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6%-#,&*6B&$%#6,$./4*-B-#,.-*/#*.)&I%(,/"*$)&2,-V*Z"*,K9,$).,"#/4*-#'&B*/#*MFFDX8*HFF*

7/$-?*`,%(6).)(/*,#*X%-.%(6).)(/*Z(#/*]Q8*GHOGIGHME?*
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l/$",-8* !?8* b0",)48* q?e?8* GJQQ?* R$,-,"#* &/B* -,$9,"#)"):/#)%"* )"* +,f* X/4,&%")/8* b./"* /"&*

s'2%-4/A)/*`,%(6).)(/*,#*X%-.%(6).)(/*Z(#/*ME8*GMMIGMH?*

l,/$&8*q?[?8*T%9W)"-%"8*@?8*EFFF?*Z*3%--)48*-,$9,"#)"):/#)%"I$,4/#,&*6B&$%#6,$./4*A,"#8*b(,/"*

S$)44)"2*R$%2$/.*@,2*GQO8*[)#,*GF]k*5!7,$)/*Z7B--/4*R4/)";V*[%.,*/-9,(#-*%3*.)",$/4*/"&*

34')&*(6,.)-#$B?*q%'$"/4*%3*`,%96B-)(/4*e,-,/$(6V*[%4)&*Y/$#6*GFH8*G]HEQIG]HOJ?*

XYZ8*EFGO?*@06B&$%2=",8*'"*A,(#,'$*&01",$2),**

X6/$4%'8*q?@?8*S%"A/48*q?R?8*^%'>',#8*s?8*q,/"Il/9#)-#,8*R?8*T%4.8*+?8*EFFE?*`,%(6,.)-#$B*%3*

6)26*TE*/"&*XTM*A,"#*34')&-*)--')"2*3$%.*'4#$/./3)(*$%(W-*/#*#6,*e/)"7%f*6B&$%#6,$./4*

3),4&*5O]DGM0+8*PZe;?*X6,.)(/4*`,%4%2B*GJG8*OMHIOHJ?*

X6/$4%'8* q?@?8* ^%'>',#8* s?8* S%"A/48* q?R?8* Z':,"&,8* q?P?8* q,/"Il/9#)-#,8* R?8* [#),A,"/$&8*P?8*

P)(6,48* [?8* GJJ]?* P)",$/4* /"&* 2/-* (6,.)-#$B* %3* 6B&$%#6,$./4* 34')&-* %"* /"* '4#$/3/-#*

-9$,/&)"2*$)&2,V*Y/-#*R/()3)(*e)-,8*GQD*#%*GJD[*5+/'&'$*($')-,8*GJJO;*96/-,*-,9/$/#)%"*

9$%(,--,-*(%"#$%44,&*7B*A%4(/")(*/"&*#,(#%")(*/(#)A)#B?*q%'$"/4*%3*`,%96B-)(/4*e,-,/$(6V*

[%4)&*Y/$#6*GFG8*GHkJJIGHJGJ?*

X6,")"8*R?8*P/"/#-(6/48*̀ ?8*R)(/:%8*[?8*Po"#,",$8*b?8*g/$",$8*̀ ?8*q%6"-%"8*X?8*p4$)(68*P?8*EFGQ?*
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9$%&'(,&*7B*#6,*(4%-'$,*%3*"/$$%f*A,$-'-*f)&,*%(,/"-?*`,%-96,$,*GO8*HHJIHQ]?*

X%4#/#8*e?8*l%'4A/)-8*R?8*l$/">',#8*s?8*X%44%#8*q?8*Y9)"8*P?Y?8*P/"/#-(6/48*`?8*EFGJ?*[B"#,(#%")(*

(/$7%"/#)%"* &'$)"2* -B"./2./#)(* ./"#4,* ,K6'./#)%"* /#* /"* %(,/"I(%"#)","#* #$/"-)#)%"?*

`,%4%2B*MQ8*GkOIGk]?*

S%'A)44,8* Y?8* X6/$4%'8* q?@?8* b,4W,$-8* Y?T?8* l),"A,"'8* R?8* q%A,* X%4%"8* X?^?8* S%"A/48* q?R?8*

^%'>',#8*s?8*R$),'$8*S?8*Z99$)%'8*R?8*EFFE?*i6,*e/)7%f*A,"#*34')&-*5O]DGM0+8*PZe;V*#6,*

"34',"(,*%3*'4#$/./3)(*$%(W-*/"&*96/-,*-,9/$/#)%"*%"*#$/(,*.,#/4*(%"#,"#*)"*P)&IZ#4/"#)(*

e)&2,*6B&$%#6,$./4*34')&-?*X6,.)(/4*`,%4%2B*GkM8*OQIMk?*

^/7$)=-8*q?8*@%$/"&8*q?R?8*l%&)"),$8*q?@?8*S'9'B8*X?8*GJJG?*YA%4'#)%"*%3*#6,*'99,$*./"#4,*7,",/#6*
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@/3/B8* e?8* R)(/:%8* [?8* P/'$B8* e?8* EFGJ?* P/"#4,* ,K6'./#)%"* /#* ./2./I9%%$* 9/--)A,*
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,K6'.,&*./"#4,*&%./)"* 5p$&/(6* 46,$:%4)#,8*"%$#6If,-#,$"*RB$,",,-8*^$/"(,;?*l[`^* I*
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./2./I9%%$*$)3#,&*./$2)"-?*X%.9#,-*e,"&'-*`,%-(),"(,*OMG8*OkEIOJO?*
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R)"#%8*x?T?`?8*P/"/#-(6/48*`?8*g/$9%338*Z?P?8*x)/"/8*Z?8*EFGH?*i$/()"2*./"#4,I$,/(#,&*34')&-*
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3.&'#D#2%93(2@)*.)2/#E%&)-()'74"(2)'%4"(2)(6):%65'#3?)F(''7:#E652%(62=)$'%64%$#.(:(6&)./7.%8%6()
GHE=I(J!K%L"=)./7'&"7$<'7?M6()GHE=I(J!K%!L#)(&).()4.%67$<'7?M6()!#GHE=I(JK%!L#@)0(2)'74"(2)
3.&'#:#F%93(2)276&):#N7'%&#%'(:(6&)4762&%&35(2)-()$5'%-7&%&(2)G47:$725(2)$'%64%$#.(:(6&)-/7.%;
8%6(J=)#3?93(..(2)2/#N73&(6&)$764&3(..(:(6&)-(2)$<'7?56%&(2)G47:$725(2)$'%64%$#.(:(6&)-()$<;
'7?M6(2)O)I%E@)*;PJ@)0#)$'7$7'&%76)-(2):%65'#3?)-%&2)$'%:#%'(2)G7.%8%6()(&)$<'7?M6(2J)$(':(&)-()
4.#22(').(2)$5'%-7&%&(2)(6)&'7%2)4#&5E7'%(2)F'593(::(6&)7D2('85(2)+)."('Q7.%&(=)"#'QD3'E%&()(&)-3;
6%&()GI%E@)*;PJ@)

R3?) :%65'#3?) :#N7'%&#%'(2) 93%) 47:$72(6&) .(2) $5'%-7&%&(2=) 2/#N73&(6&) -(2) :%65'#3?)
:%6(3'2)#.3:%6(3?)+).()F(.-2$#&")$.#E%74.#2(=).()2$%6(..()(&S73).()E'(6#&@)0/#D76-#64()-()4(2)
:%65'#3?)$(':(&)-/(2&%:(').(2)476-%&%762)-()$'(22%76)(&)&(:$5'#&3'()-()F7':#&%76)-().#)'74"(@)
T6)(FF(&=)2(.76)36)$'7F%.)-()$'7F76-(3'=)76)'(&'738()2344(22%8(:(6&)-#62).#)$#'#E(6M2()+)

!"#$%&' ()*+',"-#%-..&' /&%0-"%&'1&'23-44"5"2-/"60'1&4' %627&4'$3/%-8-4"9$&4'

4&360'3&$%'260/&0$'&0'."0:%-$;'<%".-"%&4=
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!"#$%&'()*)+),&#&)-()./#'&)

!

;!0(2)$5'%-7&%&(2)U)$.#E%74.#2(2=)7D2('8#D.()-()V)U)WV;XV)Y:@)
;!0(2)$5'%-7&%&(2)U)2$%6(..(2=)7D2('8#D.(2)-()WV;XV)N3293/U)AV;ZV)Y:@))
;!0(2)$5'%-7&%&(2)U)E'(6#&2)7D2('8#D.(2)#3;-(.U)-()AV;ZV)Y:@))

!(2)'74"(2)2()'(&'738(6&)#3)6%8(#3)-3)$.#64"(')745#6%93(=)-(2)Q76(2)7'7E56%93(2=)-(2)
7$"%7.%&(2)(&)2732)F7':()-()?567.%&(2)G(64.#8()-#62).(2).#8(2J)'(:76&5(2).7'2)-(2)5'3$&%762)87.;
4#6%93(2@)07'2)-().(3')(?"3:#&%76)(&)-().(3'):%2()(6)476&#4&)#8(4)./#&:72$"M'()73)36)F.3%-()
#93(3?=) .(2):%65'#3?)4762&%&3&%F2)-(2)'74"(2)3.&'#D#2%93(2)2()'(&'738(6&)-#62)-(2)476-%&%762)
&"(':7-<6#:%93(:(6&)%62&#D.(2)G[XBV\!)(&)[BVV)H]#J@)0(2):%65'#3?)2/#.&M'(6&)#.7'2)2(.76)
.(2)'5#4&%762)-()2('$(6&%6%2#&%76)G(@E@=)^.(%6)#6-)_#''%-7=)`VPPO)Lab#6.(<=)PccAO)]#.#6-'%)#6-)
d((-=)`VVXJ@))

)

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

0#) 2('$(6&%6%2#&%76) 47''(2$76-) U) ./#.&5'#&%76) -(2):%65'#3?) 4762&%&3&%F2) -() .#) '74"() (6)
2('$(6&%6(=) :%65'#.) "<-'7?<.5) -() F7':3.() E565'#.() HE$K%!L%GLbJ"@) 0#) 2('$(6&%6%2#&%76)
47:$.M&()-/36()$5'%-7&%&(=)476-3%&)U).#)F7':#&%76)-/36()2('$(6&%6%&(=)4762&%&35()N3293/U)PWe&C)
-/593%8#.(6&) b!L@) 0/#.&5'#&%76) -() ./7.%8%6() G%4%) I7cVJ) (2&) 47::365:(6&) -54'%&() 2(.76) .#)
'5#4&%76)GdPJ+')

WHE&'(=I()'!K%L")f)X@Pb!L)g)P@BHE$K%!L%GLbJ")f)V@cHEGLbJ!)f)V@`I($L")f)V@`b!)))))))GdPJ)

!!!!"#$#%&'''''''''''(''''&)*'''''''''+''''''''''''',&-.&%/#%&'''''''''''''''''''('''''''''0-*1#/&'''''''''''('2)3%4/#/&'('567-839%&:''!

