,+%&,!&F,!1$-&-/38,(6!>$)*+,(!
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$%&%!'()*%+,!%-./0+1%2!3'4+1!0!5/%&6(!70*0+,!78%%2*0.!79: ;<=<9>!&%.(+',4,3,%2!4+!

"??!@)!0.%,(+4,&4)%!0+2!',(&%2!4+!,/%!;=?AB!3+,4)!0+0)C'4'D!9&4(&!,(!0+0)C'4'>!=?!@)!(E!%-,&0.,!

$0'!24)3,%2!4+!<#?!@)!(E!F9GB!1&02%!$0,%&!$4,/!"66()!066(+436!0.%,0,%!4+!0!70*4))%-!

"??@)!9HI!03,('068)%&!*40)!JK+(-*4))%>!5LMD!5/%!8&%80&%2!'068)%!$0'!0+0)CN%2!$4,/4+!

=O!/(3&'D!!

3.2.5 UHPLC-HRMS 

7068)%'P!0)4Q3(,'!J=?@)M!$%&%!4+R%.,%2!$4,/!0+!I..%)0!S8%+!I7!03,(;'068)%&!

J5/%&6(!H4'/%&!7.4%+,4E4.>!70+!T('%>!BIM!(+,(!0!:4(+%-!U),460,%!V???W7!UF9GB!'C',%6!

%Q3488%2!$4,/!0!FC8%&'4)!X()2!BO!&%*%&'%2!8/0'%!.()36+!J<??!-!=D<!66>!<DY!@6!80&,4.)%!

'4N%Z!5/%&6(!H4'/%&!7.4%+,4E4.>!70+!T('%>!BIMD!B/&(60,(1&08/C!$0'!8%&E(&6%2!0,!O?AB>!

E)($!&0,%!$0'!'%,!,(!"??!@G[64+!3'4+1!0!6(\4)%!8/0'%!4+.)324+1!"!@]!066(+436!

0.%,0,%!4+!$0,%&!JIM!0+2!"!@]!066(+436!0.%,0,%!4+!0.%,(+4,&4)%!J^MD!5/%!1&024%+,!

8&(.%%2%2!0'!E())($'_!/()2!0,!<?`^!3+,4)!<!64+>!&068!,(!YY`^!3'4+1!0!)%*%)!V!.(+*%-!

1&024%+,!3+,4)!=?!64+3,%'>!/()2!0,!YY`^!3+,4)!="!64+>!\0.a!',0&,4+1!.(+24,4(+!0,!<?`^!

J="D<!64+M!0+2!&%%Q34)4\&0,%!E(&!"!64+3,%'D!!

F9GB!.()36+!%)3%+,!$0'!'8)4,!\%,$%%+!,/%!./0&1%2!0%&('()!2%,%.,(&!JBI:M!

J:4(+%-!B(&(+0!U),&0!W7M!0+2!,/%!G5b!S&\4,&08!c%)('!60''!'8%.,&(6%,%&!J5/%&6(!

H4'/%&!7.4%+,4E4.>!70+!T('%>!BIM!$4,/!E3))!'.0+! 20,0!0.Q34'4,4(+!J!"# !=??;=???M!0+2!<??>???!

&%'()3,4(+!JHdF]!0,! !"# !O??M!3'4+1!8('4,4*%!0+2!+%10,4*%!%)%.,&('8&0C!4(+4N0,4(+!
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$%&'()!*+,+!&'-'.&'.,!,+.&'$!$+((!(-'/,0%$',01!2345346!7+(!-'08%0$'&!9(:.;!

/%<<:(:%.!:.&9/'&!&:((%/:+,:%.!2=>*6!80+;$'.,+,:%.!(-'/, 0+!2?@AB"CC!DEF3!!"# !GCC6!8%0!

,H'!,%- I,H0''!$%(,!:.,'.('!-'+J(!%K('0L'&!:.!,H'!89<< I(/+.!(-'/,0+!+,!.%0$+<:M'&!/%<<:(:%.!

'.'0;1!%8!N"'O!7:,H!0'+< I,:$'!-'+J!+-'P!&','/,:%.!+.&!&1.+$:/!'P/<9(:%.)!QH'!=R*!

8:<,'0!7+(!(',!,%!CB!;+(!-0'((90'!7+(!N"!-(:!.:,0%;'.B !.'K9<:M'0!H'+,'0!S"T=B!+.&!&+,+!

/%<<'/,:%.!0+,'!+,!UC!FMB!-%7'0!89./,:%.!(',!,%!U)!!!

3.2.6 Kinetic analysis  

QH'!&';0+&+,:%.!%8!/%$-%.'.,(!%8!=%0'P:,!7'0'!8:,,'&!,%!+!-('9&%!8:0(, I%0&'0!

$%&'<!!

!"#$%&'() *+),-.#/')0&1-%)'1/.1)2&(.%&3)/.41$/$%&'()."#$%&'()

!

7H'0'! $ !+.&! $ %!+0'!,H'!(9$$'&!+0'+!/%9.,!%8!%.'!H%$%<%;9'!('0:'(!%0!

/%$-%.'.,!7:,H:.!=%0'P:,!+,!,:$'B! &V!+.&!' !:(!,H'!%K('0L'&!-('9&% I8:0(,!%0&'0!0+,'!

/%.(,+.,!2&+1 IU6)!!QH'!'88'/,!%8!,'$-'0+,90'!%.!,H'!+K:%,:/! H1&0%<1(:(!0+,'(!7+ (!$%&'<'&!

9(:.;!,H'!R00H'.:9(!'W9+,:%.X !

!"#$%&'() 5+)6117.(&#-)."#$%&'()

!



!

"#!

$%&'&!! "#$!()!*%&!+,)&'-&.!/)&0.+ 12(')*!+'.&'!'3*&!4+5)*35*!6.37 189:!%!()!*%&!

2'&;0&547!4+5)*35*:!&!()!*&</&'3*0'&!6=9:!' (!()!*%&!34*(-3*(+5!&5&'>7!6?!<+@189:!35.!) !()!*%&!

05(-&')3@!>3)!4+5)*35*!6ABC8D!?!<+@18!= 189B!

3.3 Results  

3.3.1 Monitoring Transformation  Products of Corexit with LC -MS 

E(+*'35)2+'<3*(+5!+2!F+'&G(*!$3)!<+5(*+'&.!0)(5>!@(;0(.!4%'+<3*+>'3/%7 1<3))!

)/&4*'+<&*'7B!H%&!,3)&!/&3I!(5*&5)(*7!6EJK9!4%'+<3*+>'3/%!2+'!F+'&G(*!,&2+'&!35.!32*&'!

*'35)2+'<3*(+5! 05.&'!,(+*(4!4+5.(*(+5)! ()!)%+$5!(5!L(>0'&!8D3B!M-&'3@@N!*%&!/'+2(@&!+2!

/'()*(5&!F+'&G(*!$3)!<+'&!4+</@&G!*%35!*%&!,(+*'35)2+'<&.!<(G*0'&!32*&'!8D!.37)!+2!

(540,3*(+5!6L(>0'&!8D3N!*+/!*'34&9B!H%&!'&-&')&.!/%3)&!6OJ9!>'3.(&5*!)&/3'3*&)!*%&!

4+</+5&5*)!+2!F+'&G(*!(5!+'.&'!+2!(54'&3)(5>!%7.'+/%+,(4(*7N!3)!'&/+'*&.!(5!F%3/*&'!PB!

E'(&2@7N!*%&!<3Q+'!4%'+<3*+>'3/%(4!2&3*0'&)!(5!/'()*(5&!F+'&G(*!(54@0.&.!5+5&)*&'(2(&.!

&*%+G7@3*&)!&@0*(5>!,&2+'&!R!<(50*&)N!SMTT!&@0*(5>!3*!RBP!<(50*&)N!<+5+&)*&')!&@0*(5>!

,&*$&&5!A!35.!8P!<(50*&)N!.(&)*&')!&@0*(5>!,&*$&&5!8P!35.!P#!<(50*&)N!*'(&)*&')!&@0*(5>!

,&*$&&5!8A!35.!PP!<(50*&)N!35.!*&*'3&)*&'!&@0*(5>!32*&'!PP!<(50*&)B!U!20@@!

4%3'34*&'(V3*(+5!$3)!/&'2+'<&.!+5!F+'&G(*!.0'(5>!. &>'3.3*(+5!35.!3!2&3*0'&!.&*&4*(+5!

/@+*!2+'!*%&!(5(*(3@!4+</+)(*(+5!35.!*%&!,(+*'35)2+'<&.!<(G*0'&!3'&!)%+$5!(5!6L(>0'&!

8D,N49B!H%&!(5(*(3@!4+</+)(*(+5!+2!F+'&G(*!4+5*3(5&.!<0@*(/@&)!)&'(&)!3)!'&/+'*&.!(5!*%&!
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$%&'()*+!,-.$/&%0!-)1&'&%0!/-&!,)2$)+(/()3!)4!5 )%&6(/!.4/&%!(3,*7./()3!)389!,)3/.(3&:!

/-&!3)3&+/&%(4(&:!&/-)698./&!,)2$)3&3/;!!

<-&!$)89+)%7./&!+&%(&+!1&%&!.::(/()3.889!,-.%.,/&%(=&:!*+(3>!/-&!?&3:%(,@!2.++!

+,.8&;!<-&!?&3:%(,@!2.++!+,.8&!1.+ !*+&:!/)!(:&3/(49!-)2)8)>)*+!+&%(&+!,)3/.(3(3>!/-&!

+.2&!,)%&!+/%*,/*%&!.3:!:(44&%(3>!79!.!%&$&./(3>!*3(/;!AB!,)3/.(3&: !&/-)698./&:!+&%(&+0!

1-(,-!%&$&./ &: !79!C5D E5D EF C;!<-&!?&3:%(,@!2.++!+,.8(3>!4.,/)%!1.+!,.8,*8./&:!79!/-&!

%./()!)4!/-&!3)2(3.8!2.++!)4! C5D E5D EF C!G(;&;!HH;IIIIJ!/)!/-&!&6.,/!2.++!G(;&;!HH;IE"EJ;!<-(+!

+,. 8(3>!4.,/)%!1.+! 2* 8/($8(&:!79!/-&!)7+&%'&:!2.++!/)!9(&8:!/-&!?&3:%(,@!2.++;!

5)2$)*3:+!/-./!-.'&!/-&!+.2&!,-&2(,.8!7.,@7)3&!7*/!:(44&% &: !79!)3&!%&$&./(3>!*3(/!

-.'&!/-&!+.2&!?&3:%(,@!2.++!.3:!:(44&%!79!3)2(3.8!2.++;!K(>*%&!#H:0&!+-)1&: !/-&!

?&3:%(,@!2.++!:&4&,/!4)%!5)%&6(/!7&4)%&!.3:!.4/&%!:&>%.:./()3;!<&/%.&+/&%+!-.:!/-&!

-(>-&+/!?&3:%(,@!L.++!:&4&,/!7&/1&&3!I;EM!.3:!I;H0!/%(&+/&%+!7&/1&&3!I;E"!.3:!I;NI0!

:(&+/&%+!7&/1&&3!I;##!.3:!I;E#0!2)3)&+/&%+!7&/1&&3!I;IH!.3:!I;#!.3:!4(3.889!&/-)698./&+!

7&/1&&3!CI ;I# !.3:!I ;IN;!O3!/-&!7()/%.3+4)%2&:!2(6/*%&0!/-&!3)3&+/&%(4(&:!&/-)698./&+!

1&%&!/-&!)389!%&2.(3(3>!,)2$)3&3/;!

3.3.2 Degradation rate constants of Corexit  

<-&!2.(3!:&>%.:./()3!$./-1.9!4)%!2.P)%!.3:!2(3)%!$)89+)%7./&!+&%(&+!(3!

5)%&6(/!1.+!7.+&!,./.89=&:!-9:%)89+(+!./ !/-&!4.//9!.,(:!,.%7)698./&!2)(&/9;!Q.%(./()3+!(3!

+/.7(8(/9!/)1.%:!-9:%)89+(+!1&%&!)7+&%'&:!4)%!:(44&%&3/!,)2$)3&3/+!)4!5)%&6(/!4)%!7)/-!
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$%&!'()$(*!+,-!+'()$(*!$.&+$/&,$01!2,-&.!'()$(*!*),-($(),03!4).&5($!&5%('($&-!+6/)0$!

*)/76&$&!.&/)8+6!)9!$%&!:;<!/),)&0 $&.0!=($%(,!$%&!9(.0$!#>!%)?.0!+,-3!*)/76&$&!

.&/)8+6!)9!-(&0$&.03!$.(&0$.03!+,-!$&$.+&0$&.0!=($%(,!@>!-+A01!2,-&.!+'()$(*!*),-($(),03!$%&!

&0$&.!0&.(&0!-&B.+-&-!/).&!06)=6A3!%)=&8&.3!*)/76&$&!.&/)8+6!)9!$%&!/),)&0$&.0!=+0!

)'0&.8&-!'A!-+A!>1!C%&!),6A!$.+,09)./+$(),!'A7.)-?*$0!$%+$!=&.&!B&,&.+$&-!(,!&($%&.!

$.&+$/&,$!B.)?7!=&.&!$%&!,),&0$&.(9(&-!&$%)5A6+$&01!C%&!9)./+$(),!)9!,),&0$&.(9(&-!

&$%)5A6+$(),!(0!*),0(0$&,$!=($%!7.&8()?06A!.&7).$&-!-+$+!9.)/!$%&!%A-.)6A0(0!)9!:D!EF!

+,-!:D!#F1>#G>>3!H@GH#!

<8&.+663!'()$(*!-&B.+-+$(), !.+$&!*),0$+,$0!=&.&!9+0$&.!$%+,!$%&!+'()$(*!%A-.)6A0(0!

.+$&!*),0$+,$0!IJ(B?.&!@KL3!+,-!0?//+.(M&-!9).!+66!/+N).!0&.(&0!(,!O77&,-(5!P1#1!C%&!.+$&!