476-3%&).()$.32)2738(6&)U).#)F7':#&%76)-()2('$(6&%6()(6)&(?&3'():#%..5()GI%E@)*;`J=)(&)-()
D'34%&()HEGLbJ!=)36)"<-'7?<-()-():#E652%3:)7D2('85)(6)2<2&M:()6#&3'(.)G(@E@=)h#4")(&)#.@=)
`VVXJ)(&)(6).#D7'#&7%'()G(@E@=)0#:#-'%-)(&)#.@=)`VPZO)H#.87%2%6)#6-)h'36(&=)`VPXO)H#.87%2%6)(&)
#.@=)`VP`DO)i(E6(')#6-)T'62&=)PcjWJ@)0#)&(?&3'():#%..5()'523.&()-/36()F'#4&3'#&%76)"%5'#'4"%93()
-()./7.%8%6(=)-76&).(2)'(.%93(2)276&)$#'F7%2)7D2('85(2)#3)4k3')-3):#%..#E(@))

0/"<-'#&#&%76)-(2)7'&"7$<'7?M6(2)2/(FF(4&3()$'5F5'(6&%(..(:(6&)#3;-(2232)-()WVV\!=)&(:;
$5'#&3'()U).#93(..()./7.%8%6()(2&):5&#2&#D.(=)2(.76).#)'5#4&%76)Gd`J+))

P@BHE&'(I()'!K%!L#)f)P@cb!L)g)V@cHE$K%!L%GLbJ")f)V@P)I($L")f)P@`K%L!G#9J*f)V@Pb!) Gd`J)

'''!-/58.6-8;9%&'''''('''&)*''''''''+'''''''''''''''',&-.&%/#%&''''''''''''''('''''''2)3%4/#/&'''''''('''''',#"#1&'''''(''''567-839%&'''

'

476-3%&)U).#)F7':#&%76)-/36()2('$(6&%6()#8(4)36()&(?&3'()-%&()(6)D#2&%&()GI%E@)*;`J@)0#)D#2;
&%&()$(3&)4762('8(').(2)#64%(62)4.%8#E(2)-(2):%65'#3?)-()$<'7?M6(2)$#')'(:$.#4(:(6&)2&#&%93(@)
0#)2('$(6&%6%2#&%76)-(2)7'&"7$<'7?M6(2)2/#447:$#E6()5E#.(:(6&)-/36().%D5'#&%76)(6)27.3&%76)
-().#)2%.%4()$'52(6&()(6)(?4M2@))
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!"#$%&'()*)+),&#&)-()./#'&)

!"#"#"."-/+$.*)*+&-01,-,1(21'+*'1,

0#)2('$(6&%6()(2&)36)2%.%4#&()#$$#'&(6#6&)#3)2732;E'73$()-(2)$"<..72%.%4#&(2@)T..()$'52(6&()
-764)36()2&'34&3'()4762&'3%&()$#')(:$%.(:(6&)-()4734"(2)&5&'#5-'%93(2)(&)74&#5-'%93(2)-()&<$()
1L)73)P+P@)!($(6-#6&=).#)47:$72%&%76)-().#)2('$(6&%6()(6&'#l6()36)-52593%.%D'()(6&'().#)4734"()
74&#5-'%93(=)23$$725()$3'(:(6&):#E652%(66()(&).#)4734"()&5&'#5-'%93(=)23$$725()$3'(:(6&)2%;
.%4#&5(@)0#)2&#D%.%&5)-().#)2&'34&3'()(2&)#223'5()$#')-%FF5'(6&2)$'745-52)-/#N32&(:(6&)%6&'#4'%2&#.;
.%62=)47''(2$76-#6&)#3?)-%FF5'(6&2)$7.<:7'$"(2)-()2('$(6&%6(@)0(2)$'%64%$#3?)$7.<:7'$"(2)-()
2('$(6&%6()276&).()4"'<27&%.(=).#).%Q#'-%&()(&)./#6&%E7'%&(@)0(2)5&3-(2=)(?$5'%:(6&#.(2)(&)&"(':7;
-<6#:%93(2=)-()4(2)$7.<:7'$"(2)'58M.(6&)-(2)4"#:$2)-()2&#D%.%&5)-%2&%64&2)GI%E@)P@WO)!#'327)
#6-)!"('672Y<=)PcZcO)!"('672Y<=)PcZWO)!"('672Y<)(&) #.@=)PcjjO)T8#62=)`VVXO)T8#62)(&) #.@=)
PcZAO)m7"#66(2=)PcAjO)Lab#6.(<)#6-)i%4Y2=)PccBJ"!!

!"#$%&' ()>+'?84&%@-/"60'."2%6426<"9$&'&0' 3$."A%&'<63-%"4:&'&/' -0-3B4:&'1C$0&'

/&;/$%&'.-"33:&'&/'&0'8-4/"/&'1-04'3&4'4&%<&0/"0"/&4'"44$&4'1$'.-44"5'1CD%1-27='

13



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

!

)

)

0()4"'<27&%.(=)-()F7':()&3D3.#%'()4<.%6-'%93(=)(2&):5&#2&#D.()GT8#62=)`VVXJ@)K76)-7:#%6()
-()2&#D%.%&5)#$$#'#l&)$(3)-5$(6-#6&)-(2)476-%&%762)-()$'(22%76)(&)-()&(:$5'#&3'(=)#8(4)36().%:%&()
23$5'%(3'()-()2&#D%.%&5)#3?)(68%'762)-()XVV\!)GI%E@)*;WJ@)0(2)5&3-(2)-(2)2('$(6&%6(2)(6)-7:#%6()
745#6%93()&5:7%E6(6&)-/36()F7':#&%76)-3)4"'<27&%.()E565'#.(:(6&)$.32)&#'-%8()93().#).%Q#'-%&(=)
#8(4)36)'#$$7'&)(#3S'74"()$.32)5.(85)Gn7':#6-)(&)#.@=)`VV`J@))

0/#.&5'#&%76) -() ./7.%8%6(=) (&) .#) F7':#&%76) -/36() &(?&3'() :#%..5(=) 2/(FF(4&3(6&) #8(4)
./#$$#'%&%76)-().#).%Q#'-%&()47::()$'(:%M'()(2$M4()Gn7':#6-)(&)#.@=)̀ VV`J@)0#).%Q#'-%&(=)$'52(6&()
36()2&'34&3'()$.#6()#223'5()$#')36().5EM'()'7&#&%76)-(2)&5&'#5-'(2@)K76)-7:#%6()-()2&#D%.%&5)2()
.%:%&() #3?) D#22(2) $'(22%762) (&) &(:$5'#&3'(2) G(@E@=) H(..%6%) #6-) o#6#QQ%=) PcjZJ) #8(4) 36()
7443''(64() -#62) .(2) &(''#%62) 676) :5&#:7'$"%252@) !#'327) #6-) !"('672Y<) GPcZcJ=) (&) $.32)
'54(::(6&)R6-'(#6%)(&)#.@)G`VVZJ=)76&):76&'5)93()./#3E:(6&#&%76)-().#)4764(6&'#&%76)(6)R.!L$*
-().#).%Q#'-%&()(6&'#l6()36()(?&(62%76)-()276)4"#:$)-()2&#D%.%&5)U)-(2)&(:$5'#&3'(2)(6&'()XVV;
AVV\!)(&)-(2)$'(22%762)N3293/U)AVV)H]#@)0#)47:$72%&%76)%6%&%#.()-().#)'74"(=)(&).#)47:$72%&%76)
-3)F.3%-()276&)-764)-(2)$#'#:M&'(2)%:$7'&#6&2)-#62).#)2&#D%.%&5)-().#).%Q#'-%&(@))

0/#6&%E7'%&(=)$7.<:7'$"()2&#D.()#3?)476-%&%762)-()"#3&(2)$'(22%762)(&)&(:$5'#&3'(2=)#223'()
2#) 2&#D%.%&5) $#') .#) 473'D3'() -(2) F(3%..(&2) (&) .() $72%&%766(:(6&) -() .#) 4734"() 74&#5-'%93() U)
./(?&5'%(3') -() .#) :#%..() 4'%2&#..%6(@) 0#) &'#62%&%76) .%Q#'-%&(S4"'<27&%.() p) #6&%E7'%&() (2&) $(3)
-5$(6-#6&()-().#)$'(22%76)(&)2()2%&3()(6&'()`BV)(&)BVV\!)GI%E@)P@WO)T8#62=)`VVXO)K4"e#'&Q)(&)#.@=)
`VPWO)q.:(')#6-)1'7::2-7'FF=)PccBJ@))

!"#$%&'()E+'F7-.<4'1&'4/-8"3"/:'1&4'1"55:%&0/&4'&4<A2&4'1&'4&%<&0/"0&4'&/'26$%8&4'1&'%:-2/"604'

1:/&%."0:&4'G'<-%/"%'1&4'1600:&4'1&4':/$1&4'&;<:%".&0/-3&4H'/7:6%"9$&4'&/'1&'/&%%-"0'1&'I67-00&4H'

*JKLH'F7&%064MBH'*JNEH'O@-04'&/'-3=H'*JNKH'F-%$46'-01'F7&%064MBH'*JNJH'F7&%064MB'&/'-3=H'*JLLH'

P-03&B'-01'Q"2M4H'*JJRH'&/'O@-04H'>SST='UV'-0/"#6%"/&'W'F7%V'27%B46/"3&W'XV'3"Y-%1"/&W'ZV'8%$)

2"/&W'FV'2736%"/&W'!V56%4/&%"/&W'[V'/-32W'QV'&-$'\1C-<%A4'U01%&-0"'&/'-3=H'>SSN]='
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!"#$%&'()*)+),&#&)-()./#'&)

0#)&(:$5'#&3'(=).#)$'(22%76=)#%62%)93().#)4"%:%()-3)$'7&7.%&"()276&).(2)$#'#:M&'(2).(2)$.32)
5&3-%52)$73')-5&(':%6(').(2)-7:#%6(2)-()2&#D%.%&5)-(2)$7.<:7'$"(2)-()2('$(6&%6(@)!($(6-#6&=)
-/#3&'(2) $#'#:M&'(2) &(.2) 93() ./#3E:(6&#&%76) -3) '#$$7'&) (#3S'74"() N73('#%(6&) 36) 'r.() -#62)
./#$$#'%&%76) -3) 4"'<27&%.(=) $.32) 2738(6&) 7D2('85) -#62) -(2) 8(%6(2) 73) -#62) -(2) &(?&3'(2) -()
'(4'%2&#..%2#&%76@)s() $.32=) ./(2$#4() -%2$76%D.(=) 2/%.) (2&) F#%D.(=) F#87'%2('#%&) .#) F7':#&%76) -() .#)
.%Q#'-%&(=)-()2&'34&3'()$.#6(=).().76E)-(2)4.%8#E(2)-()$<'7?M6(2)GK&#:73-%=)`VV`J@)

!"#"#"3"!4335,-$6-7)6*01-1+-8$*'+*1'-01-)$-21(8&$.*)*+&

s#62).()4#2)-(2):#'E(2)$#22%8(2)676)87.4#6%93(2=)./5&%'(:(6&)(?&'t:()-().#)4'7>&()476&%;
6(6&#.()(6&'#l6()36()'(:76&5()-().#)4'7>&()$'7F76-(@)!(&&()'(:76&5()2/#447:$#E6()-/36()'5;
-34&%76)-().#)$'(22%76)(&)-().#)&(:$5'#&3'(@)0()473$.#E()-(2)-(3?)-5$.#4().(2)'74"(2=)%6%&%#.(;
:(6&)-#62).()4"#:$)-()-5F7':#&%76)-34&%.(=)8('2).()4"#:$)-()-5F7':#&%76)F'#E%.(@)07'293()4(.#)
2()$'7-3%&=)-(2)F#%..(2)$(38(6&)'(473$(').#)4'7>&(=)$(':(&&#6&)#3?)F.3%-(2)#93(3?)-/#445-(')#3)
:#6&(#3).%&"72$"5'%93()G(@E@=)]5'(Q;_322%6<5)#6-)d(2&76=)`VVPO)]5'(Q;_322%6<5)(&)#.@=)`VVPO)
du$Y()(&)#.@=)`VPWJ@))

0#)F'#4&3'#&%76)-(2)$5'%-7&%&(2)4762&%&3()5E#.(:(6&).()$'%64%$#.)4"(:%6)-/#44M2)#3)F.3%-(@)
T6) (FF(&=) .#) 2('$(6&%6%2#&%76) -() ./7.%8%6() 47:$'(6-) X) 5&#$(2):#N(3'(2) 2(.76) .() $'74(2232) -()
-%227.3&%76;$'54%$%&#&%76)+) GPJ) .() &'#62$7'&) -3) F.3%-() N3293/U) ./7.%8%6(=) G`J) .#) -%227.3&%76) -()
./7.%8%6(=) GWJ) .() &'#62$7'&)-/5.5:(6&2)-#62) .() F.3%-()(&) GXJ) .#)$'54%$%&#&%76)-()2('$(6&%6(@)0(2)
(?$5'%(64(2):76&'(6&) 93() .(2) 5&#$(2) -() &'#62$7'&2) 276&) .(2) $.32) .(6&(2) (&) 476&'r.(6&) -764) .#)
4%65&%93()-()'5#4&%76)GH#.87%2%6)(&)#.@=)`VP`#O)H#'&%6)#6-)I<F(=)PcZVO)K(<F'%(-)(&)#.@=)`VVZO)
i(E6(')#6-)T'62&=)PcjWJ@)L'=)-/#$'M2)./5&3-()-()H#.87%2%6)(&)h'36(&)G`VPXJ=).()$"567:M6()-()
-%FF32%76)#3?)N7%6&2)-()E'#%62)(2&)$.32).(6&)93().#)-%227.3&%76)-()./7.%8%6()U)-(2)&(:$5'#&3'(2)
[WBV\!=)%6-%93#6&)93().#)F'#4&3'#&%76)4762&%&3().()$'%64%$#.)4"(:%6)-/#44M2)#3)F.3%-(@))

0#)$'54%$%&#&%76)-():%65'#3?)2(476-#%'(2)#3)6%8(#3)-(2)F'#4&3'(2)-(8'#%&)(6&'#l6(')36()
-%:%63&%76)-() .#)$(':5#D%.%&5) GI#'73E")(&)#.@=)`VPAO)_7-#'-)(&)#.@=)`VPWO)bv8(.:#66)(&)#.@=)
`VP`O)H#4-76#.-)#6-)I<F(=)PcjBJ@)!($(6-#6&=)./5&3-()-(2)2<2&M:(2)"<-'7&"(':#3?)-5:76&'()
93().()$'74(2232)-()2('$(6&%6%2#&%76)2/5&(6-)-($3%2)-(2):%..%('2)-/#665(2)(&)2/7D2('8()5E#.(:(6&)
N3293/U)$.32%(3'2)Y%.7:M&'(2)-().#)'%-()745#6%93(@)0#)2('$(6&%6%2#&%76)(&)-764).#)$(':5#D%.%&5)
-().#)'74"()276&):#%6&(63(2)-#62).()&(:$2)G(@E@=)R6-'(#6%)(&)#.@=)̀ VVZO)h724"%)(&)#.@=)̀ VPWO)I'3";
_'((6) (&) #.@=) `VVWO) ^(.(:(6) #6-) H#&&('=) `VVjO) ^(.(:(6) (&) #.@=) `VPPO) H58(.=) `VVWJ@) 0()
-58(.7$$(:(6&) -() F%223'(2) (&) F'#4&3'(2) #223'() .():#%6&%(6) -() .#) $(':5#D%.%&5) (6) $(':(&&#6&)
./5473.(:(6&)-(2)F.3%-(2)G^(.(:(6)#6-)b%'&"=)̀ VP`O)̂ (.(:(6)(&)#.@=)̀ VPPO)H#4-76#.-)#6-)I<F(=)
PcjBO)].u:$(')(&)#.@=)`VP`J@)1'7%2)$'%64%$#3?)$'74(2232)$(38(6&)(6E(6-'(')-(2)F'#4&3'(2)+)GPJ)
36()'5&'#4&#&%76)&"(':%93(=)#2274%5()U)36()&(4&76%93()-/(?"3:#&%76)'#$%-()(&)36()D#%22()-().#)
&(:$5'#&3'()G(@E@=)h73-%(')(&)#.@=)`VPVJ)(&S73)G`J)36()476&'#%6&()&(4&76%93()G(@E@=)R6-'(#6%)(&)#.@=)
`VVZO) h724"%) (&) #.@=) `VVAO) ^(..(<) (&) #.@=) `VVPO) d73:5N76) #6-) !#66#&=) `VPXJ) (&S73) GWJ) .()
$'74(2232)-()w)'(#4&%76)-'%8(6)4'#4Y%6E)x)G(@E@=)*<(')(&)#.@=)`VVjO)^(.(:(6)(&)#.@=)`VPPO)].u:$(')
(&)#.@=)`VP`J@)!()-('6%(')$'74(2232)593%8#3&)#3)-58(.7$$(:(6&)-/36()23'$'(22%76).74#.().7'2)-()
./#3E:(6&#&%76)-()87.3:().%5()U).#)F7':#&%76)-()2('$(6&%6()-()F#%D.()-(62%&5@)!(&&()23'$'(22%76)
(2&)23FF%2#6&()$73')E565'(')-(2)F%223'(2)G(@E@=)^(.(:(6)#6-)b%'&"=)`VP`O)H#4-76#.-)#6-)I<F(=)
PcjBO)Lab#6.(<=)Pcc`J@)R)&(':(=)4(2)F%223'(2)$(38(6&)'5-3%'().()&(:$2)-()2('$(6&%6%2#&%76)-/36)
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!