*),0$+,$0!=&.&!-&7&,-&,$ !) ,!$%&!-&B.&&!)9!&0$&.(9(*+$(),Q!/),)&0$&.0!+$$&,?+$&-!9+0$&0$3!

=%(6&!-(&0$&.03!$.(&0$&.03!+,-!$&$.+&0$&.0!%+-!0(/(6+.!.+$&0!)9!-&*)/7)0($(),1!C%&!

9)./+$(),!.+$& !*),0$+,$0!9).!$%&!&$%)5A6+$&!*)/7),&,$!=&.&!/)-&6&-!)8&.!$=)! 7%+0&03!

$%&!9(.0$!=+0!$%&!.+7(-!-&B.+-+$(),!)9!$%&!/),)&0$&.0 !(,! $%&!9(.0$!#>G%)?.03!=%(6&!$%&!

0&*),-!=+0! $%&!/).&!B.+-?+6!-&B.+-+$(),!)9!$%&!6+.B&.!&0$&.!*)/7),&,$01!O'()$(*!
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3.3.3 Effect of t emperature on hydrolysis of Corexit  
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3.3.4 Comparison to Polysorbate mixtures   
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3.4 Conclusions  
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*6%$!*)2-!E<(!<1$)/01&%&!)(*6,%/+!)*,(&!;()(!$('(+$(+,!/+!,<(!+529()!/3!HD!(&,()!

2/%(,%(&:!(&,()!6<*%+!0(+C,<:!*+$!&*,5)*,%/+-!I(*6,%/+!)*,(&!;()(!+/,!$('(+$(+,!/+!6/)(!

C)/5'!J&/)9%,*+:!%&/&/)9%$(:!/)!3*,,1!*6%$K!/)!FG!6<*%+!0(+C,<-!L/+(,</810*,($!

6/2'/5+$ &!J%-(-!&/)9%,*+!2/+//0(*,(K!;()(!2/)(!)(6*06%,)*+,!,/!<1$)/01&%&!,<*+!%,&!

6/))(&'/+$%+C!(,</810*,($!</2/0/C&-!F33(6,&!/3!,(2'()*,5)(!/+!*9%/,%6!(&,()!<1$)/01&%&!

;()(!*0&/!%+4(&,%C*,($-!E<(!$(C)*$*,%/+!)*,(!/3!,<(!2/+/(&,()!6/2'/+(+,!%+6)(*&($!

;%,<!,(2'()* ,5)(M!</;(4():!<1$)/01&%&!)*,(!/3!$%(&,()&:!,)%(&,()&:!*+$!,(,)*(&,()&!;*&!

/+01!&0%C<,01!%+305(+6($!91!,(2'()*,5)(-!!
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$%%&'()*'+,!+-!.'/%01/),*/!(2),30/!*20!%24/'(+(205'()&!%1+%01*'0/!+-!+'&6!),.!

',(10)/0!+'&!.'/%01/'+,!',!*20!7)*01!(+&85,9!:+70;016!*20!0-- 0(*';0,0//!+-!*20!.'/%01/),*!

'/!%1+%+1*'+,)&!*+!'*/!/*)<'&'*4!),.!%1+(&';'*4!*+7)1.!.031).)*'+,!',!*20!0,;'1+,50,*9!

=81*201!',;0/*'3)*'+,!+,!*20!0--0(*/!+-!/)&','*46!>?@6!),.!%10/0,(0!+-!(18.0!+'&!'/!

10A8'10.!',!+1.01!*+!%1+;'.0!)!5+10!(+5%1020,/';0!),)&4/ '/9!>031).)*'+,!+-!.'/%01/0.!

+'&!2)/!<00,!70&&!(2)1)(*01'B0.!),.!*2'/!/*8.4!%1+;'.0/!','*')&!',-+15)*'+,!+,!*20!-)*06!

*1),/-+15)*'+,6!),.!%01/'/*0,(0!+-!C+10D'*!(+5%+,0,*/!',!*20!5)1',0!0,;'1+,50,*9! !
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!

!"#$%&'() *'+, -./'01%23452#%43'26'78&659'":"5"48'023;2<"5"2:'26',2%&="5'>?@@'
A1"01'02:54":<'&512=B845&<'7C8$&9D'EF//'7%&G9D'32:2&<5&%<'7#%&&:9D'G"&<5&%<'7;$%;8&9D'
5%"&<5&%<'75&489D'4:G'5&5%4&<5&%<'72%4:#&9H'I1&'%"#15';4:&8'%&;%&<&:5<',2%&="5'2:'E4B'()D'
A1"01'02:54":<'&512=B845&<'7C8$&9D'EF//'7%&G9D'4:G'4'6&A'G"&<5&%<'7;$%;8&9H'J&:G%"0K'

34<<'G&6&05'4<'4'6$:05"2:'26':23":48'J&:G%"0K'34<<'26',2%&="5'>?@@'7%"#159'4:G'
C"2G&#%4G&G',2%&="5'>?@@'465&%'()'G4B<'78&659H'
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!

!"#$%&'() *'+,&$-.'/"%,0'.%-&%'%10&'2.3,0130,'45'&,0&%'2.67.3&30'./'8.%&9"0':);;<'
=12>'7."30'%&7%&,&30,'1'-&,"#310&-'>.6.?.#$&',&%"&,<'
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!

!"#$%&'() *'+",&-".'/01-2'31%'4&#%545-"1,'13'/10621%75-&'81,19:(;*(<'
/10621%75-&'81,19:(=*(<'/10621%75-&'81,1 9:(>*(<'/10621%75-&'81,1 9:;?*('$,4& %'

7"1-".'@0&3-<'#%&&,A'5,4'57"1-".'@%"#B-<'#%56A'.1,4"-"1,2'5-';?C:<'752&4'1,'2$88&4'/&5D'
5%&52'13'EF:'5.%122'5'B18101#1$2'2&%"&2G'

!

H570&'=*'I2&$41'3"%2-'1%4&%'%5-&'.1,2-5,-'31%'J5%"1$2'35--6'5."4'&2-&%'.B5",'
0&,#-B2'",':1%&K"-'LM??'$,4&%'7"1-".'5,4'57"1-".'.1,4"-"1,2'5-';?C: '

!!
$%&!'()*+,-.!%/,0) !

1+(,+2!304)-5-,+(.!6-,0/ ! 7*+(,+2!304)-5-,+(.!6-,0/ !

6-,0!8(./,-.,9 !
! !:5 ;<=!

>+.0-)!?+,9!
" #!

6-,0!8(./,-.,9 !
! !:5 ;<=!

>+.0-)!?+,9!
" #!

@(.( ;8<AB<! ;ACDEF! ACE<E! ;ACG<F! ACGFG!

@(.( ;8<EB<! ;AC"DA! AC#GA! ;ACG<A! ACG#<!

@(.( ;8<FB<! ;<CFDH! AC#IH! ;<C<D"! ACGDG!

@(.( ;8<IB<! ;ECFHI! AC"GA! ;<C<IA! ACGGE!

@(.( ;8EAB<! ;#CGEF! AC"""! ;<CHGF! ACGIF!

!
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!

!"#$%&'() *'+",&-".'/01-2'31%'-4&'5&#%656-"1,'13'26-$%6-&57'81,19$,26-$%6-&57'
6,5'5" 9$,26-$%6-&5'36--:'6."5'81"&-"&2';"-4",'<1%&="-'$,5&%'>"1-".'?0&3-7'#%&&,@'6,5'

6>"1-".'?%"#4-7'#%6:@'.1,5"-"1,2'6-'ABC<7'>62&5'1,'2$88&5'/&6D'6%&62'13'EF<'6.%122'6'
418101#1$2'2&%"&2G'

H6>0&'I *'J2&$51'3"%2-'1%5&%'%6-&'.1,2-6,-'31%'K6%"1$2'36--:'6."5'&2-&%'26-$%6-"1,'
",'<1%&="-'LIBB'$,5&%'>"1-".'6,5'6>"-1".'.1,5"-"1,2'6-'ABC< '

!!
!

Biotic!Degradation!Rates! Abiotic!Degradation!Rates!

PEO!Sorbitan!Ester!
Rate!Constant,!!

! !(d81)!
Linear!Fit,!

" #!
Rate!Constant,!!

! !(d81)!
Linear!Fit,!

" #!
PEO!Sorbitan!mono8C18:0! 80.55! 0.836! 80.30! 0.97!
PEO!Sorbitan!mono8C18:1! 82.1! 0.872! 80.37! 0.877!
PEO!Sorbitan!mono8C18:2! 82.0! 0.958! 80.52! 0.953!
!

!
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!

!"#$%&'() *'+",&-".'/01-2'31%'-4&'5&#%656-"1,'78'.1%&'#%1$/'9"-4",':1%&;"-'$,5&%'
7"1-".'<0&3-='%&5>'6,5'67"1-".'<%"#4-='#%68>'.1,5"-"1,2='762&5'1,'2$??&5'/&6@'6%&62'13'

AB:'6.%122'6'41?101#1$2'2&%"&2C'

!

!

D670&'E*'F2&$51'3"%2-'1%5&%'%6-&'.1,2-6,-'78'.1%&'#%1$/'",':1%&;"-'$,5&%'7"1-".'
6,5'67"1-".'.1,5"-"1,2'6-'GH I : '

!!
PEO!Ester!Series!

Biotic!Degradation!Rates! Abiotic!Degradation!Rates!
Rate!Constant,!!

! !(d81)!
Linear!Fit,!

" #!
Rate!Constant,!!

! !(d81)!
Linear!Fit,!!

" #!
PEO!di8C18:1! 80.85! 0.983! 80.097! 0.507!
PEO!Isosorbide!di8C18:1! 80.83! 0.974! 80.085! 0.438!
PEO!Sorbitan!di8!C18:1! 80.64! 0.977! 80.15! 0.832!
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!

!"#$%&'() *'+",-%".$-"/0'/1'0/0&,-&%"1"&2'3/45/%.6-&,7'89:7'89;'",/,/%."2&7'602'
89;',/%."-60'6-'+65'<7'(7'602')'="->'/.,&%?&%&2'9;'@>6"0'4&0#->',>"1-'A-/3B'602'->&'

3%/3,/&2',@>&C&'1/%'&,-&%'>52%/45,",'/1'3/45,/%.6-&'&,-&%,''602'->&'#&0&%6-"/0'/1'89;'
,/%."-60'602'6'16--5'6@"2'A./--/CBD'

!
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!"#$%&'() *'+,&$-.'/"%,0'.%-&%'%10&'2.3,0130,'45'&,0&%'2.67.3&30'./'8.%&9"0':;))'
10'<)='()='13-'>)?8 @'A12B'7."30'%&7%&,&30,'1'-&,"#310&-'B.6.C.#$&',&%"&,@'
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!"#$%&' (&)*%+,-&./0*1&-0,%0&0"1%&2-3*1"31&#4&,%50%%&-.&%*1%0/./2"1/-3&/3&&
6-0%7/1&89::&+3,%0&#/-1/2&"3,&"#/1-/2&2-3,/1/-3*&"1&;:<&=:<&"3,&>:?6&

!! !! $%&'()*+%,! -'.',/%,0 ! 12,/%,0! 302,/%,0! 3,%0+,/%,0!

4567!

8+%,!
7'./%+.%9!:!

;<=4>!
5?5@"A!5?55@! =5?"B5A!5?"!

=5?554A!
5?54!

=5?@45A!
5?5!

5?5C@A!5?54!

D2.,+0!E2%9!! " ! 5?"FB! 5?@"B! 5?BGH! 5?F55! 5?@B#!

C567!

8+%,!
7'./%+.%9!:!

;<=4>!
5?5G@A!5?54! =4?5#5A!4?4!

=5?45FA!
5?5H!

=5?5B4A!
5?54!

=5?5@"A!
5?54!

D2.,+0!E2%9!! " ! 5?H#F! 5?@B"! 5?HH4! 5?##! 5?"BH!

G567!

8+%,!
7'./%+.%9!:!
;<=4>!

5?5CFA!5?54!
=5?4@"A!

5?5B!
=5?5BCA!

5?5C!
=5?5#4A!

5?5C!
=5?44@A!

5?5C!

D2.,+0!E2%9!! " ! 5?@HG! 5?HC4! 5?BF@! 5?BHC! 5?"GH!

!!

$.,0I)!'J!
+K%2L+%2'.!
;$ +>!;:M!N'*=4>!

=5?BBG! C4?G! C?CH! 44?#! @?F!

E0,OP,.K)!
K'./%+.%!;Q>!

5?"F! GCF"?#! 5?G"G! 45F?B! 5?4C"!

!
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!

!"#$%&'() *'+,&$-.'/"%,0'.%-&%'%10&'2.3,0130,'/.%'+4'567'+4'587'13-',.%9"013'
:.3..;&10&'9<'&,0&%'2.:=.3&30'./'>.%&?"0'10'(6@ > A'B12C'=."30'%&=%&,&30,'1'-&,"#310&-'

C.:.;.#$&',&%"&,A '
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4. Degradation of Corexit ¨  9500 and Alaskan North Slope 
crude oi l in Arctic seawater at 4¡C  

4.1 Introduction  

As!oil!and!gas!industries!continue!to!explore!offshore!in!the!Arctic,!it!is!crucial!to!

understand!the!potential!environmental!impact!of!an!accidental!oil!release!in!order!to!

mitigate!future!risks.!One!of!the!current!emergency!response!actions!after!an!oil!spill!

involves!the!use!of!chemical!dispersants,!like!Corexit®!9500!(Corexit),!to!accelerate!crude!

oil!dispersion!in!the!water!column!and!mitigate!the!long8term!persistence!of!oil!slicks!

after!a!spill.4!The!most!public!use!of!Corexit!was!during!the!Deepwater!Horizon!cleanup!

to!disperse!Louisiana!Sweet!Crude,!but!it!has!also!been!shown!to!be!effective!at!

dispersing!Alaska!North!Slope!(ANS)!crude!oil77!in!a!wave!tank!at!low!temperature.78!In!

order!to!understand!the!fate!of!dispersed!oil!in!the!Arctic,!one!must!first!understand!the!

kinetic!rates!and!fate!of!not!only!the!dispersed!oil,!but!also!the!dispersants.!Corexit!has!

been!widely!used!recently!because!it!has!low!toxicity!and!is!an!effective!dispersant!for!a!

variety!of!crude!oils;79880!however,!such!results!raise!questions!about!its!fate!and!

biodegradability!after!application.!