7'-'()-()E'#6-(3')N3293/U)-(2)8#.(3'2)47:$'%2(2)(6&'()PV)(&)PVVV)#62)GH#.87%2%6)(&)#.@=)`VPZJ@)
0(2)F'#4&3'(2)276&)$'%64%$#.(:(6&)7'%(6&5(2)U)cV\)-(2)23'F#4(2)-()'5#4&%76)G(@E@=)dy<6()(&)#.@=)
`VVjJ=)47::()7D2('85(2)-#62).(2)&(?&3'(2)(6):#%..#E()G(@E@=)*<(')(&)#.@=)`VVjO)].u:$(')(&)#.@=)
`VP`J@))

R%62%)$.32%(3'2)476-%&%762) 276&)654(22#%'(2)$73')93() .#) '5#4&%76)-()2('$(6&%6%2#&%76)#%&)
.%(3)+)GPJ).#)$'52(64()-()'74"(2)3.&'#D#2%93(2)(&)G`J)./#44M2)G(&).():#%6&%(6)-()./#44M2J)-/36)F.3%-()
#3?)'74"(2)(&)GWJ)-(2)476-%&%762)-()$'(22%76)(&)-()&(:$5'#&3'()$'7$%4(2@)!(2)476-%&%762)276&)
'536%(2)-#62)-()67:D'(3?)476&(?&(2)E57.7E%93(2@)0#)-%8('2%&5)-(2)(68%'766(:(6&2)$'7$%4(2)U)
.#)2('$(6&%6%2#&%76)(2&)(?$725()-#62).#)$#'&%()23%8#6&(@))

!"#"$"%&'()'*+,*,-.+,/*%/01.*,23'%'+%0/*+,*'*+.4'%%

0(2) $'74(2232) -() 2('$(6&%6%2#&%76) 276&) 7D2('852) -#62) -() 67:D'(3?) (68%'766(:(6&2)
E57-<6#:%93(2=)93/%.2)27%(6&)745#6%93(2)#3)6%8(#3)-(2)-7'2#.(2)73)-(2)Q76(2)-()23D-34&%76)
G!#66#&) (&) #.@=) `VPVO)s(24"#:$2) (&) #.@=) `VPWO)H58(.=) `VVWJO) 73) 476&%6(6&#3?=) #3)6%8(#3)-()
47:$.(?(2)7$"%7.%&%93(2)G(@E@=)h#'6(2)#6-)Lan(%.=)PcAcO)n(#.)#6-)K&#6E('=)PcjBJ)73)-():#'E(2)
$#22%8(2)476&%6(6&#.(2)$(3)73)676;87.4#6%93(2)G(@E@=)H%62"3..=)`VVcJ@))

R3!6%8(#3)-(2)-7'2#.(2).(6&(2=).():#6&(#3)(?"3:5)$#')./#4&%8%&5)&(4&76%93()%6&('#E%&)#8(4)
-(2)F.3%-(2)"<-'7&"(':#3?=)$7'&52)U)-()"#3&(2)&(:$5'#&3'(2)E'z4()U).#)4"#.(3')-5E#E5()$#')36()
273'4()-()4"#.(3'):#E:#&%93()G4"#:D'():#E:#&%93(J@)0():#6&(#3)(2&)#.7'2)2('$(6&%6%25)(&).(2)
$5'%-7&%&(2)745#6%93(2)$'52(6&(6&)-()F7'&2)-(E'52)-()2('$(6&%6%2#&%76)G(6&'()jV)(&)PVVC)O)H58(.=)
`VVWJ@)!(2)-('6%M'(2)$'52(6&(6&)36)'52(#3)-(62()-()8(%6(2)&'#-3%2#6&)36)$'74(2232)-/"<-'#&#&%76)
(6)$.32%(3'2)5&#$(2)GR6-'(#6%)(&)#.@=)`VVZJ@)0()F.3%-(=)-76&).#)&(:$5'#&3'()(2&)5.(85()'(:76&()
#-%#D#&%93(:(6&)U).#)23'F#4()(&)F7':()-(2)4"(:%65(2)G73)F3:(3'2)O)I%E@)*;XJ)4762&%&3&%8(2)-(2)
4"#:$2)"<-'7&"(':#3?@)!(2)F.3%-(2=)(6)(6&'#6&)(6)476&#4&)#8(4)./(#3)-():('=)23D%22(6&)36)4"74)
&"(':%93()(6&'#%6#6&).#)$'54%$%&#&%76)-():%4'7;$#'&%43.(2)7D2('85(2)2732)F7':()-/36)$#6#4"(@)
!()$#6#4"(=)23%8#6&) .#) &(:$5'#&3'()(&) .#)47:$72%&%76)-(2) F.3%-(2=)$(3&)$'(6-'()-(2)473.(3'2)
#..#6&)-3)27:D'()GF3:(3'2)67%'2J)#3)$.32)4.#%'(2)GF3:(3'2)D.#642J@))

!"#$%&' ()T+' ^27:.-' 1&' 5602/"600&.&0/' 1C$0' 4B4/A.&' 7B1%6/7&%.-3' 62:-0"9$&' \46$%2&+'

___=#04=2%"=0Y]='
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0#)2('$(6&%6%2#&%76)(2&)36()'5#4&%76)(?7&"(':%93()G(@E@=)I<F(=)PcZXO)H#4-76#.-)#6-)I<F(=)
PcjBJ=)93%)$(3&)5.(8(').#)&(:$5'#&3'()-()BV\!).7'2)-().#)2('$(6&%6%2#&%76)47:$.M&()-()./7.%8%6()
G$73')36)'#$$7'&)(#3S'74"()-()P)OGR..(6)#6-)K(<F'%(-=)`VVXJ@)!('&#%62)#3&(3'2)23EEM'(6&)93().#)
4"#.(3')654(22#%'()#3)F764&%766(:(6&)-/36)2<2&M:()"<-'7&"(':#.)$(3&)t&'()7D&(63()$#').#)4"#;
.(3')-5E#E5().7'2)-().#)2('$(6&%6%2#&%76)-()./7.%8%6()G(@E@=)H58(.=)`VVWJ@)!($(6-#6&=)2(.76).(2)
(2&%:#&%762)-()07e(..)#6-)d76#)G`VV`J=):t:()(6)4762%-5'#6&)36)F7'&)&#3?)-()2('$(6&%6%2#&%76)
GPVV)YES2J=)36)2<2&M:()"<-'7&"(':#.)6()$73''#)#&&(%6-'()36() &(:$5'#&3'()-()WVV\!)93/#8(4)
./#$$7'&)-/36()273'4()-()4"#.(3')(?&('6(@))

0(2)7$"%7.%&(2)4762&%&3(6&)36()$7'&%76)-().%&"72$"M'()745#6%93()4"#''%5()23')36)476&%6(6&)
$#')7D-34&%76@)R3)473'2)-().(3'):%2()(6)$.#4(=).(2)$5'%-7&%&(2)$(38(6&)%6&('#E%')#8(4)-():3.;
&%$.(2)F.3%-(2)-#62)-(2)476&(?&(2)&'M2)8#'%52+)GPJ)(6)476&(?&()745#6%93()#3)6%8(#3)-(2)4"#:$2)
"<-'7&"(':#3?)7{)(..(2)%6&('#E%22(6&)#8(4)-(2)F.3%-(2)-5'%852)-()./(#3)-():(')O)G`J)(6)476&(?&()
745#6%93().7'2)-().#)$"#2()-/7D-34&%76)7{)(..(2)%6&('#E%22(6&)#8(4)-(2)F.3%-(2)-5'%852)-()./(#3)
-():(')(&)-(2)25-%:(6&2)-3)$.#64"(')745#6%93()O)GWJ)(6)476&(?&()476&%6(6&#.)#$'M2)7D-34&%76=)
7{)(..(2) %6&('#E%22(6&)#8(4)-(2)F.3%-(2):5&57'%93(2)Gh#'6(2)(&)#.@=)PcZjO)!%$7..%)(&)#.@=)`VVXO)
^(.(:(6) (&) #.@=) `VPPO)n(#.) #6-)K&#6E('=) PcjBJ@) 0(2) 7$"%7.%&(2) 276&) $#'F7%2) #2274%5(2) U) -(2)
F.3%-(2)'%4"(2)(6)!L!=)(6&'#l6#6&).#)$'54%$%&#&%76)-()4#'D76#&(2)(&)F7':#6&)-(2)&'#8('&%62)#227;
4%5(2)U)-(2)273'4(2)#.4#.%6(2)47::()&(.)93/7D2('85)-#62)./7$"%7.%&()-/L:#6)G(@E@=)^(.(:(6)(&)
#.@=)`VPPO)H%..(')(&)#.@=)`VPAO)n7|.)(&)#.@=)`VPjJ@)0(2)7$"%7.%&(2)$(38(6&)-764)$'52(6&(')-(2)#.&5;
'#&%762)&'M2)8#'%5(2).%5(2)U)36():%2()(6)$.#4()47:$.(?(@)s()67:D'(32(2)7$"%7.%&(2)&5:7%E6(6&)
-/36()-/#.&5'#&%76)$#225():#%2)5E#.(:(6&)#4&3(..()+)(@E@=)./7$"%7.%&()-/L:#6=)./7$"%7.%&()-()n73;
8(..(;!#.5-76%()GH3}7Q)(&)#.@=)`VPcJ=)./7$"%7.%&()-()w)_'3$$7)-%)~7.&'%)x)(6)*&#.%()(&)./7$"%7.%&()
-()w)1"()h#<)7F)*2.#6-2)x)#3)!#6#-#)G(@E@=)h#'6(2)(&)#.@=)PcZjO)^(.(:(6)(&)#.@=)`VPPO)�3(26(.)
(&)#.@=)`VPcO)K4"e#'Q(6D#4")(&)#.@=)`VPBO)K4"e#'Q(6D#4")(&)#.@=)`VPWJ@))

0#)2('$(6&%6%2#&%76)-(2)'74"(2)3.&'#D#2%93(2)(&).#)F7':#&%76)-():%65'#3?)2(476-#%'(2)G2(';
$(6&%6(=):#E65&%&(=)D'34%&(J)-76&).(2)$'7$'%5&52)-%FFM'(6&)F7'&(:(6&)-(2):%65'#3?)$'%:#%'(2)G7.%;
8%6() (&) $<'7?M6(2J) %6F.3(6&) 67&#::(6&) 23') .(2) $'7$'%5&52) $"<2%93(2) -3) :%.%(3@) !(2) 47625;
93(64(2)276&)(?$725(2)-#62).#)2(4&%76)23%8#6&(@))

!"#"5"%6/*-123'*0'-%)78-,0/907,:,23'%;'%4.%-'()'*+,*,-.+,/*

q6()$5'%-7&%&()676;#.&5'5()$'52(6&()36()-(62%&5)-/(68%'76)W@W)ES4:$)&#6-%2)93/36()2('$(6;
&%6%&()$'52(6&()36()-(62%&5)-/(68%'76)`@B)ES4:$)GI%E@)P@BO)s((')(&)#.@=)PcA`O)H58(.=)`VVWJ@)0#)
'5#4&%76)-()2('$(6&%6%2#&%76)2/#447:$#E6()-764)-/36()$('&()-()-(62%&5)-().#)'74"(@)T6)47''5.#;
&%76)#8(4)4(&&()$('&()-()-(62%&5=)36()-%:%63&%76)-().#)8%&(22()-()$'7$#E#&%76)-(2)76-(2)2%2:%93(2)
(2&)7D2('85()GH58(.=)`VVWO)H%..(')#6-)!"'%2&(62(6=)PccZJ@)L6)$#22()#%62%)-/36()8%&(22()-()$'7;
$#E#&%76)-(2)76-(2)])-()j)Y:S2)-#62)36()$5'%-7&%&()F'#l4"()U)B@B)Y:S2)-#62)36()2('$(6&%6%&()
GI%E@)*;BJ@)0#)2('$(6&%6()(2&)5E#.(:(6&):7%62)'52%2&#6&()U).#)-5F7':#&%76)93().a7.%8%6()73).(2)
$<'7?M6(2@)0#)'52%2&#64()-().#)'74"()(2&)-%8%25()$#')-(3?)-M2)./#$$#'%&%76)-()2('$(6&%6()GT24#'&%6)
(&)#.@=)`VVPJ=)4'5#6&)#%62%)-(2)"5&5'7E565%&52)-()47:$5&(64(2@)!(2)-('6%M'(2)%6F.3(6&)23').()47:;
$7'&(:(6&)-(2)F#%..(2)(&)23').(2)$'74(2232)&(4&76%93(2)U)./54"(..():76-%#.()G(@E@=)T24#'&%6)(&)#.@=)
PccZJ@)s()$.32=) (6) 476&(?&() -():#'E() $#22%8(=) 4(&&() $('&() -() -(62%&5) #2274%5() U) .#) $('&() -()
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4"#.(3')$(3&)(?$.%93(').()273.M8(:(6&)&#'-%F)-3)'%F&=)(6&'#l6#6&)-()F7'&(2)4762593(64(2)23')./587;
.3&%76)2&'34&3'#.()(&)&"(':%93()-().#):#'E()Gdu$Y()(&)#.@=)`VPWJ@))

0#)-(62%&5)-/36)47'$2)5&#6&).#)'(.#&%76)-().#):#22()87.3:%93()-()4()-('6%(')$#')'#$$7'&)U)
36():#22()87.3:%93()-()'5F5'(64(=).#)$('&()-()-(62%&5)-().#)'74"()-(8'#%&)2/#447:$#E6(')27%&)+)
GPJ -/36()$('&()-/5.5:(6&2)-().#)'74"()8('2).()F.3%-(=)2%).#)'5#4&%76)2()F#%&)U)87.3:()4762&#6&)73
G`J -/36() #3E:(6&#&%76) -() 87.3:() 2%) .#) '5#4&%76) (2&) %274":%93() G(@E@=) H58(.=) `VVWJ@
0/7D2('8#&%76) -() F'#4&3'(2=) (6) #2274%#&%76) #8(4) .(2) 2('$(6&%6%&(2) 2(:D.() %6-%93(') 36(
#3E:(6&#&%76)-()87.3:().7'2)-3)$'74(2232)-()2('$(6&%6%2#&%76)GR6-'(#6%)(&)#.@=)`VVXO)R6-'(#6%
(&)#.@=)`VVZO)Lab#6.(<=)Pcc`J@)s()$.32=)(?4($&5)./#N73&)-/(#3=).#)$('&()-()4#.4%3:)(&)./7?<-#&%76
-3)F('=)$(3)-/5.5:(6&2)276&):7D%.%252)73):7-%F%52).7'2)-().#)2('$(6&%6%2#&%76)G(@E@=)R6-'(#6%)(&
#.@=) `VVZO) !7.(:#6=) PcZPO) T8#62=) `VVjO) H58(.=) `VVWJ@) T6) 4762%-5'#6&) .#) 2('$(6&%6%2#&%76
47::() 36) $'74(2232) %274"%:%93(=) .#) $('&() -() -(62%&5) -() .#) '74"() 654(22%&() -764) 36(
#3E:(6&#&%76)-()87.3:(=)(2&%:5()U)XVC)$73')36()2('$(6&%6%2#&%76)&7&#.()G(@E@=)!7.(:#6=)PcZPJ@
0#) 93#6&%F%4#&%76) -() 4(&&() #3E:(6&#&%76) -() 87.3:() (2&) %:$7'&#6&() $73') -5&(':%6(') .(2
%:$.%4#&%762)&(4&76%93(2)-().#)2('$(6&%6%2#&%76)-#62).(2)E'#6-2)476&(?&(2)E57-<6#:%93(2@)s(3?
5&3-(2) '54(6&(2) 76&) 93#6&%F%5) ./#3E:(6&#&%76) -() 87.3:() #2274%5() #3) $'74(2232) -(
2('$(6&%6%2#&%76) G^.(%6) #6-) 0() d73?=) `V`VO)H#.87%2%6) (&) #.@=) `V`VJ@) ]73') 4(.#=) .(2) #3&(3'2
5&3-%(6&+)GPJ).#)8#'%#&%76)-().#)-%2&#64()(6&'().(2)4(6&'(2)-()E'#8%&5)-(2)2$%6(..(2=)$(3)#FF(4&52
$#').#)2('$(6&%6%2#&%76)GI%E@)P@A#O)^.(%6)#6-)0()d73?=)`V`VJ=)(&)G`J).#)473'D3'()-(2).#:(..(2)-(
2<:$.(4&%&()G4.%67$<'7?M6()(&S73):#E65&%&(J)476&(63(2)-#62).(2)7.%8%6(2)GI%E@)P@ADO)H#.87%2%6
(&)#.@=)`V`VJ@)^.(%6)#6-)0()d73?)G`V`VJ)'5#.%2(6&)36()25'%()-()PP)(?$5'%(64(2)U)WVV\!)(&)WBH]#
23')-(2)4#'7&&(2)-/54"#6&%..762)6#&3'(.2)G-36%&(=)"#'QD3'E%&()(&)$<'7?56%&(J)-3'#6&)Pj):7%2@)*.2

!"#$%&'()R+'F6%%:3-/"60'&0/%&' 3&'`'1&'4&%<&0/"0&'&/'-]' 3-'1&04"/:'1&' 3-'%627&'\#a2.!]H'&/'8]' 3-'

@"/&44&'1&4'601&4'4"4."9$&4'b'\c<]'&/'^'\c4]'W'"44$'1&'d:@&3'\>SSE]='
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!

473$.(6&)36()5&3-()-():%4'7&7:7E'#$"%(=)$73')(2&%:(').#)8#'%#&%76)-()-%2&#64()(6&'().(2)4(6&'(2)
-()E'#8%&5)-(2)2$%6(..(2)#8#6&S#$'M2)'5#4&%76)GI%E@)*;A#J=)U)-().#)&"(':7E'#8%:5&'%(=)$73')(2&%:(')
.()-(E'5)-()2('$(6&%6%2#&%76)(&).#)$'7$7'&%76)-():%65'#3?)2(476-#%'(2)F7':52@)H#.87%2%6)(&)#.@)
G`V`VJ)(2&%:(6&)67&#::(6&).()4"#6E(:(6&)-()87.3:()-#62)36()-36%&()-/L:#6)2('$(6&%6%25()U)
PVV\!@) 0(2) 7.%8%6(2) $'%:#%'(2) 476&(6#6&) -(2) .#:(..(2) -(2) &(?&3'(2) -() 2<:$.(4&%&() -()
4.%67$<'7?M6(S:#E65&%&()6()'5#E%22(6&)$#2).7'2)-().#)2('$(6&%6%2#&%76=):#%2)276&)(6)'(8#64"()
F'#4&3'5(2)(&)-5$.#45(2)GI%E@)*;ADJ@)*.2)3&%.%2(6&)4(2):#'93(3'2)(&).(3')-5$.#4(:(6&)$73')(2&%:(')
./#3E:(6&#&%76)-()87.3:(@))

)

s#62) ./5&3-() -() ^.(%6) #6-) 0() d73?) G`V`VJ) ./#3E:(6&#&%76) -() 87.3:() (6) 476-%&%762)
2&#&%93(2) (2&) (2&%:5() U) XXC) G�jCJ) #$'M2) PV;Pj):7%2) -() 2('$(6&%6%2#&%76=) (&) (2&) #2274%5() U)
&'#62F('&)-():#22()(6&'().#)'74"()(&).()F.3%-(@)*.2)4764.3(6&)93()./#3E:(6&#&%76)-()87.3:()(2&)U)
./7'%E%6()-/36()F'#4&3'#&%76)-() .#) '74"(@)!(&&()6738(..()$7'72%&5)4766(4&5()#223'() ./#44M2)-3)
F.3%-()N3293/#3):%65'#3?)$'%:#%'(2@)

!"#$%&'()K+'d:/761&'$/"3"4:&'<6$%'1:/&%."0&%'3e-$#.&0/-/"60'1&'@63$.&'36%4'1$'<%62&44$4'1&'4&%)

<&0/"0"4-/"60'1-04'3&4':/$1&4'1&'-]'f3&"0'&/'X&g6$;'\>S>S]'-@&2'3C684&%@-/"60'&0'."2%6/6.6#%-)