Studies!have!shown!the!effects!of!dispersed!oil!degradation!in!the!Arctic!and!at!

low!temperatures!using!Corexit!952718,!28!and!9500,81882!however,!not!much!is!known!

about!the!persistence!of!either!formulation!when!it!interacts!with!crude!oil!in!the!marine!

environment.!Campo!et!al.69!assessed!the!biodegradation!of!one!component!of!Corexit,!
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$%&'()*!+,*-&+,''%./(0!1234456!/(!789!/.$!:789!%.!(;0!<=0+0.'0!/.$!/>+0.'0!&-!$%+<0=+0$!

4&,(;!?&,%+%/./!'=,$0!&%*!14?95!,+%.@!&%*!$0@=/$%.@!',*(,=0+!-=&A!(;0!B,*-!&-!C0D%'&E!

F0+,*(+!%.$%'/(0$!(;/(!(;0!+,=-/'0!',*(,=0+!1:7895!'&A<*0(0*)!$ 0@=/$0$!23446!G%(;%.!"!

/.$!#H!$/)+6!%.!(;0!<=0+0.'0!/.$!/>+0.'0!&-!4?96!=0+<0'(%I0*)E!C0/.G ;%*06!+,>+,=-/'0!

',*(,=0+!17895!A0(/>&*%J0$!2344!/(!/!A,';!+*&G0=!=/(0!G%(;!&.*)!K#L!=0A&I /* !/-(0=!H:!

$/)+!%.!(;0!<=0+0.'0!&-!4?9E!M&G0I0=6!2344!&.*)!'&A<=%+0+!#NOPNL!GQG!&-!9&=0D%(6!

/.$!(;0!-/(0!&-!(;0!.&.%&.%'!'&A<&.0.(+!&-!9&=0D%(!;/+!)0(!(&!>0!';/=/'(0=%J0$E!!

R*(;&,@;!9&=0D%(!%+!G%$0*)!,+0$!/.$!+(&'S<%*0$!/=&,.$!(;0!G&=*$6TU!(;0=0!

=0A/%.+!*%A%(0$!%.-&=A/(%&.!/>&,(!(;0!.&.%&.%'!'&A<&.0.(!&-!9&=0D%(!%.!(;0!<=0+0.'0!

/.$!/>+0.'0!&-!'=,$0!&%*E!V;%+!+(,$)!/%A+!(&!/++0++!(;0!>%&$0@=/$/(%&.!&-!9&=0D%(!G%(;!

/.$!G%(;&,(!RW4!/(!0.I%=&.A0.(/**)!=0*0I/.(!'&.'0.(=/(%&.+E!C,';!&-!(;0!<=0I%&, +!

G&=S!-&',+0$!&.!&%*!$0@=/$/(%&.!=/(0!/.$!<=&$,'(+!/(!'&*$!(0A<0=/(,=0+!>,(!$&0+!.&(!

'&.+%$0=!(;0!S%.0(%'+!/.$!-/(0!&-!(;0!$%+<0=+/.(!%(+0*-E!V;0!',==0.( !+(,$)!A0/+,=0$!(;0!

>%&$0@=/$/(%&.!/.$!/>%&(%'!$0@=/$/(%&.!&-!9&=0D%(!%.!(;0!G/(0=!'&*,A.E!R='(%'!+0/G/(0=!

G/+!'&**0'(0$!-=&A!(;0!9;,S';%!40/!/.$!G/+!/A0.$0$!G%(;!+*%@;(*)!0.;/.'0$!.,(=%0.(!

*0I0*+E!X%&$0@=/$/(%&.!/.$!/>%&(%'!$0@=/$/(%&.!&-!9&=0D%(!G0=0!A0/+,=0$!,+%.@!;%@;O

=0+&*,(%&.!A/++!+<0'(=&A0(=)E!
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4.2 Materials and Methods 

4.2.1 Sample Collection  

$%&'&(%)!'&*!+,--%+(%.!/),0!(1%!%&*(%)2!%.3%!,/!(1%!4156+17!$%&!,2!8535*(!99:!

#;9<=!$5)/&+%!*&0>-%*!'%)%!+,--%+(%.!9!60!/),0!?(@7&3A76:!8B!C/,)0%)-D!E&)),'F!/),0!9 !

0!.%>(1=!G1,-%!*%&'&(%)!'&*!()&2*/%))%.!(,!(1%!-&H,)&(,)D!+,-.!),,0!72!+-%&2!#;IJ!

JKLM!+5H7(&72%)*=!G&(%)!@5&-7(D!>&)&0%(%)*!&)%!)%>,)(%.!72!8>>%2.7N!O&H-%!8=9=!

$%&'&(%)!'&*!&%)&(%.!/,)!9#!1,5)*!5*723!&%)&(7,2!*(,2%*!&2.!*(,)%.!&(!PQ4=!!

L)7,)!(,!+,--%+(7,2:!&--!+,2(&72%)*!&2.!A%**%-*!'%)%!&+7.!'&*1%.!'7(1!9;R!S4-!

&2.!)72*%.!'7(1! T 7--7IU!'&(%)=!O1%!<IJ !3-&**!+&)H,D*!'%)%!05//-%.!&(!P;;Q4!/,)!9#!1,5)*!

(1%2!&5(,+-&A%.=!O%/-,2!*(7)IH&)*!'%)%!*,-A%2(!)72*%.!'7(1!&+%(,2%!&2.!&5(,+-&A%.=!L)7,)!

(,!&-7@5,(723!*%&'&(%)!72(,!72+5H&(7,2!A%**%-*:!9<!>>0!E5*12%--IS&**!-7@57.!0%.7&!'&*!

&..%.!(,!(1%!*%&'&(%)="V!$%&'&(%)!'&*!&5(,+-&A%.!/,)!&H7,(7+!+,2(),-*!&2.!&--,'%.!(,!

+,,-!>) 7,)!(,!(1%!H,((-%!*%(!5>=!!!

4.2.2 Oil and dispersant  

8-&*6&2!W,)(1!$-,>%!C8W$F!+)5.%!,7-!'&*!+,--%+(%.!/),0!(1%!8-D%*6&!(%)072&-!72!

#;;X=!4,)%N7(!XY;;!'&*!&+@57)%.!/),0!W&-+,!S,-.723!4, =!CW&>%)A7--%:!Z-F=!!

4.2.3 Oil & Corexit degradation  

8--!72+5H&(7,2*!'%)%!>%)/,)0%.!72!&!+,-.!),,0!&(!PQ4!&2.!-731(!'&*!+,2(),--%.!

,2!&!9#I1,5)!+D+-%=!$%&'&(%)!/),0!(1%!415+6+17!$%&!'&*!&-7@5,(%.!72(,!<I3&--,2!3-&**!
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$%&'()*$+%!&),(+-./!0%&'()*$+%!&),(+-.!12,2!32%*4-!.*$,,25!1$*6!)!7284+%!.*$,!(),/!9)&6!

&),(+-!&+%*)$%25!:;<!+8!.2)1)*2,=!)! 7284+%!.*$,!(),=!)%5!)!525$&)*25!7284+%!*'(2!8+,!

.'(.)>?4$%3/!762!@A+,2B$*!+%4-C!*,2)*>2%*.!12,2!)>2%525!1$*6!D!??>!A+,2B$*!)%5!*62!

@&,'52!+$4!)%5!A+,2B$*C!*,2)*>2%*.!12,2!)>2%525!1$*6!EFG!&,'52!+$4!HDI!??>J!)%5!

A+,2B$*!HD??>J/!762!5$.?2,.)%*!*+!&,'52!,)*$+!HKLMJ!1).!NONIP!)4*6+'36!*6$.!KLM!$.!

6$36=!$*!$.!4$Q24-!*6)*!)!6$36!KLM!1$44!(2!,2R'$,25!8+,!>+,2!2>'4.$8$25!+,!S$.&+'.!62)S-!

+$4!.?$44./T=!"U!7,$?4$&)*2!&),(+-.!12,2!'.25!8+,!2)&6!*,2)*>2%*/!G'(.)> ?42.!HVNDI!>4J!12,2!

&+442&*25!+%!5)-!I=!N=!U=!#=!T=!D=!:=!W=!NI=!UI=!)%5!#I!'.$%3!52.$3%)*25!7284+%!*'($%3/!

G'(.)>?42.!&+442&*25!+%!5)-.!I!*+!W!12,2!?,+&2..25!$>>25$)*24-=!16$42!.'(.)>?42.!

&+442&*25!+%!5)-.!NI=!UI=!)%5!#I!12,2!.*+,25!$%!UDI;>4!7284+%!84).Q.!)%5!8,+X2%!)*!;UIYA!

'%*$4!)%)4-.$./!

4.2.4 Full bottles Corexit and oil experiments  

G2)1)*2,!H"II!><J!1).!)4.+!)4$R'+*25!$%*+!N;<!34)..!>25$)!(+**42./!A+,2B$*!

*,2)*>2%*.!12,2!)>2%525!1$*6!D!??>!A+,2B$*!16$42!&,'52!+$4!)%5!A+,2B$*!*,2)*>2%*.!

&+%*)$%25!)!NONI!KLM!1$*6!D!??>!A+,2B$*!)%5!DI!??>!EFG!&,'52!+$4/!7,$?4$&)*2!(+**42.!

12,2!.*$,,25!&+%*$%'+'.4-!1$*6!)!7284+%!.*$,!(),/!7$>2!?+$%*.!12,2!*)Q2%!+%!5)- . !I=!D=!NI=!

)%5!#I!)%5!?4)&25!$%!;UIYA!'%*$4!)%)4-.$./!!
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4.2.5 Corexit analysis  

$%&'%!('!)'*&+!,-.)/!/0(%. 1(&'23!).4,*/!5'((*/)!6/%/!)*'6*7!+/8%')(/+!.2+!5%'9:-(!

('!;#<=>!?'*&+!,-.)/!/0(%.1(&'2!6.)!,/%8'%4/+!6&(-!@AB!1.%(%&+:/)!CD!113!EF!4:3!GF!H43!

I&*8'%+3!IJK!9)&2:!.1/('2/!.)!(-/!/*9/2(>!L0(%.1()!6/%/!)('%/+!&2!.1/('2&(%&*/!.(! MNF<=!

92(&*!.2.*7)&)>!L0(%.1()!6/%/!+&*9(/+!OF0!&2('!6.(/%!6&(-!E!44'*!.44'2&94!.1/(.(/!&2!

?.P&**/0!EFF!HA!$QJ!.9(').4,*/%!P&.*) !CR2'0P&**/3!STK>!@&:-!,/%8'%4.21/!*&U9&+!

1-%'4.(':%.,-7!C@$A=K!6.)!,/%8'%4/+!'2!E!H*!57!.!@7,/%)&*!V'*+!=#!%/P/%)/+!,-.)/!

1'*942!CO>W!H43!NFF!0!N>O!443!S-/%4'!Q&)-/%!?1&/2(&8&13!?.2!X')/3!=JK!.)!,%/P&'9)*7!

+/)1%&5/+>!J!-/.(/+!/*/1(%'),%.7!&'2&Y.(&'2!CL?ZK!6.)!',/%.(/+!&2!,')&(&P/!&'2&Y.(&'2!

4'+/> !Z'2)!6/%/!+/(/1(/+!9)&2:!.2![%5&(.,!Q9)&'2!A94')!CS-/%4'!Q&)-/%!?1&/2(&8&13!?.2!

X')/3!=JK>!Q9**!)1.2!4.))!),/1(%.!6/%/!.1U9&%/+!.(!N#F3FFF!%/)'*9(&'2!CQ\@I!.(!!"# !NFFK!

'P/%!.!%.2:/!'8!OEFMNFFF!!"# !6&(-!LJ?] MZ=!&2(/%2.*!1.*&5%.2(>!@&:-!%/)'*9(&'2!I?N!6/%/!

1'**/1(/+!.(!OE3FFF!%/)'*9(&'2!9)&2:!-&:-!/2/%:7!1'**&)&'2!+&))'1&.(&'2!C@=^K!.(!#E!_!OF`!

2'%4.*&Y/+!1'**&)&'2!/2/%:7>!I.))!),/1(%.!6/%/!.2.*7Y/+!.)!,%/P&'9)*7!%/,'%(/+>! !

4.3 Results: 

4.3.1 Distribution and partitioning of Corexit  

S-/!,.%(&(&'2&2:!.2+!+&)(%&59(&'2!'8!='%/0&(!6.)!.))/))/+!8%'4!(-/!)95).4,*&2:!

1.%5'7)!('!+/(/%4&2/!(-/!&28*9/21/!'8!1%9+/!'&*!'2!(-/!8.(/!'8!='%/0&(>!\-/2!='%/0&(!

/2(/%)!.2!.U9/'9)!/2P&%'24/2(3!(-/!)9%8.1(.2(!1'4,'2/2()!4'P/!('!(-/!&2(/%8.1/) 3!
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which!include!the!air8water!interface!(surface!effect),!the!oil8water!interface,!or!the!solid8

water!interface!(bottle!effect).!In!addition!Corexit!can!partition!into!the!oil!phase,!the!

aqueous!phase,!or!an!oil8water!emulsion!phase.84!The!subsampling!carboys!were!

sampled!from!the!middle!of!the!water!layer!to!assess!the!partitioning!of!dissolved!

Corexit.!!