<7"&'G'%-B604'h'1C$0':27-0/"3360'060'-3/:%:'\/VS]'&/'1C$0':27-0/"3360'4&%<&0/"0"4:'\/VRTJ'i6$%4]'

-@&2'3-'<64"/"60'1&4'4<"0&33&4'-4462":4'&/'8]'d-3@6"4"0'&/'-3='\>S>S]'-@&2'3-'<64"/"60'"0"/"-3&'1&4'

3-.&33&4'1-04'3C63"@"0&'060'-3/:%:&'\&0'i-$0&]H'&/'3&$%'1:<3-2&.&0/'%&3-/"5'-@&2'3-'56%.-/"60'1&'

4&%<&0/"0&a8%$2"/&'\&0'@&%/]'&0'3"&0'-@&2'3C-$#.&0/-/"60'1&'@63$.&='(44$&4'1&'f3&"0'&/'X&g6$;'

\>S>S]'&/'d-3@6"4"0'&/'-3='\>S>S]=''
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s#62)./5&3-()-()H#.87%2%6)(&)#.@)G`V`VJ=)./#3E:(6&#&%76)-()87.3:()(2&)(2&%:5()(6&'()BcC)
U)ZXC)(&)(2&)#2274%5()U)36)F#%D.() &'#62F('&)-():#22(=)U) ./(?4($&%76)-(2)5.5:(6&2)#2274%52)#3)
F.3%-()Gn#=)!#=)K'=)dD=)#6-)h#J@)0#):%E'#&%76)-3)F.3%-()(2&)#223'5()$#')36()8(%6()U)$#'&%')-()
.#93(..()2()-58(.7$$()36()&(?&3'():#%..5(=)%6-%93#6&)93/36)'52(#3)-()8(%6(2)$(':(&).()&'#62$7'&)
-3) F.3%-(@)!() '52(#3)$(3&) t&'() %6-3%&) $#') .#) '5#4&%76)73)(647'() t&'()-/7'%E%6() &"(':%93(@)T6)
'(8#64"(=)./#3E:(6&#&%76)-3)87.3:()(2&).#'E(:(6&)23$5'%(3'()U)4(..()(2&%:5()$73')36)2<2&M:()
F(':5@)H#.87%2%6)(&)#.@)G`V`VJ=)23$$72(6&)93/36()$7'72%&5)U)./54"(..()6#67:5&'%93()p-5NU):%2()
(6)58%-(64()$#')13&7.7)(&)#.@)G`VPAJ)p)$73''#%&)(6E(6-'(')36()&(..()8#'%#&%76)-()87.3:(@))

0#)2('$(6&%6%2#&%76)#FF(4&()5E#.(:(6&)-/#3&'(2)$#'#:M&'(2)-().#).%&"72$"M'(@)R%62%=).#)$'7;
-34&%76)-():#E65&%&()G:%65'#.)F(''7:#E65&%93(J)(6).%(6)#8(4).#)2('$(6&%6%2#&%76=)#FF(4&()F7'&(;
:(6&).(2)$'7$'%5&52):#E65&%93(2)-().#)'74"()G(@E@=)L3F%)#6-)!#66#&=)`VV`J@)0(2)2('$(6&%6%&(2)
$'52(6&(6&)-(2)2324($&%D%.%&52):#E65&%93(2)5.(85(2)#8(4)36)47:$7'&(:(6&)F(''7:#E65&%93()&#6;
-%2)93().(2)$5'%-7&%&(2)676;2('$(6&%6%25(2)$'52(6&(6&)-()F#%D.(2)2324($&%D%.%&52):#E65&%93(2)#2;
274%5(2)U)36)47:$7'&(:(6&)$#'#:#E65&%93(2@)07'2)-().#)2('$(6&%6%Q#&%76=).(2)$5'%-7&%&(2)#493%M;
'(6&)5E#.(:(6&)36():#E65&%2#&%76)'5:#6(6&()%223()-().#)4'%2&#..%2#&%76)-():#E65&%&()2(476-#%'()
GH58(.=)`VVWO)L3F%)#6-)!#66#&=)`VV`J@)0(2)$('%-7&%&(2)2('$(6&%6%25(2)276&)'5E3.%M'(:(6&)(?$7;
25(2)23').(2)F76-2)745#6%93(2=)(&).#)4766#%22#64()-().(3'2)$'7$'%5&52):#E65&%93(2)$73''#%&)$(';
:(&&'()-():%(3?)476&'#%6-'().(2)#67:#.%(2):#E65&%93(2):#'%6(2)G(@E@=)L3F%)#6-)!#66#&=)`VV`J@)

0#)2('$(6&%6%2#&%76)(2&)5E#.(:(6&)#2274%5()U).#):%2()(6)$.#4()-()476-%&%762)'5-34&'%4(2=)U)
./7'%E%6()-() .#) F7':#&%76)-():5&#3?)6#&%F2) G(@E@=)^.(%6)#6-)h#4"=)`VVcO)^.(%6)(&) #.@=)`VPBDO)
H4!7..7:)#6-)K((e#.-=)`VVPJ)(&).#)F7':#&%76)-()'(2273'4(2)2&'#&5E%93(2)&(..(2)93().():#6E#;
6M2(=).()43%8'()(&).()6%4Y(.@)T6)(FF(&=).(2)F.3%-(2)-(2)4"#:$2)"<-'7&"(':#3?)276&)E565'#.(:(6&)
&'M2)4"#3-2)(&)(6'%4"%2)(6):5&#3?)(&)23.F3'(2@)0(3')%6&('#4&%76)#8(4)./(#3)-():(')(6&'#l6()36()
23'2#&3'#&%76)-(2) F.3%-(2)$#')-%:%63&%76)-() .#) &(:$5'#&3'(=)476-3%2#6&)U) .#)$'54%$%&#&%76)-(2)
:5&#3?@))

0()476&#4&)(6&'()4(2)F.3%-(2)"<-'7&"(':#3?)(&) ./(#3)23$$725()#4%-()-()./745#6)$'%:%&%F)
2('#%&) 5E#.(:(6&) U) ./7'%E%6()-() .#) F7':#&%76)-/#4%-(2) #:%652) (&)634.5%93(2=) 2(.76) .() 24"5:#)
'5#4&%F)-()H%..(')GPcBWJ@)!(2)#4%-(2)2('#%(6&)%2232)-().#)'5#4&%76)-()./b!)#8(4).()!L!)93%)47:;
$72#%&):#N7'%&#%'(:(6&) ./745#6) $'%:%&%F@) ]#') .#) 23%&()d322(.) G`VVAJ=) (?$.%93() 93() 4(2) #4%-(2)
$73''#%(6&) 2/#22(:D.(') $73') F7':(') w)-(2):(:D'#6(2) 2(:%;$(':5#D.(2)x=) 93%) 2() '(&'738(6&)
(6&'()36)F.3?)D#2%93()GF.3%-()"<-'7&"(':#.J)(&)#4%-()G(#3)-():('J=)U)./7'%E%6()-/36)F.3?)-()$'7;
&762@)!()F.3?)(2&)47:$#'#D.()U)4()93()./76)7D2('8()#3N73'-/"3%)-#62).(2)4(..3.(2)D%7.7E%93(2=)
F#%2#6&)-(2)4"#:$2)"<-'7&"(':#3?)36)D76)4#6-%-#&)$73')./7'%E%6()-().#)8%()23')1(''(@))

R%62%)./"<-'7EM6(=)(6)$.32)-/t&'()36()56('E%()-/#8(6%'=)'($'52(6&('#%&)5E#.(:(6&)./36)-(2)
4"#l6762)4.52)-3)-58(.7$$(:(6&)-().#)8%()23')1(''(@)1732)4(2)5.5:(6&2)(?$.%93(6&).()E#%6)-/%6;
&5't&)$73').#)$'7-34&%76)-/"<-'7EM6()#2274%5()U).#)'5#4&%76)-()2('$(6&%6%2#&%76@)0(2)$'74(2232)
:(6#6&)U).#)$'7-34&%76)-/b!)#%62%)93().(2)$#'#:M&'(2)93%)476&'r.(6&)2#)$'7-34&%76)276&)67&#:;
:(6&)5&3-%52)(6).#D7'#&7%'().7'2)-/5&3-(2)(?$5'%:(6&#.(2@))
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!"#$%&'()*)+),&#&)-()./#'&)

!"#"<" =.(+,+,/**':'*+%;3%>'(%'+%)(/;30+,/*%;?78;(/@A*'%

0#)'5#4&%76)-()2('$(6&%6%2#&%76)2/#447:$#E6()E565'#.(:(6&)-()./7?<-#&%76)-3)I(!+)-(2)
:%65'#3?) $'%:#%'(2) (6) I($+=) -%2&'%D35) -#62) .(2) :%65'#3?) 2(476-#%'(2@) !(&&() 7?<-#&%76) (2&)
473$.5()U).#)'5-34&%76)-()./(#3)(6)"<-'7EM6(@)0()$'74(2232)$(3&)2/54'%'()2732).#)F7':()-()GdAJ+)

`I(L)G:%65'#3?)$'%:#%'(2J)f)b!L)g)I(!L$)G:%65'#3?)2(476-#%'(2J)f)b!)) ) GdAJ)

7{) I(L) '($'52(6&() ./(2$M4() $7'&#6&) .() F(') F(''(3?) GI(!+J) (&) I(!L$) 4(..() $7'&#6&) .() F(')
F(''%93()GI($+J@)s/#$'M2).(2)'5#4&%762)GdPJ)(&)Gd`J=) .()I(!+)6/(2&)$#2)&7&#.(:(6&)7?<-5=)(&)(2&)
$#'&%(..(:(6&)%647'$7'5)#3?):%65'#3?)2(476-#%'(2@)0#):#E65&%&(=)93%)%6&ME'()̀ SW)-()276)F(')2732)
F7':()F(''%93(=)(2&)E565'#.(:(6&):%2()(6)58%-(64()$#')-(2)&(4"6%93(2):#E65&%93(2)&(..(2)93()
.#)2324($&%D%.%&5):#E65&%93(@)!($(6-#6&=).#)'(.#&%76)(6&'()2324($&%D%.%&5):#E65&%93()(&)-(E'5)-()
2('$(6&%6%2#&%76)6/(2&)$#2).%65#%'()GI%E@)*;ZJ)O)N3293/U)AV;ZVC)-()2('$(6&%6%2#&%76=).(2):%65'#3?)
2(476-#%'(2) $'5F5'(6&%(..(:(6&) F7':52) 276&) .#) 2('$(6&%6() (&) .#) D'34%&(@) R3;-(.U) -() ZVC=) .#)
2324($&%D%.%&5):#E65&%&()#3E:(6&()F7'&(:(6&)(6).%(6)#8(4).#)-52&#D%.%2#&%76)-().#)2('$(6&%6()(&)
-().#)D'34%&()(&).#)$'7-34&%76)#2274%5()-():#E65&%&()G:%65'#.)F(''7:#E65&%93(J=)-()2('$(6&%6()(&)
-()D'34%&()$#38'(2)(6)F(')G`;WC)I(L)$73').#)2('$(6&%6(O)h#4")(&)#.@=)`VVAO)H#'4#%..73)(&)#.@=)
`VPPO)L3F%)#6-)!#66#&=)`VV`J@))

0#):#E65&%&()F3&).76E&(:$2)4762%-5'5()47::().()2(3.):%65'#.)2(476-#%'()$7'&(3')-()I($+

:#%2) '54(::(6&=) -() 67:D'(32(2) 5&3-(2=) -/#D7'-) (6) .#D7'#&7%'() GH#'4#%..73) (&) #.@=) `VPPO)
K(<F'%(-)(&)#.@=)`VVZJ)$3%2)-#62).(2)2<2&M:()6#&3'(.2)G(@E@=)R6-'(#6%)(&)#.@=)`VPWDO)T..%276)(&)#.@=)
`V`VO)T8#62)(&)#.@=)`VVcO)^.(%6)(&)#.@=)`VPW#O)^.(%6)(&)#.@=)`VVcO)H#<"(e)#6-)T..%276=)`V`VO)

!"#$%&'()N+'g&3-/"60'&0/%&'3-'4$42&</"8"3"/:'.-#0:/"9$&'&/'3-'1&04"/:'\#a2.E]'1&'%627&4'4&%<&0)

/"0"4:&4'&0/%&'NS'&/'*SS`='X&'/%"-0#3&'%&<%:4&0/&'$0&'<:%"16/"/&'060'-3/:%:&H'3-'3"#0:'&0'<6"0/"33:4'

&4/'2-32$3:&'<6$%'3C-3/:%-/"60'1C$0&'63"@"0&'4&360'3-'%:-2/"60'*R'1&'[65/'&/'-3='*JJSH'&/'3-'3"#0&'

06"%&'%&<%:4&0/&'3C-3/:%-/"60'1C$0&'63"@"0&'&0'1&$;':/-<&4'\1C-<%A4'Z-27'&/'-3='\>SSK]='
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!"#$%&'()*)+),&#&)-()./#'&)

Lab#6.(<)#6-)s<#'=)PccWJ)-5:76&'(6&)93().#)2('$(6&%6()$(3&)5E#.(:(6&)#44($&(')-3)I($+)-#62)
2#)2&'34&3'()4'%2&#..%6(@)s#62).(3')(?$5'%(64(=)K(<F'%(-)(&)#.@)G`VVZJ):(23'(6&)-()./"<-'7EM6()
-%22732) -#62) 36) 2<2&M:() 4762&%&35) (?4.32%8(:(6&) -() I($+;2('$(6&%6(=) -5:76&'#6&) #%62%) 93()
./7?<-#&%76)-3)F(')-#62).#)2('$(6&%6()476-3%&)5E#.(:(6&)U).#)F7':#&%76)-/"<-'7EM6(@)R).#)23%&()
-()4(&&()(?$5'%(64(=)H#'4#%..73)(&)#.@)G`VPPJ)#6#.<2(6&)$73').#)$'(:%M'()F7%2).()476&(63)(6)F(')
F(''%93() -#62) 36() $5'%-7&%&() (6) F764&%76) -() 276) -(E'5) -/#.&5'#&%76=) U) -(2) 476-%&%762)
(?$5'%:(6&#.(2)-()WVV\!)(&)WV)H]#)G-3'5()-/(?$5'%:(6&#&%76)-()+)V=)Z=)Pj=)WX=)ZV)N73'2J@)*.2)
7D2('8(6&)+)PJ)-()F7'&(2)8#'%#&%762)-3)476&(63)(6)I($+)-#62).#)2('$(6&%6(=)(6)F764&%76)-().#)-3'5()
-/#.&5'#&%76=)`J)93()./"<-'7EM6()(2&)$'7-3%&)#3)473'2)-()W)$'%64%$#.(2)5&#$(2)+)

; s#62)36()$'(:%M'()$"#2(=).#)F7':#&%76)-()./"<-'7EM6()(2&)476&'r.5()$#').#)F7':#&%76)-(
:#E65&%&()

; s#62)36()2(476-()$"#2(=).#)2('$(6&%6()%647'$7'()I($+)(&)476&'%D3()GU)"#3&(3')-()BVCJ)U
.#)$'7-34&%76)-/"<-'7EM6()

; s#62)36()-('6%M'()$"#2(=).()&#3?)-():#E65&%&()#3E:(6&()(&)476&'%D3()U).#)$'7-34&%76
-/"<-'7EM6(@)

*.2) -5:76&'(6&) 5E#.(:(6&) 93() .#) $'7-34&%76) -/"<-'7EM6() (2&) 47''5.5() #3) '#$$7'&)
I($+SI(17&#.)-().#)'74"()&7&#.()GI%E@)*;jJ@)

0()I($+)%647'$7'5)-#62).#)2('$(6&%6()(&S73)-#62).#):#E65&%&()476&'%D3(6&)-764)U).#)$'7-34;
&%76) -/"<-'7EM6() GI%E@) P@cO)R6-'(#6%) (&) #.@=) `VPWDO)H#'4#%..73) (&) #.@=) `VPPO) K(<F'%(-) (&) #.@=)
`VVZJ=)&#6-%2)93().#)F7':#&%76)-()D'34%&(=)(2$M4()476&(6#6&)-(2)93#6&%&52):%6(3'(2)-()F('=)(2;
2(6&%(..(:(6&)2732)F7':()F(''(32(=)(6).%:%&().#)$'7-34&%76@)0#)'5$#'&%&%76)8#'%#D.()-3)I($+*-#62)
.(2):%65'#3?)2(476-#%'(2)-5$(6-)-()67:D'(3?)$#'#:M&'(2)&(.2)93().#)&(:$5'#&3'(=).#)47:$72%;
&%76)%6%&%#.()-().#)'74"()(&)-3)F.3%-(=).()'#$$7'&)(#3S'74"(=)(&).()$b)G^.(%6)(&)#.@=)`VVcO)H#'&%6)
#6-)I<F(=)PcZVO)K(<F'%(-)(&)#.@=)`VVZJ@))

!"#$%&'()L+'X"&0'&0/%&'3&'260/&0$'&0'!&!" 1&'3-'%627&'\&0'.63&4]'&/'3-'<%61$2/"60'&0'.63&4'

1C7B1%6#A0&='X-'3"#0&'&0'<6"0/"33:4'%&<%:4&0/&'3&'.61A3&'"1:-3'"44$&'1&'3-'%:-2/"60'1C6;B)

1-/"60'1$'5&%'&/'1&'%:1$2/"60'1&'3C&-$'\1C-<%A4'd-%2-"336$'&/'-3='>S**]=
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!"#$%&'()*)+),&#&)-()./#'&)

TFF(&)-().#)&(:$5'#&3'()
R)D#22()&(:$5'#&3'()G[`VV\!J=)./#.&5'#&%76)-()./7.%8%6()F7':()-().#)D'34%&()(&)-().#)2(';

$(6&%6()'%4"()(6)F('=):#%2)$(3)-():#E65&%&()G(@E@=)h#4")(&)#.@=)`VVAO)h(#'-)(&)#.@=)`VVcO)T8#62)(&)
#.@=) `VVcO) I'72&) #6-)h(#'-=) `VVZO)^.(%6) (&) #.@=) `VPW#O)^.(%6) (&) #.@=) `VVcO)H#.87%2%6=) `VPBO)
H#<"(e)(&)#.@=)`VPWO)H%..(')(&)#.@=)`VPZO)K(<F'%(-)(&)#.@=)`VVZJ@)R)$.32)"#3&()&(:$5'#&3'(=)./#.;
&5'#&%76)-()./7.%8%6()$'7-3%&)-().#)D'34%&()(&)-().#)2('$(6&%6(=)$#38'(2)(6)F('=):#%2)5E#.(:(6&)-()
.#):#E65&%&()Gh('6-&)(&)#.@=)PccAO)m#6(4Y<)#6-)K(<F'%(-)m'=)PcjAO)^.(%6)(&)#.@=)`VPWDJ@)0(2)(2;
$M4(2)2(476-#%'(2)F7':5(2)#%62%)93().#)-%2&'%D3&%76)-3)F(')-#62)4(2)$"#2(2)276&)-764)F7'&(:(6&)
-5$(6-#6&(2)-().#)&(:$5'#&3'()-()2('$(6&%6%2#&%76@))

TFF(&)-().#)47:$72%&%76)-3)$'7&7.%&"()
s#62).(3')5&3-(=)R..(6)(&)K(<F'%(-)G`VVWJ)F76&)'5#E%')2344(22%8(:(6&)(6)$'52(64()-/(#3)