As!previously!reported,!Corexit!was!categorized!into!six!components!based!on!

degree!of!esterification;!they!include!nonesterified!compounds,!DOSS,!monoesters,!

diesters,!triesters,!and!tetraesters.!Raw!area!counts!were!averaged!between!triplicate!

samples!for!each!ethoxymer!to!determine!the!partitioning!of!surfactants!with!dissolved!

crude!oil.!Ethoxymer!(EO)!chain!length!distribution!was!not!dependent!on!the!presence!

of!crude!oil,!however,!the!recovery!of!the!component!varied!in!the!presence!and!absence!

of!crude!oil,!as!shown!in!Figure!22.!The!Corexit!only!treatments!had!lower!recoveries!for!

each!component!than!the!crude!oil!and!Corexit!treatments.!Table!8!shows!the!total!area,!

percent!recovery!and!fraction!of!the!total!peak!area!of!Corexit!by!ester!component!for!all!

treatments.!In!the!Corexit!only!treatment,!polyethoxylated!(PEO)!sorbitans!had!only!an!

8.6%!recovery!(%R).!PEO!sorbitan!monooleate!(63%R),!PEO!sorbitan!PEO!sorbitan!

trioleate!(47%R),!and!PEO!sorbitan!tetraoleate!(63%R)!were!also!lower!than!expected.!

However,!in!the!crude!oil!and!Corexit!treatment,!PEO!sorbitan!had!a!12.5%R,!while!the!

other!component!recoveries!ranged!from!1058155%R.!The!low!recovery!of!Corexit!
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component!in!the!Corexit!only!treatment!is!likely!caused!by!the!propensity!of!the!

surfactants!to!migrate!to!the!air8water!interface!and!to!not!dissolve!in!the!aqueous!phase.!

The!Corexit!and!crude!oil!treatment!had!higher!recoveries!of!each!component!of!Corexit.!

The!surfactants!encapsulate!dispersed!oil!and!entrain!them!in!the!water!column,!making!

surfactants!and!crude!oil!compounds!more!prevalent!in!the!water!column.84!!

In!some!cases,!the!recovery!is!much!greater!than!expected,!such!as!with!PEO!

sorbitan!monooleate!(219%R)!and!PEO!sorbitan!dioleate!(169%R).!This!is!due!to!the!

prevalence!of!surfactants!associated!with!crude!oil!droplets!in!the!water!column.!The!

occurrence!of!dissolved!ethoxylates!and!monoesters!was!most!affected!by!presence!of!

crude!oil.!Ethoxylates!had!1.48times!more!signal!intensity!and!monoesters!2.18times!

more!intensity!in!the!presence!of!crude,!while!diesters,!triestesters!and!tetraesters!only!

had!1.0881.228times!more!signal!intensity!in!the!presence!of!crude!oil.!The!EO!chain!

length!did!not!affect!the!partitioning!of!Corexit!in!the!system.!

The!partitioning!of!Corexit!has!implication!into!fate!and!persistence.!Corexit!and!

dispersed!oil!that!is!entrained!in!the!water!column!would!be!more!available!to!

biodegradation,!while!Corexit!components!that!remain!at!the!air8water!interface!or!sorb!

to!surfaces!(i.e.!soil/sediments)!will!be!less!available!to!degradation.!Overall,!crude!oil!

facilitates!the!dissolution!of!Corexit!in!the!water!column,!leading!to!higher!recoveries.!!



!

"#!

4.3.2 Degradation of Corexit in the presence and absence of crude oil  

$%&!'()*+(,-*(./!.0! &*%.123&+!4.35./&/*)!(/!6.+&1(*!78)!*+849&'!.:&+!*%&!

(/4-,8*(./!8/'!*%&!;<!'()*+(,-*(./!.0!).+,(*8/!.=&8*&)!8+&!)%.7/!8*!'82)!>?!@?!8/'!A>!(/!

B(C-+&!DEF!<:&+8==?!*%&!5+&)&/4&!.0!GHI!.(=!'('!/.*!800&4*!*%&!;<!'()*+(,-*(./!.0!6.+&1(*!

8*!'(00&+&/*!*(3&!5.(/*)?!%.7&:&+?!8)!+&5.+*&'!8,.:&?!*%&!(/(*(8=!8,-/'8/4&!.0!6.+&1(*!(/!

*%&!8J-&.-)!=82&+!8)!7&==!8)!*%&!+8*&)!.0!'&C+8'8*(./!8+&!800&4*&'F!G*!'82!@?!*%&!

3./.&)*&+)!%8'!4.35=&*&=2!'&C+8'&'!(/!,.*%!,(.*(4!*+&8*3&/*)!K).=('!5.(/*)L!8/'!8*!'82!

A>!*%&!'(&)*&+)?!*+(&)*&+)?!8/'!*&*+8&)*&+)!7&+&!8=).!+&3.:&'!,-*!*%&+&!()!/.!)%(0*!(/!;<!

'()*+(,-*(./F!$%&!M;<!).+,(*8/!)&+(&)!C+&7!(/!3.)*!J-(49=2!(/!*%&!4+-'&!.(=!8/'!6.+&1(*!

*+&8*3&/*F!N/!8''(*(./?!*%&+&!()!8!)%(0*!(/!;<!'()*+(,-*(./!8)!*%&!'(00&+&/*!&)*&+!

4.35./&/*)!'&C+8 '&'!*.!C&/&+8*&!M;<!).+,(*8/!(/!,.*%!8,(.*(4!8/'!,(.*(4!*+&8*3&/*)F!

$%&!)%(0*!,&483&!3.+&!5+./.-/4&'!,2!'82!A>F!$%&!8,(.*(4!*+&8*3&/*)!K.5&/!5.(/*)L!%8'!

3(/(38=!4%8/C&!(/!8,-/'8/4&!8/'!/.!'(00&+&/4&!(/!;<!'()*+(,-*(./F! !

O&C+8'8*(./!+8*&)!.0!6.+&1(*!4.35./& /*)!(/!*%&!5+&)&/4&!8/'!8,)&/4&!.0!4+-'&!

.(=!7&+&!8))&))&'F!$%&!,(.'&C+8'8*(./!+8*&!4.&00(4(&/*)!7&+&!48=4-=8*&'!0.+!&84%!)&+(&)!

'&*&4*&'F!G=*%.-C%!6.+&1(*!()!8!%&*&+.C&/&.-)!3(1*-+&!.0!)-+084*8/*)?!(*!%8)!,&&/!)%.7/!

5+&:(.-)=2!*%8*!4%8(/!=&/C*%?!)8*-+8*(./?!8/'!4.+&!C+.-5!%8:&!=(3(*&'!&00&4*)!./!*%&!

'&C+8'8*(./!+8*&?!8/'!*%&!38(/!(/0=-&/4&!./!*%&!'&C+8'8*(./!+8*&)!78)!*%&!'&C+&&!.0!

&)*&+(0(48*(./F!$%&+&0.+&?!8==!+&)-=*)!8+&!4.35(=&'!,2!'&C+&&!.0!&)*&+(0(48*(./F!P&)-=*)!7&+&!
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#$%%&'!%(!)!*+&,'(!#$-+%.(-'&-! / ('&0!12**&3'$4!5)60&!789:8!2+!*-&;$(,+0<!-&*(-%&'=!%>&!

(30<!(6+&-;&'!%-)3+#(-/)%$(3!*-(',?%+!@&-&!%>&!ABC!3(3&+%&-$#$&'!+&-$&+!D&3&-)%&'!

%>-(,D>!&+%&-!><'-(0<+$+!(#!%>&!?)-6(3<0!0$3E)D&!6&%@&&3!%>&!#)%%<!)?$'!)3'!%>&!BC!

?>)$38!C;&-)00=!%>&!'&D-)')%$(3!(#!7(-&4$%!(??,--&'!/(-&!-)*$'0<!,3'&-!6$(%$?!?(3'$%$(3+!

)3'!$3!%>&!*-&+&3?&!(#!?-,'&!($0!1F$D,-&!GH:8!!

5>&!ABC!3(3&+%&-$#$&'!+&-$&+!@&-&!D&3&-)%&'!$3!)!6$*>)+$?!*-(?&++!)/(3D!)00!

%-&)%/&3%+!)+!+>(@3!$3!F$D,-&!GI)8!J3'&-!6$(%$?!?(3'$%$(3+=!%>&!#$-+%!#(,-!')<+!(#!

$3?,6)%$(3!*-(?&++&'!@$%>!)!-)*$'!D&3&-)%$(3!(#!ABC!3(3&+%&-$#$&'!+&-$&+=!#(00(@&'!6<!)!

+0$D>%!'&D-)')%$(3!(#!%>&!+&-$&+!(;&-!%>&!-&/)$3'&-!(#!%>&!$3?,6)%$(38!F(-!&4)/*0&=!%>&!

#$-+%!(-'&-!-)%&!?(&##$?$&3%+!(#!ABC!+(-6$%)3!@)+!98GK!L8I!'.9!17(-&4$%!(30<:!)3'!98HK!L8H!'.9!

17-,'&! M!7(-&4$%:!#(00(@!6<!)!+0$D>%!'&?0$3&!L8LGGK!L8LG!'.9!17(-&4$%!(30<:!)3'!L8LLNK!L8L9!

' .9!17-,'&! M!7(-&4$%:8!5>&!7(-&4$%!(30<!)3'!7-,'&! )3'!7(-&4$%!%-&)%/&3%+!*-(?&&'&'!

@$%>!+$/$0)-!-)%&+!$3!6(%>!*>)+&+8!26$(%$?!%-&)%/&3%+!#(00(@&'!)!+$/$0)-!*)%%&-3!@$%>!

+0(@&-!'&D-)')%$(38!5>&!#$-+%!(-'&-!-)%&!?(&##$?$&3%!#(-!ABC!+(-6$%)3!@&-&!98LOK!L8H!'.9!

17(-&4$%!(30<:!)3'!L8OK!L8H!'.9!17-,'&! M!7(-&4$%:!$3!%>&!#$-+%!I!')<+=!#(00(@&'!6<!0&++!

-)*$'!D-(@%>!)%!-)%&+!(#!L8HK!L8LG!'.9!17(-&4$%!(30<:!)3'!L8L"OK!L8LH!'.9!17-,'&! M!7(-&4$%:8!

5>&!6$(./&'$)%&!D&3&-)%$(3!(#!%>&!ABC!3(3&+%&-$#&'!+*&?$&+!@)+!&3>)3?&'!6<!)!#)?%(-!(#!

98H!)3'!G8O!$3!%>&!)6+&3?&!)3'!*-&+&3?&!(#!?-,'&!($0=!-&+*&?%$;&0<8!!
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$%&!'()%*+(,!-.*/+01.2*-(1/!10!-%&!/1/&+-&.(0&3!+&.(&+!,1..&+)1 /3&3!-1!-%&!.*)(3!

3&4.*3*-(1/!10!-%&!21/1&+-&.!+)&,(&+5!6/3&.!'(1-(,!,1/3(-(1/+7!-%&!21/1&+-&.!

,12)1/&/-!&8,&&3&3!#9:!.&21;*<!'=!3*=+!>!*/3!?!(/!-%&!).&+& /,&!*/3!*'+&/,&!10!@AB!

CD(4E.&!F>'G5!$%&!0(.+-!1.3&.!.*-&!,1&00(,(&/-!01.!HIJ!+1.'(-*/!21/1&+-&.+!K*+!LM5N9O!M5M"!

3LP!CQ1.&8(-!1/<=G!*/3!LM5?"O!M5P!3LP!CQ.E3&!R!Q1.&8(-G5!$%&!'(13&4.*3*-(1/!.*-&!K*+!

&/%*/,&3!'=!*!0*,-1.!10!F!(/!-%&!).&+&/,&!10!,.E3&!1(<5!6/3&.!*'(1-(,!,1/3(-(1/+7!

%1K&;&.7!1/<=!N":!.&21;*<!10!21/1&+-&.+!+)&,(&+!1,,E..&3!'=!3*=!SM!(/!-%&!Q1.&8(-!

1/<=!-.&*-2&/-7!K%(<&!#9:!.&21;*<!K*+!.&*,%&3!'=!3*=!FM!(/!-%&!, .E3&!1(<!R!Q1.&8(-!

-.&*-2&/-5!$%&!'(13&4.*3*-(1/!.*-&!10!-%&!21/1&+-&.+!K*+!&/%*/,&3!'=!*!0*,-1.!10!#!1;&.!

-%&!*'(1-(,!.*-&!10!%=3.1<=+(+5!!

D(/*<<=7!-%&!3(&+-&.+7!-.(&+-&.+7!*/3!-&-.*&+-.+!CD(4E.&!F>!,L&G7!01<<1K!*!+(2(<*.!

)*--&./!(/!K%(,%!#9:!.&21;*<!10!&*,%!,12)1/&/-!(+!*,%(&;&3!'=!3*=!PM!E/3&.!'(1-(,!

,1/3(-(1/+!'E-!-%&.&!(+!2(/(2*<!.&21;*<!10!-%&!,12)1/&/-+!(/!-%&!*'(1-(,!-.&*-2&/-+5!

6/3&.!'(1-(,!,1/3(-(1/+7!-%&!0(.+-!1.3&.!.*-&!,1&00(,(&/-!01.!HIJ!+1.'(-*/!3(&+-&.+!K*+! L

M5SNO!M5P!3LP!CQ1.&8(-!1/<=G!*/3!LM5PPO!M5M9!3LP!CQ.E3&!R!Q1.&8(-G5!T/!-%(+!,*+&7!@AB!,.E3&!

&/%*/,&3!'(13&4.*3*-(1/!'=!*!0*,-1.!10!S5>5!6/3&.!*'(1-(,!,1/3(-(1/+7!1/<=!SN:!*/3!S9:!

.&21;*<!1,,E..&3! (/!-%&!*'+&/,&!*/3!).&+& /,&!10!@AB!,.E3&!1(<7!.&+)&,-(;&<=7!*0-&.!*!SM!

3*=!(/,E'*-(1/5! !
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! $%&!'(&)&*+&!,-!./+(,,(01*/).)!%1)!1!2(1.13/+!&--&+3!,*!3%&!2&0(1213/,*!(13&)!,-!

&4&(5!+,.',*&*3!,-!6,(&7/38!9*2&(! :/,3/+!+,*2/3/,*);!"<=!(&.,41>!?1)!1+%/&4&2! ?/3%/*!

3%&!-/()3!@#!215)!,-!3%&!/*+A:13/,*!'&(/,2;!%,?&4&(! A*2&(!1:/,3/+ ;!>&))!3%1*!B<=!(&.,4 1>!

?1)! ,:)&(4&2!/*!C#!215) 8!D*!122/3/,*;!3%&!'(&)&*+&!,-!+(A2&!,/>!5/&>2&2!-1)3&(!

2&0(1213/,*!(13&)!-,(!1>>!+,.',*&*3)8!$%/)!,:)&(413/,*!)A00&)3)!3%13!6,(&7/3!/)!.,(&!

:/,141/>1:>&!/*!3%&!'(&)&*+&!,-!2/)'&()&2!,/>8!E*&!&7'>1*13/,*!/)!3%13!6,(&7/3!+,.',*&*3)!

?&(&!'(&)&*3!/*!3%&!?13&(!+,>A.*!13!%/0%&(!+,*+&*3(13/,*)!:&+1A)&!,-!3%&!1)),+/13/,*!

?/3%!+(A2&!,/>8!F*,3%&(!&7'>1*13/,*!/)!3%13!*13A(1>!./+(,,(01*/).)!GA/+H>5!1++>/.13&2!

3,!%52(,+1(:,*)!1*2! 3%A)!0(&?!-1)3&(!1*2 !.&31:,>/I&2!6,(&7/3!)A(-1+31*3)!13!1*!

/*+(&1)&2!(13&!2A&!3,!%/0%&(!','A>13/,*!2&*)/358!!

4.3.3 Predictive  kinetic degradation  at 4¡C  

D3!?1)!(&',(3&2!/*!3%&!'(&4/,A)!+%1'3&(!3%13!',>5) ,(:13&!2&0(1213/,*!/)!

2&'&*2&*3!,*!3&.'&(13A(&!:5!3%&!F ((%&*/A)!&GA13/,*!/*!?%/+%!3%&!*13A(1>!>,01(/3%.!,-!

3%&!2&0(1213/,*!(13&;!!"!/)!1!>/*&1(!-A*+3/,*!?/3%!@J#8!$%&!H/*&3/+!'1(1.&3&()!?&(&!

2&(/4&2!A*2&(!1:/,3/+!+,*2/3/,*)!-,(!3%&!.1K,( !&)3&(!+,.',*&*3)!1*2! /*2/4/2A1>!)&(/&)!,-!

6,(&7/38!$%&!1+3/413/,*!&*&(05!LM1N!1*2!'(&O&7' ,*&*3/1>!-1+3,(!LFN!1(&!(&',(3&2!/*!

F''&*2/7!6!$1:>&868@8!F)!)%,?* !'(&4/,A)>5;!PME!*,*&)3&(/-&2!1*2!.,*,&)3&(!)&(/&)!

?&(&!.,(&!3&.'&(13A(&!2&'&*2&*3 !3%1*!3%&!2/&)3&();!3(/&)3&();!1*2!3&3(1&)3&()8!!
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$%&!'()&*+&,!,&-*.,./0'1!*./&)! 21,&*!3*4/04!4'1,0/0'1)! 5&*&!4'67.*&,!/'!/%&!

&)/06./&,!.(0'/04!,&-*.,./0'1!*./&!./!8 9:!01!$.(;&! " <!$%&!'()&*+&,!,&-*.,./0'1!*./&)!='*!

/%&!&/%'>?;./&@!,0&)/&*@!.1,!/*0&)/&*!4'67'1&1/)!5&*&!)060;.*!/'!/%&!&)/06./&,!*./&)@!

5%0;&!/%&!'()&*+&,!,&-*.,./0'1!*./&!='*!/%&!6'1' &)/&*!4'67'1&1/)!5.)!A<B!/06&)!);'5&*!

/%.1!7*&,04/&,<!$%&!*&)2;/)!)%'5!/%./!,&-*.,./0'1!0)!01,&&,!/&67&*./2*&!,&7&1,&1/C!

%'5&+&*@!4'14&1/*./0'1!6.?!.;)'!01=;2&14&!,&-*.,./0'1!*./&)< 8D@!EB!$%&!*&4'+&*?!'=!/%&!

6'1'&)/ &*!4'67'1&1/!'=!:'*&>0/!5.)!#EAF!01!/%&!010/0.;!)2().67;01-!&+&1/@!/%&*&='*&!

/%&!&==&4/0+&!4'14&1/*./0'1!'=!6'1'&)/&*!4'67'1&1/)!60-%/!(&!%0-%&*!/%.1!/%&!&>7&4/&,!

4'14&1/*./0'1!01!/%&!5./&*!4';261@!/%2)!)277*&))01-!,&-*.,./0'1!'=!/%&!6'1'&)/&*)<!

G+&*.;;@!/%&!&)/06./&,!,&-*.,./0'1!*./&)!.-*&&,!50/%!/%&!'()&*+&,!,&-*.,./0'1!*./&)!

21,&*!.(0'/04!4'1,0/0'1)!50/%!:'*&>0/!'1;?<! !

4.4 Conclusions  

$%0)!)/2,?!5.) !/%&!=0*)/!/'!0,&1/0=?!/%&!7.*/0/0'101-!.1,!.))&))!/%&!,&-*.,./0'1!'=!

:'*&>0/! 01!/%&!7*&)&14&!.1,!.()&14&!'=!3HI! 4*2,&!'0;!(?!.1!01,0-&1'2)!3*4/04!604*'(0.;!

4'66210/?<!$%&!=01,01-)!'=!/%0)!)/2,?!*&+&.;&,!/%./!/%&!1'10'104!4'67'1&1/)!'=!:'*&>0/!

21,&*5&1/ !('/%!(0',&-*.,./0'1!.1,!.(0'/04!%?,*';?)0)!/'!='*6!1'1&)/&*0=0&,!
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:;<!=,%92('* ! B?"";@AB! A?AC! HJ?B!

:;<!=,%92('*!E,*,&F(& %! C?JC;@AG! A?HH! HC"?#!
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Figure'23:'Distribution'of'PEO'sorbitan'esters'in'Corexit'9500'in'the'presence'
(gray)'and'absence'(black)'of'ANS'crude'oil'at'day'0,'5,'and'30'after'incubation'under'

biotic'(solid'lines)'and'abiotic'(dotted'lines)'conditions.



!

"#!

!

"#$%&'!() *!+#,'-#.!/01-!21&!-3'!$','&4-#1,!12!567!81&9#-4,!:4;!4,<!<'$&4<4-#1,!
12!567!81&9#-4,!'8-'&8!:9=';!948'<!1,!,1&>40#?'<!/'4@!4&'48A !

!



!

"#!

!

"#$%&!' (!)*+,-#+&.!/*&0.1!2,3*+!13.&3!3#+&!415*+#5+*!#+!678!41-/#3&.!1$*&39&.!
3#+&!415*+#5+*!#+!678!213!813&:,+!';<<!41-/15&5+*!

!
$%&'()*!"+,, !
$%-.%/'/* !

01*)-2*'3!42*'!
$%/1*2/*5!k!63789!

:;1'&<'3!42*'!
$%/1*2/*5!k!63789!

0*=%(>?2*'1!! @,A+"B! @,AC,+!D!,AB!
E%/%'1*'&1! 7,AF8F! 7,A,##!D!,A,B!
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5. Characterization and microbial communities exposed 
to dispersant Corexit ¨ 9500 

5.1 Introduction  

#$%!&%%'()*%+!,-+./-0!)11.2%0*!()3!*$%!4.+3*!5)6-+!3'.77!*-!-118+!.0!*$%!2%%'!

-1%)0!9:;<<!5!2%'*$=!)02!*$%!4)*%!-4!*$%!-.7!+%7%)3%2!)*!2%'*$!+%5).03!7)+>%7?!80@0-(0A!

B0!*-*)7C!)0!%3*.5)*%2!DA:!5.77.-0!E)++%73!-4!-.7!)02!:AF!G:<H!@>!-4!0)*8+)7!>)3!47-(%2!-8*!

-4!*$%!I)1-02-!(%77!-J%+!E%4-+%!.*!()3!1)''%2!)4*%+!HF!2)?3AKC!:<L:: !M!80.N8%!

'$%0-5%0-0!*$)*!-118++%2!()3!*$%!4-+5)*.-0!-4!)!2%%'!()*%+!'785%!1-0*).0.0>!

0%8*+)77?!E8-?)0*!-.7!2+-'7%*3!9O:<<!P5=!)02!2.33-7J%2!>)33%3!-E3%+J%2!E%*(%%0!::<<L

:Q<<!5!2%'*$A:F!#$%!2%'*$!-4!*$%!(%77!1-5E.0%2!(.*$!*$%!)''7.1)*.-0!-4!1$%5.1)7!

2.3'%+3)0*!)*!*$%!(%77$%)2!+%387*%2!.0!*$%!4-+5)*.-0!-4!-.7!2+-'7%*3C!-.7!+%*%0*.-0!.0!*$%!

()*%+!1-7850C!)02!E.-2%>+)2)*.-0!)*!2%'*$AHRLHF!!

M7*$-8>$C!*$%!8*.7.*?!-4!2.3'%+3)0*3!*-()+23!-.7!E.-2%>+)2)*.-0! +%5).03!

801%+*).0CRC!H:C!HHL"K!5)0?!3*82.%3!$)J%!+%'-+*%2!)!2.3*.01*!3$.4*!.0!*$%!5.1+-E.)7!1-5580.*?!

3*+81*8+%!(.*$.0!*$%!2%%'!()*%+!'785%!1-5')+%2!*-!*$%!80*+%)*%2!()*%+!1-7850A!B0!*$%!

'785%C!*$%!5.1+-E.)7!1-5580.*.%3!+%3'-02%2!+)'.27?!*-!*$%!.0*+83.-0!-4!-.7A!#$%!

E)1*%+.)7!1%77!1-01%0*+)*.-03!.03.2%!*$%!'785%!(%+%!3.>0.4.1)0*7?!$.>$%+!*$)0!-8*3.2%!*$%!

'785%C!)3!*$%!0)*.J%!5.1+-E.)7!1-5580.*.%3!+%3'-02%2!*-!*$%!.0478G!-4!$?2+-1)+E-03A:"C!"<!
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)02! 9#140+&1*&(#'!.0.*.)77?!2-5.0)*%2!*$%!'785%AH:C!HRC!"<!SJ%+!*$%!3811%33.-0!-4!*$%!-.7!
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%&'()%)*+,-!./,0&%!*/)*!1+2(,3+)4!5,564)*+,-.!./+7*!1,.*!()5+%48!0+*/!*/&!()5+%!

%&'()%)*+,-!,7!*/&!1,-,&.*&(.!2,15,-&-*!,7!9,(&:+*!)-%!2,-*+-6&%! *, !2/)-'& !).!*/&!

%+&.*&(;!*(+&.*&(;!)-%!*&*()&.*&(!2,15,-&-*.!,7!9,(&:+*!%&'()%&<!!

5.2 Material s and Methods  

5.2.1 Chemicals and reagents  

=>?!5(,@+%&%!*/&!A,6*/!B,6+.+)-)!(&7&(&-2&!2(6%&!,+4!CAB9D<!9,(&:+*!EF##!0).!

)2G6+(&%!7(,1!H)42,!CH)5&(@+44&;!IBD<!?44!.,4@&-*.!0&(&!J>B9!'()%&!,(!/+'/&(<!

?2&*,-+*(+4&;!)2&*,-&;!)-%!0)*&(!0&(&!56(2/).&%!7(,1!K/&(1 ,!L+./&(!A2+&-*+7+2<!J>B9!

'()%&!?11,-+61!)2&*)*&!0).!)2G6+(&%!7(,1!K/&(1,!A2+&-*+7+2<! !

5.2.2 Sample collection  

9,).*)4!.&)0)*&(!0).!2,44&2*&%!)*!*/&!>+@&(.!I.4)-%!9,).*)4!M3.&(@)*,(8!C>I9MD!

.+*&!-&)(!N&)67,(*!I-4&*;!H9!COP<Q"R"SH!QT<TQ#QSUD!,-!L&3(6)(8!$";!$#"R<!U)*&(!0).!

2,44&2*&%!)*!VO#!21!%&5*/;!7+4*&(&%!*/(,6'/!$##!W1!1&./;!)-%!.*,(&%!+-!$#B!2)(3,8<!

U)*&(!G6)4+*8!1&).6(&1&-*.;!+-246%+-'!*&15&()*6(&;!5J;!)-%!.)4+-+*8!0&(&!*)X&-!

%6(+-'!.)154+-'!)-%!%+..,4@&%!+-,(')-+2!-6*(+&-*!2,-2&-*()*+,-.;!2/4,(,5/844! ! !

2,-2&-*()*+,-;!3)2*&(+,54)-X*,-;!)-%!5/8*,54)-X*,-!)36-%)-2&.!0&(&!%&.2(+3&%!

5(&@+,6.48<QOYQP!K,*)4!%+..,4@&%!,(')-+2!2)(3,-!CKZM9D!0).!1&).6(&%!,-! KM9YB!0+*/!

?AI YB!?6*,.)154&(!CA/+1)%*[6!9,(5;!\)5)- D<!A&)0)*&(!0) . !.*,(&%!)*!] "#S9!7,(!"!%)8!

6-*+4!6.&<!
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5.2.3 Microcosm set up and sampling  

%&'()')*+!,-.,(&+,/0*!1,(,!.,(2)(+,3!&/!4567!8+9,(!:;8**!9)00;,*!1&0<!=,2;)/ >

;&/,3!'8.*?!1<&'<!<83!9,,/!(&/*,3!1&0<!180,(! 8/3! 8',0)/,5!=<,!+&'()')*+*!1,(,!

8+,/3,3!1&0<!*@9*0(80,*5!=<,!3&*.,(*8/0 >)/;A!0(,80+,/0!')/08&/,3!"#!..+!B)(,-&0!C6##!

*,8180,(!1<&;,!0<,!3&*.,(*8/0 >'(@3,!)&;!0(,80+,/0!')/08&/,3!8!3&*.,(*8/0!0)!)&;!(80&)!

DEFGH!)2!"I"#!.(,+&-,3!B)(,-&0!C6##!D"#..+H!8/3!J7B5!%&'()')*+*!1,(,!,*089;&*<,3!&/!

0(&.;&'80,!+8&/08&/,3!80!0<,! !"#$!%&!*,8180,(!0,+.,(80@(,!)2! "$56KB!&/!8/!&/'@980)(!)(9&08;!

*<8L,(!80!"##!(.+5!M;;!0(,80+,/0*!1,(,!*8+.;,3!80!0<,!2);;)1&/:!0&+,!.)&/0*I!#?!"?!4?!N?!

8/3!6!38A*5!J@9*8+.;&/:!)''@((,3!@*&/:! 3,*&:/80,3! =,2;)/!0@9&/:!2()+!+&3 >9)00;,!0)!

8O)&3!8/A!*@(28',!,22,'0*5!J,.8(80,!*8+.;,*!1,(,!');;,'0,3!2)(!'<,+&'8;!D"6#!+7H!8/3!

+&'()9&8;!')++@/&0A!8/8;A*&*!D46#+7H5!

5.2.4 Corexit analysis using LC -HRMS 

=)!+)/&0)(!B)(,-&0!3,:(8380&)/ ?!*);&3!.<8*,!,-0(8'0&)/!18*!.,(2)(+,3!@*&/:!

"6#+7 !1&0<!P7Q!'8(0(&3:,*!DR''?!6##+:?!$#S+?!%&;2)(3?!%MH5!T-0(8'0*!1,(,!,;@0&/:!

@*&/:!8',0)/,?!*);O,/0!,-'<8/:,3!&/0)!8',0)/&0(&;,?!8/3!*0)(,!80! >4#KB!@/0&;!8/8;A*&*5!U(&)(!

0)!8/8;A*&*?!4#!S;!)2!,-0(8'0!18*!3&;@0,3!&/!"V#!S;!)2!PU7B!:(83,!180,(!1&0<!6++);!

8++)/&@+!8',080,!&/!8!J8O&;;,-!6##S;!UWM!8@0)*8+.;,(!O&8;!DX/)-O&;;,?!=YH5!J8+.;,*!

1,(,!8/8;AZ,3!1&0<&/!4N!<)@(*5!!
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%&'(!)*+,-+./01*!2&34&5!1(+-./6-'+/)(7!8%9:;<!/0/27=&=!>/=!)*+,-+.*5!-0!

?@2!&0A*16&-0!-,!=/.)2*B!:;!=*)/+/6&-0!-114++*5!-0!/!%7)*+=&2!C-25!;$!+*D*+=*5!)(/=*!

1-24.0!8"BE!@.F!G##!H!GB"!..F!I(*+.-!J&=(*+!K1&*06&,&1F!K/0!L-=*F!;M<B!N0&6&/2!1-05&6&-0=!

-,!6(*!1-24.0!&01245*5!E#OM!8?@P!/..-0&4.!/1*6/6*!&0!>/6*+<!/05!"#OQ!8?@P!

/..-0&4.!/1*6/6*!&0!/1*6-0&6+&2*<!/05!/!,2->!+/6*!-,!R##!@:!.&0 S"!/05!1-24.0!-D*+!

6*.)*+/64+*!-,!R#T;B!I(*!/0/276&1 /2!'+/5&*06!(*25!/6!"#OQ!,-+!"!.&046*F!6(*0!+/.)*5!6-!

EEOQ!-D*+!G#!.&046*=!4=&0'!/!1-0D*H!14+D*F!6(*0!(*25!/6!EEOQ!,-+!?!.&046*=!/05!

+*64+0*5!6-!&0&6&/2!1-05&6&-0=!6-!*34&2&U+/6*B!!

I(*!1-24.0!*,,24*06!>/=!6+/0=,*++*5!6(+-4'(!/!(*/6*5!*2*16+-=)+/7!&-0&V/6&- 0!

8WKN<!=-4+1*!-)*+/6*5!&0!)-=&6&D*!&-0&V/6&-0!.-5*!8=)+/7!D-26/'*!-,!RR##!XF!1/)&22/+7!

6*.)*+/64+*!-,!GY?T;<!6-!/0!Z+U&6+/)!J4=&-0!:4.-=!8I(*+.-!J&=(*+!K1&*06&,&1F!K/0!L-=*F!

;M<B!J422!=1/0!./==!=)*16+/!>*+*!/134&+*5!/6!+*=-246&-0![!\!G$#F###!8J]%P!/6!!"# !G##$%

-D*+!/ %+/0'*!-,!"?# SG###%!"# !>&6(!WMKŜN;!&06*+0/2!1/2&U+/6&-0!8_G)).!./==!/114+/17<F!

/46-./6&1!'/&0!1-06+-2!$*?F!/05!./H&.4.!&0A*16&-0!6&.*!"##.=B!%&'(!*0*+'7!1-22&=&-0!

5&==-1&/6&-0!8%;`<!,+/'.*06/6&-0!=)*16+/!>*+*!/134&+*5!/6!$?!a!"#O!0-+./2&V*5!

1-22&=&-0!*0*+'7!&0!I-)!K)**5!8"!=*1-05<!5/6/!5*)*05*06!/134&=&6&-0!.-5*F!>&6(!)*/b!

/)*H!5*6*16&-0F!570/.&1!*H124=&-0F!/05!"?F###!+*=-246&-0B!!
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5.2.5 DNA extraction and sequencing  

%&'!()*!+,--.+/.0!12!34-/.5467!8$#!9:!,3!*.)()/.5!/;5,<7;!)!#=88 >?9!@/.54A.B!

34-/.5!CD4--4E,5.F!%)59*/)0/F!G.59)62H=!I4-/.5*!(.5.!*/,5.0!)/!>J#KL!<6/4-!.B/5)+/4,6=!

&<+-.4+!)+40*!(.5.!.B/5)+/.0!<*467!G.6/5)!M<5.7.6.!N.)*/OP)+/.54)-!Q4/!CR4)7.6H!

3,--,(467!/;.!9)6<3)+/<5.5S*!46*/5<+/4,6*!(4/;!/;.!)004/4,6!,3!1.)0!1.)/467= !!

T;.!9 4+5,14)-!+,99<64/2! ()* !+;)5)+/.54U.0!<*467!/;.! VW>V$!E549.5*!/)57./467!

/;.!"X*! 7.6. =YJ!MLZ!5.)+/4,6*!+,6/)46.0!8#!67!,3!%&'!/.9E-)/.F!#=$! ?D!1)5+,0.0!

3,5()50!E549.5F!#=$!?D!1)5+,0.0!5.A.5* .!E549.5F!8##!?D!0&TM*F!)60!#=$[!\+,6,!T)]=!

MLZ!5.)+/4,6*!(.5.!/;.59,+2+-.0!<*467!/;.!3,--,(467!E5,/,+,-^!YJKL!3,5!_#!*.+=!)60!8J!

+2+-.*!)/!YJKL!3,5!"#*F!$$KL!3,5!_#!*!)60!`8KL!3,5!_#!*a!/;.!346)-!+2+-.!+,6+-<0.0!)/!`8KL!

3,5!8!946=!T54E-4+)/.!5.)+/4,6*!(.5.!E,,-.0!)60!7.- >E<5434.0=!L,6+.6/5)/.0!%&'!()*!

]<)6/434.0!12!&)6,%5,E!&% >"###!)60!.]<49,-)5!+,6+.6/5)/4,6*!(.5.!E,,-.0 !3,5!

*.]<.6+467 =!:415)54.*!(.5.!*.]<.6+.0!(4/;! 8B8$#1E!b--<946)!D4@.]!C@)6!%4.7,F!L'H!)/!

%<c.S*!G.6,9.!@.]<.6+467!)60!'6)-2*4*!L,5.!I)+4-4/2= !

5.2.6 Sequence processing  

@.]<.6+.*!)6)-2U.0!<*467!/;.!D)+RbbD\!A.5*4,6!"=Y="= YY!)60!(.5.!+-.)6.0F!

/5499.0!)60!0.9<-/4E-.B.0!<*467![@\'ZLd!A`= "##!P54.3-2F!/;.!-.3/!3,<5!1)*.*!(.5.!

/5499.0! !)60!- ,(!]<)-4/2!*.]<.6+.*!(.5.! 3<5/;.5!/5499.0!)/!/;.!M;5.0!]<)-4/2!CRH!,3!_#!

<*467!)!5<66467!(460,(!,3!"#!6/!3,5!)!946!-.67/;!,3!8##!6/=!I,5()50!)60!5.A.5*.!
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%&'(&)*&%!+&,&!-.&)!/&,0&1!+2-.!)3!/2%/4-*.&%!53,!"#!)-!3,!0,&4-&, !36&,7489!:&'(&)* &%!

+2-.!7&%%!-.4)!;##!)-!3,!4)!&<8&*-&1!&,,3,!0,&4-&,!"!+&,&!&<*7(1&19!:&'(&)*&%!+&,&!

1&,&872*4-&1=!%3,-&1=!*7(%-&,&1!4)1!4%%20)&1!-3!38&,4-23)47!-4<3)3/2*!()2-!>?@A%B9!

?@A%!73+&,!-.4)!526&!3C%&,64-23)%!2)!477!%4/87&%!+&,&!,&/36&1!-3!D2&71!4!/2)2/(/!35!

E#"F!,&41%!8&,!%4/87&9!!

G&74-23)%.28%!C&-+&&)!*3//()2-D!%-,(*-(,&%!+&,&!&<4/2)&1!+2-.!) 3)/&-,2*!

/(7-212/&)%23)47!%*472)0!>HIJ:B!(%2)0!-.&!6&04)!84*K40&!2)!G!*3/8(-2)0!

&)62,3)/&)-!>F9F9#B9!HIJ:!+4%!8&,53,/&1!(%2)0!-.&!L,4DMN(,-2%!12%-4)*&!/&-,2*9!

5.3 Results   

5.3.1 Microbial community change correlated with Corexit 9500 
degradation  

@3!3C%&,6&!-.&!2)-&,4*-23)!C&-+&&)!N3,&<2-!4)1!4!)4-26&!/2*,3C247!*3//()2-D!2)!

-.&!8,&%&)*&!4)1!4C%&)*&!35!O3(2%24)4!:+&&-!N,(1&=!+&!%2/(74-&1!4)!327!%72*K!53,/4-23)!

+2-.!N3,&<2-!48872*4-23)!2)!/2*,3*3%/!&<8&,2/&)-%9!H4-(,47!%&4+4-&,!+4%!*377&*-&1!

5,3/! 4!*34%-47!3*&4)!%2-&!2)!L&4(53,-=!HN!4)1!4/&)1&1!+2-.!N3,&<2-!3)7D=!3,!N3,&<2-!4)1!

:3(-.!O3(2%24)4!*,(1&!>:ONB!3279!@.&!N3,&<2-!4)1!:ON!-,&4-/&)-!+4%!8,&/2<&1!-3!

8,3/3-&!12%%37(-23)!35!*3/83()1%!2)!-.&!+4-&,!*37(/)9!@.&!1&0,414-23)!35!N3,&<2-!2)!

%&4+4-&,!C&04)!+2-.!/3)3&%-&,!,&/3647!4)1!-.&!%(C%&'(&)-!53,/4-23)!35!-.&!

)3)3&%-&,252&1!%&,2&%9!@.&!/2*,3*3%/!&<8&,2/&)-!*3)*7(1&1!45-&,!526&!14D%!-3!72/2-!

%20)252*4)-!C3--7&!&55&*-%!3)!-.&!/2*,3C247!*3//()2-D!838(74-23)=!.3+&6&,! -.&!
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%&'()*+%,&!-*.!+,,!./,0+!+,!,).1021 !+/1!3140*3*+%,&!,5!+/1!3%1.+106!+0%1.+106!*&3!+1+0*1.+10!

',78,&1&+.!,5!9,01:%+;! !

<1.(=+.!50,7!9,01:%+!3140*3*+%,&!*01!.(77*0%>13!%&!?%4(01!@A;!B/1!0*+1.!*&3!

.1C(1&'1!,5!3140*3*+%,&!,5!9,01:%+!%&!+/1!801.1&'1!*&3!*).1&'1!,5!DE9!*01!',78*0*)=1!

+,!8012%,(.=F!,).10213!3*+*!.1+. !%&!9/*8+10.!G!*&3!H;!I140*3*+%,&!,5!+/1!8,=F1+/,:F=*+1!

JKLMN!.,0)%+*&!7,&,,=1*+1!,''(0013!-%+/%&!+/1!5%0.+!HOP/,(0.!,5!1:8,.(01!%&!),+/!

+01*+71&+.;!I140*3*+%,&!,5!+/1!KLM!.,0)%+*&!3%1.+10.!*&3!KLM!.,0)%+*&!+0%1.+10.!-101!

&,+!.%4&%5%'*&+!,210!+/1!5%21P3*F!%&'()*+%,&;!B/1!KLM!.,0)%+*&!.10%1.!-101 !41&10*+13!*.!

+/1!KLM!.,0)%+*&!7,&,1.+10!.10%1.!-101!017,213;!B/101!-*.!&,!'/*&41 !%&!+/1!

*)(&3*&'1!,5!IMDD! 3(0%&4!+/1!%&'()*+%,&;!!

B/1!/*=5P=%51!5,0!+/1!7,&,1.+10!',78,&1&+!-*.!#;QQ!*&3!#;$#!3*F.!%&!+/1!9,01:%+!

,&=F!+01*+71&+!*&3!9,01:%+!*&3!'0(31!,%=!+01*+71&+6!01.81'+%21=F;!B/1!'*='(=*+13 !/*=5P=%51!

5,0!+/1!3%1.+10!',78,&1&+.!-*.!.=%4/+=F!5*.+10!%&!+/1!9,01:%+!*&3!90(31!M%=!+01*+71&+.!

J"@;R!3*F.N!,210!+/1!9,01:%+!,&=F!+01*+71&+!J"$;O!3*F.N;!S1*&-/%=16!+/1!1+/,:F=*+1!.10%1.!

3,()=13!%&!*)(&3*&'1!%&!";@!*&3!";H!3*F.!5,0!9,01:%+!,&=F!*&3!9,01:%+!*&3!90(31!M%=!

+01*+71&+.6!01.81'+%21=F!JB*)=1!"#N;!!

S%'0,)%*=!',77(&%+F!*&*=F.%.!)F!"QD!0<TU!.1C(1&'1!3*+*!%&3%'*+13!+/*+!+/1!

7%'0,)%*=!',77(&%+F!'/*&413!0*8%3=F!%&!+/1!801.1&'1!*&3!9,01:%+!*&3!9,01:%+!*&3!

'0(31!,%=;!U&!*210*41!,5!G#QRAVA#"#!01*3.!810!.*78=1!-101!'=(.+1013!%&+,!,810*+%,&*=!
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taxonomic!units!(OTUs).!There!was!a!linear!increase!in!the!average!OTU!count!per!

sample!in!the!Corexit!only!treatment!and!a!slightly!faster!linear!increase!in!the!OTU!

count!per!sample!in!the!Corexit!and!crude!oil!treatment!(Figure!26).!!

Initially,!analysis!of!the!16S!rRNA!sequences!revealed!that!73%!of!the!in!situ!

microbial!community!belonged!to!fifteen!genera!from!nine!orders!and!seven!classes!and!

4!phyla!(Bacteroidetes,!Cyanobacteria,!Planctomycetes,!and!Proteobacteria)!(Table!1).!

The!majority!of!the!taxa!were!identified!as!members!of!three!orders!(Flavobacteriales!"

Rhodobacterales,!and!Rickettsiales)!within!two!classes,!Flavobacterila!and!

Alphaproteobacteria.!PICO!seawater!communities!did!share!taxa!with!Deepwater!

Horizon!taxa,!including!Alphaproteobacteria!(#$%&%'()*+,(-+.)!and!

Gammaproteobacteria"(/-*+ ,%0%1(&(-+.!and!2)+(1%.34,4--(-+.),!which!were!initially!

identified!by!Redmond!et!al.86!at!sites!that!contained!an!oil!sheen."Gammaproteobacteria"

56.+7&%(-*+,%0%1(.!and!84',4%)!were!found!in!surface!water!samples!during!Deepwater!

Horizon!and!were!also!detected!in!the!PICO!seawater,!but!accounted!for!less!than!1%!of!

the!sequences!in!each!sample.!9%-:+--4(!was!identified!as!the!main!taxa!in!the!deepwater!

plume!during!Deepwater!Horizon,!however,!it!represented!less!than!1%!of!the!PICO!

sequences.!!

Within!the!first!48!hours!of!the!incubation,!the!microbial!community!began!to!

shift!(Figure!27).!Communities!enriched!with!Corexit!increased!in!Flavobacteriaceae,!
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%&'(')*+,-.*+-*-/!0-,&12'3&42*+-*-/!52,-.'6'7*(*+-*-/!*7(!8*2'6'7*(*+-*-!47!,&-!

94.:,!;<!&'=.:>!522!,*?*!-?+-3,!0-,&12'3&42*+-*-!.-6*47-(!:,*)2-!*9, -.!,&-!474,4*2!@.'A,&>!

0-,&12'3&42*+-*-/!&'A-B-./!3-*C-(!*,!;<!&'=.:/!*7(!,&-7!(-+.-*:-(!)*+C!,'!,&-!474,4*2!

*)=7(*7+->! D-2*@4)*+,-.*+-*-!474,4*221!+'63.4:-(!EFG!'9!,&-!:-H=-7+-:/!&'A-B-./!)1!(*1!

,A'/!4,!'721!+'63.4:-(!"IG/!*7(!)1!(*1!94B-!J>EG>!K-..=+'64+ .')4*+-*-!(-+.-*:-(!)1!

FELM$G!*7(!+'7,47=-(!,'!(-+.-*:-!'B-.!,46->!N7!,&-!947*2!+'7(4,4'7:/!O2*B')*+,-.4*+*-*!

.-3.-:-7,-(!F#>"G!'9!,&-!:-H=-7+-:!*7(! %&'(')*+,-.*+-*-!.-3.-:-7,-(!"JG>! !

P'66=74,4-:!-7.4+&-(!A4,&!P'.-?4,!*7(!QRP!'42!,.-*,6-7,!A-.-!:4642*.!,'! ,&-!

P'.-?4,!'721!,.-*,6-7,S! ,&-!:*6-!,*?*!(-+.-*:-(!TME LM$GU!A4,&47!;<!&'=.:>!

O2*B')*+,-.4*+*-*!A*:!,&-!('647*7,!9*6421!'B-.!*22S!474,4*221!4,!.-3.-:-7,-(!"EG!'9!,&-!

:-H=-7+-:/!)1!(*1!94B-!&'A-B-./!4,!*++'=7,-(!9'.!I"G>!Q4642*.21/! %&'(')*+,-.*+-*-!

.-3.-:-7 ,-(!"EG!'9!,&-!:-H=-7+-: !*,!(*1!# /!*7(!4,!3-*C-(!'7!(*1!9'=.!*,!"$G/!*7(!,&-7!

.-6*47-(!:,*)2->! !"#$%&'$#(#')*!474,4*221!.-3.-:-7,-(!'721!#>;G!'9!,*?*/!&'A-B-./!*9,-.!,&-!

94.:,!;<!&'=.:!'9!,&-!47+=)*,4'7/!4,!)-@*7!,'!47+.-*:-!47!*)=7(*7+-!*7(!*++'=7,-(!9'.! "JG!

'9!,&-! :-H=-7+-: !)1!(*1!94B->!!

V&4:!:,=(1!=:-(!64+.'+':6:!,'!:46=2*,-!,&-!=:-!'9!(4:3-.:*7,!'7!*!:=.9*+-!:24+C!

47!*!+'*:,*2!6*.47-!-7B4.'76-7,>!V&-!3.'647-7,!,*?*!47!,&-! P'.-?4,!,.-*,6-7,!A-.-!

.-3.-:-7,-(!)1! +#,*-).*-$/$0 1T9*6421W!O2*B')*+,-.4*+*-* U>!V&4:!@-7=:!*2'7-!*++'=7,-(!

9'.!JJ XI G!*7(!E; XJG!'9!,&-!:-H=-7+-:!'7!(*1!94B-!47!,&-!P'.-?4,!'721/!*7(!P'.-?4,!*7(!
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$%&!'()*+,-'.(/0!12/32)-'42567! 85,4.+,)-21',!,12!*+'9*' -.*/!'(!-:2!;,1'(2!2(4'1.(;2(-!

,(<! ,12!.=-2(!,//.)',-2<!>'-:!<2?1,<,-'.(!.=!:'?:!;.52)*5, 1!>2'?: -!<'//.542<!.1?,(')!

).;3.*(</ !>'-:!2@-1,)255*5,1!2(A6;2/!-:,-!:6<1.56A2!+'.3.56;21/ 7"#" !B:'/!='(<'(?!

=.55.>/!>'-:!-:2!.+/2142<!<2?1,<,-'.(!3,-:>,6!.=!-:2!(.('.(')!3.56/.1+,-2/!'(!&.12@'-7!

B:2!-1,(/=.1;,-'.(!31.<*)-/!'()5*<2<!-:2!2-:.@65,-2<!).;3.*(<0!>:'):!>212!

31.<*)2<!-:1.*?:!-:2!2/-21!:6<1.56/ '/7!8*1-:21!12/2,1):!;*/-!+2!).(<*)-2<!-.!2@,;'(2!

-:2!;')1.+',5!).;;*('-6!=.1!:6<1.),1+.(!<2?1,<,-'.( !?2(2/ 0!'()5*<'(?! !"#C0!&DE"FG!

,5H,(2!:6<1.5,/2!.1!,5H,(2/!,(<!:6<1.),1+.(!;.(..?62(,/2/ 0"#I !,(<!>255!,/!.-:21 !,(<!

?2(2/ !12/3.(/'+52!=.1!2/-21!:6<1.56/'/!-.!<2-21;'(2!-:2!+'.,4,'5,+'5'-6!. =!-:2!&.12@'-!-.!

-:2!;')1.+',5!).;;*('-67! !

5.4 Conclusion  

B:2!;')1.+',5!).;;*('-6!12/3.(/2!-.!-:2!,<<'-'.(!.=!&.12@'-!,(<!<'/321/2<!

)1*<2!.'5!>212!<'/-'()-!=1.;!*(-12,-2<!/2,>,-217!85,4.+,)-21',!<.;'(,-2<!-:2!

).;;*('-'2/!'(!-:2!&.12@'-!.(56!,(<!&.12@'-!,(< !$%&!.'5!-12,-;2(-/!'(!-:2!='1/-!='42!<,6/!

.=!-:2!'()*+,-'.(7!85,4.+,)-21',!,12!H(.>(!-.!<2?1,<2!<'//.542<!.1?,(')!;,--21!*/'(?!
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6. Conclusions  

6.1 Summary  

$%&!'()*&+!,*-*&!).!%)/ %01!+&2&(+&+!3(!3)0!-(+!/-.!)(+4.*51!635!&(&5/1!-(+!.)(7&!
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36!7%&8)7-0!+).2&5.-(*.!4.&+!-.!2-5*!36!-(!3)0!.2)00!&8&5/&(71!5&.23(.&A!$%).!+)..&5*-*)3(!

-++5&..&+!6345!.2&7)6)7!G4&.*)3(.L!

"A M%-*!-5&!*%&!8-N35!-(+!8)(35!7%&8)7-0!73823(&(*.!36!J35&?)*!K#::O!!
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6.2 Unanswere d questions and future research  
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Appendix A: Water quality data  
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&%&'(! #)#")"* ! "$)#")"+ ! +)"#)"+! ,)$")", ! *)",)", !
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7H?IDI4HA??!! !
5JKLM"8! "9+$,! 19:**! :91;=#! ;9;;"* ! "9$"; !
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Appendix B: Supplemental Tables to Chapter 3   
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;<=!$-&?'+*. ! 3BCBIJ!G!BCB#! ""CH@F! BCIFJ! BCB@J!G!BCB"! "@C"@E! BCFHF!
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>2G#21! IGII#! 2G1! >2G221! 1HGHMI! 2GKJM!

*DE!%+'.(0/8!
;"1F2!;"1F2! !

>2G#H$! #GJKK! 2GK1$! >2G"2J! HGH2"! 2GK1M!

*DE!%+'.(0/8!
;"1F2!;"1F"! !

>2G##$! IG2#K! 2G12"! >2G22$! KKG2"H! 2GK$#!

*DE!%+'.(0/8!
;"1F"!;"1F"! !

>2G##$! IG2#K! 2G12"! >2G22$! KKG2"H! 2G12I!

*DE!%+'.(0/8!
;"1F"!;"1F#! !

>2G#MK! #G12H! 2G1##! >2G2#I! I2G"IK! 2G$K1!

*DE!%+'.(0/8!
;"1F#!;"1F#! !

>2G#"$! IG"HJ! 2G1#I! 2G22I! #IG2M$! 2G2$H!

*DE!%+'.(0/8!
;"1F2!;"1F2!
;"1F2!!

>2G"MH! MGKM1! 2GH$"! >2G2"K! M2GKKI! 2G$$$!

*DE!%+'.(0/8!
;"1F2!;"1F2!
;"1F"! !

>2G"1! IG1J"! 2GKMK! >2G2"H! MIGI##! 2GJ$#!

*DE!%+'.(0/8!
;"1F2!;"1F"!
;"1F"! !

>2G"1I! IGK11! 2GK"H! >2G2##! I"GJ2K! 2G$M$!

*DE!%+'.(0/8!
;"1F"!;"1F"!
;"1F"! !

>2G"1! IG1J"! 2GK#! >2G2#I! I2G"IK! 2G$J"!

*DE!%+'. (0/8!
;"1F"!;"1F"!
;"1F#!!

>2G"#$! JGIKI! 2GKII! >2G2#"! IIG22K! 2G$2I!
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*+,-)+'./0&!1$ !
2(+0(3!4&5'/6/0(+7!8/0&)! 9.(+0(3!4&5'/6/0(+7!8/0&) !
8/0&!

:+7)0/70;!
! !<6=">!

?/,@=,(@&!
<6/-)>!

A(7&/'!
B(0;!" #!

8/0&!
:+7)0/70;!

! !<6=">!

?/,@=,(@&!
<6/-)>!

A(7&/'!
B(0;!" #!

*CD!%+'.(0/7!
:"1E"!:"1EF!
:"1EF!!

=$G"11! #GH1I! $GIJ"! =$G""1! JG1IK! $GLJK!

*CD!%+'.(0/7!
:"1EF!:"1EF!
:"1EF!!

=$GF$I! #G#KL! $G1L#! =$G$JI! "FG"H! $G1HL!

*CD!%+'.(0/7!
:"1E$!:"1E"!
:"1E"!:"1E"! !

$G$IJ! LGFKF! $G"I#! $G$$1! 1HGHK#! $G$11!

*CD!%+'.(0/7!
:"1E"!:"1E"!
:"1E"!:"1E"! !

=$G"L#! #GJL"! $GI"H! =$G$#J! "LG1$K! $GL#I!

*CD!%+'.(0/7!
:"1E"!:"1E"!
:"1E"!:"1EF! !

=$GFIL! FGK1K! " ! =$G$JH! "FG#I1! $GLJ!

*CD!%+'.(0/7!
:"1E"!:"1E"!
:"1EF!:"1EF!!

$G$$K! "I#GF1I! " ! =$G$IK! LG#HI! $GLK!

*CD!%+'.(0/7!
:"1E"!:"1EF!
:"1EF!:"1EF!!

=$G#J1! "GL#H! " ! =$G$LF! IGJ#K! $GLJL!

*CD!%+'.(0/7!
:"1EF!:"1EF!
:"1EF!:"1EF!!

=$GFFF! #G"FF! $GLL1! =$G$J1! ""GLJ"! $GLHK!
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$%&'%(!

)*+,(*&-./%!01 !
2'*/'3!4%5&.6./'*7!8./%( ! 9-'*/'3!4%5&.6./'*7!8./%( !
8./%!

:*7(/.7/;!
! !<6=">!

?.+@=+'@%!
<6.,(> !

A'7%.&!
B'/;!" #!

8./%!
:*7(/.7/;!
! !<6=">!

?.+@=+'@%!
<6.,(> !

A'7%.&!
B'/;!" #!

)CD!<B'&(/!EF!G&>! =HIEJK! EI1LJ! HIE0! =HIEJF! EIJEJ! HI#H"!
)CM!N(*(*&-'6%!
<B'&(/!EF!G&>!

=HI#FK! "ILL0! HIE#0! =HI#EL! EI"HK! HIF1L!

)CM!$*&-'/.7!
<B'&(/!EF!G&>!

=HI#E! EI"JJ! HI#"#! =HIFL"! "IF"E! HIF1E!

)CD ! HI"KL! #I0KE! HI#E0! HI"FJ! FIKF0! HIE00!
)CM!N(*(*&-'6%! HI"HF! JIJJ1! HI"HL! HIHF#! "JI"E! HIHF"!
)CM!$*&-'/.7 ! HI"0F! #IKJK! HI#"1! =HI"#F! 1I"K#! HIEEF!
)CM!:"0OH!! =HIJLL! HILLE! HI0"K! =HIJK1! "IHEK! HI0JE!
)CM!:"0O"! ! =HI#"0! EI"0! HI0KF! =HIEJ1! EIJ"J! HIKEK!
)CM!:"0OE!! =HIJHE! "I"1" ! HILJ! =HIJF#! "IHK0! HI0FJ!
)CM!N(*(*&-'6%!
:"0OH!!

=HI11! "IEJ! HILLF! =HI#"#! EIE"1! HI001!

)CM!N(*(*&-'6%!
:"0O"! !

=HIF##! "IJH"! HILHK! =HI1HJ! "I#K! HI0JK!

)CM!N(*(*&-'6%!
:"0OE!!

=HIFHF! "IK"J! HIKE0! =HI#01! "I0! HI0"E!

)CM!$*&-'/.7!
:"0OH!!

=HILLF! HIJLK! HI0K#! =HIJE! "I""0 ! HIL1K!

)CM!$*&-'/.7!
:"0O"! !

=HILL! HIK! HILEL! =HIEJK! EI1LJ! HILHF!

)CM!$*&-'/.7!
:"0OE!!

="I"0J ! HI10F! HI0EJ! =HIFJ"! "I1HF! HILK!

)CM!:"0OH!
:"0OH!!

=HI"E0! 1IF"1! HI0H"! =HIE1#! EIKF! HI1LL!

)CM!:"0OH!
:"0O"! !

=HI"L1! #I111! HI0LJ! =HI"F"! FIL"J! HIF#1!

)CM!:"0O"!
:"0O"! !

=HI"0K! #IKHK! HI0J1! =HIHE#! #HI"#K! HI"##!



!

"#$!

%&'(&)!

*+,-)+'./0&!12 !
3(+0(4!5&6'/7/0(+8!9/0&)! :.(+0(4!5&6'/7/0(+8!9/0&) !
9/0&!

;+8)0/80<!
! !=7>"?!

@/,A>,(A&!
=7/-)? !

B(8&/'!
C(0<!" #!

9/0&!
;+8)0/80<!
! !=7>"?!

@/,A>,(A&!
=7/-)? !

B(8&/'!
C(0<!" #!

*DE!;"1F"!
;"1F$!!

>GH$GI! #H#JK! GH1IK! >GHG1J! 1H$2$! GH2"" !

*DE!;"1F$!
;"1F$!!

>GH"JK! JHL2$! GH1JI! >GHG$K! $#HKG$! GH"LK!

*DE!M)+)+'.(7&!
;"1F"!;"1F"! !

>GH"##! 2H$"$! GHII1! >GH$K2! $H#2! GHJJL!

*DE!M)+)+'.(7&!
;"1F"!;"1F$! !

>GH"I! JHGII! GH1$$! >GH$""! #H$12! GH2G2!

*DE!M)+)+'.(7&!
;"1F$!;"1F$! !

>GH"1$! #H1GK! GH1$L! >GH"JL! JHIJ1! GHLJ1!

*DE!%+'.(0/8!
;"1FG!;"1FG!!

>GH#J1! "HKK$! GHKGK! >GH$J2! $H1$K! GHI12!

*DE!%+'.(0/8!
;"1FG!;"1F"! !

>GH"J1! JHL1#! GHII2! >GH"GJ! LHLL2! GH2#"!

*DE!%+'.(0/8!
;"1F"!;"1F"! !

>GH""K! 2H1$2! GHLKI! >GHGKK! IHGG"! GH2G#!

*DE!%+'.(0/8!
;"1F"!;"1F$! !

>GH"1L! #HI$I! GH1J$! >GH"""! LH$J2! GHL"!

*DE!%+'.(0/8!
;"1F$!;"1F$! !

>GH"I! JHGII! GHI21! >GH"2"! JH2K! GH22#!

*DE!%+'.(0/8!
;"1FG!;"1FG!
;"1FG!!

>GHG"! LH#"2! GHG"I! GHGKK! IHGG"! GH12L!

*DE!%+'.(0/8!
;"1FG!;"1FG!
;"1F"! !

>GHJ$! "HL2! GHI"J! >GHJ"J! "HLIJ! GHI$J!

*DE!%+'.(0/8!
;"1FG!;"1F"!
;"1F"! !

>GH$II! $H2G$! GHLL! >GH$#$! $HK11! GH2LI!

*DE!%+'.(0/8!
;"1F"!;"1F"!
;"1F"! !

>GH$G#! #HJ"2! GHL! >GH"J#! JH1JI! GHJJ$!
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)*+,(*&-./%!01 !
2'*/'3!4%5&.6./'*7!8./%( ! 9-'*/'3!4%5&.6./'*7!8./%( !
8./%!

:*7(/.7/;!
! !<6=">!

?.+@=+'@%!
<6.,(> !

A'7%.&!
B'/;!" #!

8./%!
:*7(/.7/;!
! !<6=">!

?.+@=+'@%!
<6.,(> !

A'7%.&!
B'/;!" #!

)CD!$*&-'/.7!
:"0E"!:"0E"!
:"0EF!!

=GHFGI! #H#JK! GHLK0! =GH"FK! 1H#I#! GHJ1K!

)CD!$*&-'/.7!
:"0EG!:"0EG!
:"0EG!:"0EG!!

GHGJ! "IH#FK! GH"FK! GHG0I! IHKLI! GHIJ"!

)CD!$*&-'/.7!
:"0EG!:"0EG!
:"0EG!:"0E"!!

GHJF0! "HLF! GHLL#! GHJI#! "HJL1! GHI#0!

)CD!$*&-'/.7!
:"0E"!:"0E"!
:"0E"!:"0EF! !

=GH1JL! "HFI! GHLKJ! =GHL1#! "HGL"! GHLKJ!

)CD!$*&-'/.7!
:"0E"!:"0EF!
:"0EF!:"0EF!!

=GH#J! FHG#K! GHKJ! =GHFJL! FH0"0! GH01L!

!
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Appendix C: Supplemental Tables to Chapter 4  

!"#$%&'( &) &*+%,-.&/01+2&.1-%1&1"2%&3.4+2"42+&./&'.1%502&6788&3.9:.4%42+&"2&;<'&

%&'()*'+) ! ,'&-'. !
/()'!01+.)(+)2!

! !345"6!
7(8958-9'!
34(:.6 !

;-+'(&!<-)2!" #!

=>-1)-?!
01&'@-)!
1+8:!

ABC!3D$!4(:.6! EFGEH!IEF""J! "F#JH! EFKJ$!
ABL!-.1.1&>-4'!3D$!4(:.6 ! EFGG#I!EF"$K! "FMG#! EFKMM!
ABL!.1&>-)(+!3D$!4(:.6! "FEGHI!EF##$! EFJGJ! EFHJN!
ABC! EFEM$I!EFE"J! MNFMG$! EF#EJ!
ABL!-.1.1&>-4' ! EFE"NI!EFE""! #GFKHH! EF#JN!
ABL!.1&>-)(+! EFE##I!EFE"N! M"FE#$! EF#HN!
ABL!*1+1'.)'& ! 5EF"EJI!EFEMM! JFG$J! EFHMM!
ABL!-.1.1&>-4'!*1+1'.)'& ! 5EF"E$I!EFEM"! JFJ#G! EFH#H!
ABL!.1&>-)(+!*1+1'.)'& ! 5EFEG$I!EFE"$! "MFH$"! EFJ"$!
ABL!4-'.)'& ! 5EFE$GI!EFE"#! "GFMK"! EFGKN!
ABL!-.1.1&>-4'!4-'.)'& ! 5EFEGNI!EFE"$! ""FHEM! EFJJK!
ABL!.1&>-)(+!4-'.)'& ! 5EFE#$I!EFEEN! MEFJMN! EFJM"!
ABL!.1&>-)(+!)')&('.)'& ! 5EFEGGI!EFE"M! "MFGEM! EFJKK!

=>-1)-?!
0&O4'!1-8!
P!01&'@-)!

ABC!3D$!4(:.6! 5EFEHNI!EF"#$! 5KFHH$! EF"E#!
ABL!-.1.1&>-4'!3D$!4(:.6 ! 5EFEJMI!EF"GG! 5""F"K! EFEG"!
ABL!.1&>-)(+!3D$!4(:.6! EFG"MI!EF#NE! "F#G$! EF#JG!
ABC! EFEGMI!EFEME! "#FMMJ! EFGJK!
ABL!-.1.1&>-4' ! EFE$MI!EFEME! "J F$"K! EF$JJ!
ABL!.1&>-)(+! EFEKG!I!EFEMN! KF"EN! EFJMH!
ABL!*1+1'.)'& ! 5EFM$J!I!EFEMM! MFK"$! EFN#"!
ABL!-.1.1&>-4'!*1+1'.)'& ! 5EFMGHI!EFEM$! MFJNJ! EFNMK!
ABL!.1&>-)(+!*1+1'.)'& ! 5EF"JEI!EFE"G! $F##M! EFNM$!
ABL!4-'.)'& ! 5EF"$GI!EFE"#! $FHKG! EFN#"!
ABL!-.1.1&>-4'! 4-'.)'& ! 5EF"$#I!EFE"$! $FKGJ! EFNM"!
ABL!.1&>-)(+!4-'.)'& ! 5EFEHHI!EFEEN! NFEM! EFKNG!
ABL!.1&>-)(+!)&-'.)'& ! 5EFEHKI!EFE"J! KFKHH! EFH"H!
ABL!.1&>-)(+!)')&('.)'& ! 5EF"$NI!EFE"#! $FJJM! EFN#H!

01&'@-)!
1+8:!

ABC!3D$!4(:.6! EFJ"MI!EFMH#! "F"##! EFJMH!
ABL!-.1.1&>-4'!3D$!4(:.6 ! EFJ"JI!EFMK#! "F"MG! EFJ""!
ABL!.1&>-)(+!3D$!4(:.6! "FM#HI!EF$EJ! EFGJ! EFHGJ!
ABC! 5EF"NEI!EFE#M! 5#FJG$! EFKH$!
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%&'()*+!
&,-. !

/01!*2&2&'3*4( ! 56768$9!676:;! 587":" ! 67;8$!
/01!2&'3*+<, ! 5676::9!676:8! 5#:7:#=! 67"6=!
/01!>&,&(2+(' ! 567?$?9!676@"! 67@"$! 67@68!
/01!*2&2&'3*4(!>&,&(2+(' ! 567?=8!9!67"#=! 67@:;! 678"?!
/01!2&'3*+<,!>&,&(2+(' ! 567?=$!9!6768:! 67@#6! 67@:"!
/01!4*(2+(' ! 567#;$!9!676:#! "7@6:! 67@8=!
/01!*2&2&'3*4(!4*(2+(' ! 567:?=9!676=;! :7$#=! 67@:#!
/01!2&'3*+<,!4*(2+(' ! 567#?=!9!67"68! "78$$! 67?$!
/01!2&' 3*+<,!+'*(2+('! 567;##!9!"7;;#! "76@;! 67?@"!
/01!2&'3*+<,!+(+'<(2+(' ! 567=;=!9!67":;! "7=@=! 67??#!

%'A4(!&*-!
B!%&'()*+!

/0C!DE=!4<.2F! 67=6:!9!676?"! "7?:=! 67@"$!
/01!*2&2&'3*4(!DE=!4<.2F! 67#;;9!676?;! "78@=! 6788;!
/01!2&'3*+<,!DE=!4<.2F! "7#::9!67:?@! 67$:=! 6788: !
/0C ! 567"=:9!676"$! 5=78?! 67@=?!
/01!*2&2&'3*4( ! 5676$:9!6766?! 5"#7=68! 67@:$!
/01!2&'3*+<, ! 56766?9!676"=! 5@87=#8! 676$"!
/01!>&,&(2+(' ! 567@@@!9!67""?! 67;@=! 67@":!
/01!*2&2&'3*4(!>&,&(2+(' ! 5"7=;89!67"$6! 67=?:! 67@="!
/01!2&'3*+<,!>&,&(2+(' ! 567;?$9!67"6"! "76:?! 678;=!
/01!4*(2+(' ! 567$$?9!6768?! "7:==! 67@##!
/01!*2&2&'3*4(!4*(2+(' ! 5678"#9!67==8! 678$#! 67;:: !
/01!2&'3*+<,!4*(2+(' ! 567""69!676$?! ;7:8: ! 67=8!
/01!2&'3*+<,!+'*(2+(' ! 567;"?9!67=?6! "7":# ! 67@?8!
/01!2&'3*+<,!+(+'<(2+(' ! 567$#=9!676@6! "7:@8! 678@8!
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