-() :(') U) XVV\!) (&) BV) H]#)+) GPJ) -() ./7.%8%6(=) G`J) -() ./7'&"7$<'7?M6() G(62&#&%&(J=) GWJ) 36()
e(D2&5'%&()G#22(:D.#E()4762&%&35)-()AV)C)-/(62&#&%&()(&)XV)C)4.%67$<'7?M6(J=)(&)GXJ)36)#22(:;
D.#E()-()47:$72%&%76)."('Q7.%&%93(@)*.2):76&'(6&)93()./#.&5'#&%76)-()./7.%8%6()(2&):7%62)'#$%-()
93()4(..()-3)$<'7?M6()(&)7D2('8(6&)93().#)$'7-34&%76)-/"<-'7EM6()2(:D.()$.32)(FF%4#4().7'293/%.)
<)#)-3)$<'7?M6()-#62).()$'7&7.%&"(@))

!"#$%&'()J+'(33$4/%-/"60'1&'3-'1"4/%"8$/"60'1$'5&%'1-04'3-'.-#0:/"/&'6$'3-'4&%<&0/"0&H'-4462":&'G'3-'

<%61$2/"60'1C7B1%6#A0&'-$'26$%4'1&'3-'4&%<&0/"0"4-/"60'1C$0&'63"@"0&='(44$'1&'^B@&%460'&/'-3='

>S*J=
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!"#$%&'()*)+),&#&)-()./#'&)

TFF(&)-().#)47:$72%&%76)-3)F.3%-()(&)-3)$b)
s#62).(3')5&3-()(?$5'%:(6&#.(=)K<8('276)(&)#.@)G`VPZJ)2/%6&5'(22(6&)#3)'r.()-()./#4&%8%&5)(6)

2%.%4()-3)F.3%-()23').()$#'&%&%766(:(6&)-3)F(')(&).#)E565'#&%76)-/"<-'7EM6(@)]73')4(.#=)%.2)F76&)
'5#E%')36()7.%8%6()-()K#6)!#'.72)G:#&5'%(.)-()'5F5'(64(J)#8(4)36)F.3%-()n#!.;K%L!G#9J)U)WVV\)!)
(&)BV)H]#)-3'#6&)cV)N73'2@)0(3'2)-7665(2)%6-%93(6&)93/U)F#%D.()$b)(&)F7'&()#4&%8%&5)(6)2%.%4(=).#)
2&#D%.%&5)-().#):#E65&%&()(&)-().#)I($+;2('$(6&%6()(2&).%:%&5(@)T6)'(8#64"(=)U)$.32)F#%D.()#4&%8%&5)
(6)2%.%4()(&)$.32)F7'&)$b=)4(2):%65'#3?)2()F7':(6&)$.32)F#4%.(:(6&=)$#')-52&#D%.%2#&%76)-().#)I(!+;
2('$(6&%6(@)R%62%=)-#62).()4#2)-/36()F7'&()#4&%8%&5)(6)2%.%4()(&)-/36)F#%D.()$b=).#)F7':#&%76)-()b!
(2&) .%:%&5()$#') .#)676;7?<-#&%76)-3)I(!+=) %647'$7'5)-#62) .#)2('$(6&%6(@)!(2) '523.&#&2)276&)(6)
#447'-2)#8(4)./5&3-()$.32)'54(6&()-()H4!7..7:)(&)#.@)G`V`VJ@)*.2)'5#.%2(6&)-(2)(?$5'%(64(2)-()
2('$(6&%6%2#&%76) -() ./7.%8%6() U) `VV) (&) `WV\!) (&) 47:$#'(6&) .(2) $'7-3%&2) -() '5#4&%76) (&) .()
$#'&%&%766(:(6&)-3)F(')U)F#%D.()(&)F7'&)$b@)0(2)$b)F7'&(:(6&)#.4#.%62)476-3%2(6&)U)36()#.&5'#&%76)
-() ./7.%8%6() $.32) '#$%-() (&) 36() E565'#&%76) -/b!) $.32) %:$7'&#6&() $73') .(2) :t:(2) &(:$2) -()
'5#4&%76@) *.2) 76&) 5E#.(:(6&) #.&5'5) -() ./7.%8%6() (&) -() ./7'&"7$<'7?M6() 2732) -(2) 476-%&%762)
F7'&(:(6&)#.4#.%6(2@)*.2)7D2('8(6&)93()./#3E:(6&#&%76)-3)$b)(&).#)-%:%63&%76)-()./#4&%8%&5)(6)
2%.%4()-3)F.3%-()F#87'%2(6&).#)$'7-34&%76)(6)"<-'7EM6()GI%E@)*;PVJ@))

!"#$%&'()*S+'F6.<64"/"604'1$'53$"1&'36%4'1&'3-'4&%<&0/"0"4-/"60'1C$0'.:3-0#&'63"@"0&)6%/76<B)

%6;A0&'G'>ESjF'\2&%23&4]H'26.<-%:4'-$;'%:4$3/-/4'"44$4'1&'d2F6336.'&/'-3='\>S*T]='X-'1%6"/&'
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WVVH]#)(..()(2&)-()`B�P)YmS:7.J@)s#62)36()5&3-()'54(6&(=)b3#6E)(&)#.@)G`V`VJ)5&3-%(6&).#)4%65;
&%93() -() '5#4&%76) -() 2('$(6&%6%2#&%76) (6) F#%2#6&) '5#E%'=) U) XVV;BVV\!) (&) WVV;`VVV)H]#=) -(2)
$73-'(2)-/7.%8%6()(&)-()$5'%-7&%&()#8(4)-(2)27.3&%762)2#.%6(2)GV=B)H)n#!.J@)*.2)4762&#&(6&)93().#)
4%65&%93()-()2('$(6&%6%2#&%76)U)BVV\!)-().#)$5'%-7&%&()#3E:(6&()#8(4).#)$'(22%76)G(68%'76)X)F7%2)
$73')36)$#22#E()-()WVV)U)`VVV)H]#J@)*.2)4762&#&(6&)5E#.(:(6&)93().()&#3?)-()2('$(6&%6%2#&%76=)
(6)$#'&%43.%(').(2)&#3?)-()2('$(6&%6%2#&%76)-()./7.%8%6()U)XVV;BVV)\!)(&)WVV;`VVV)H]#)#3E:(6;
&(6&)-()F#�76)2%E6%F%4#&%8()#8(4).#)$'52(64()-()$<'7?M6()(&)-()2$%6(..(@)0(3')5&3-()(2&)473$.5()
U)-(2)4#.43.2)&"(':7-<6#:%93(2@)!(2)-('6%('2):76&'(6&)93()./56('E%()-()_%DD2)-()./"<-'7.<2()
-() ./7.%8%6() -%:%63() #8(4) .#) $'(22%76=) F#87'%2#6&) #%62%) 36() #3E:(6&#&%76) -() .#) 4%65&%93() -()

!"#$%&'()*T+',&#%:'1&'4&%<&0/"0"4-/"60'&0'5602/"60'1$'/&.<4'1&'%:-2/"60'<6$%'1"55:%&0/&4'/-"33&4'1&'

#%-"04'G'>SSjFH'*HK'db-'&/'-@&2'$0'%-<<6%/'&-$a%627&'1&'*R='X&4'%:#%&44"604'460/'68/&0$&4'G'<-%/"%'

1C$0&'2"0:/"9$&'1&'<4&$16)4&2601'6%1%&='(44$'1&'X-5-B'&/'-3='\>S*>]
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!"#$%&'()*)+),&#&)-()./#'&)

'5#4&%76)-()./7.%8%6()GI%E@)*;PBJ@)H#.E'5)4(&&()5&3-()'54(6&(=) .()476&'r.()-().#)$'(22%76)23').#)
4%65&%93()-()2('$(6&%6%2#&%76)'(2&()$(3)5&3-%5@))

0#)47:$72%&%76)-3)$'7&7.%&"()
R).#)23%&()-()./(?$5'%(64()-()H#'&%6)(&)I<F()GPcZVJ=)i(E6(')(&)T'62&)GPcjWJ)-5:76&'(6&)

5E#.(:(6&)93()476&'#%'(:(6&)#3?)$<'7?M6(2=).(2)&#3?)-()2('$(6&%6%2#&%76)-()./7.%8%6()276&)$.32)
5.(852)U)-(2)&(:$5'#&3'(2)[WVV\!@)0(2)(?$5'%(64(2)-()R..(6)#6-)K(<F'%(-)G`VVWJ)'5#.%25(2)U)
XVV\!):76&'(6&)93().(2)$<'7?M6(2)2/#.&M'(6&)(&)$'7-3%2(6&)-(2)4764(6&'#&%762)-%2273&(2)'(.#&%;
8(:(6&)5.(85(2)(6)K%L!=)!#)(&)b!@)0/(?$5'%(64()-()^.(%6)(&)#.@) G`VPB#J)23')36()"#'QD3'E%&()
:76&'()5E#.(:(6&)93/U)WVV\!=)./7'&"7$<'7?M6()'5#E%&)D(#3473$)$.32)'#$%-(:(6&)93()./7.%8%6(=)
(&).%:%&().#)F7':#&%76)$'5474()-()D'34%&()$(6-#6&).#)2('$(6&%6%2#&%76@)].32)'54(::(6&)-(2)5&3-(2)
47:$#'#&%8(2) -() 4%65&%93() -() 2('$(6&%6%2#&%76) (6&'() 7.%8%6() (&) $5'%-7&%&() 76&) 5&5):(65(2) $#')
b3#6E)(&)#.@)G`VPZ#J@)T..(2)276&)(FF(4&35(2)U)WPP\!)(&)U)WVV)H]#@)*.2)7D2('8(6&)93().#)2('$(6;
&%6%2#&%76)-()./7.%8%6()(2&)4%69)F7%2)$.32).(6&()93()4(..()-().#)$5'%-7&%&()(&)93().(2)&#3?)-()2('$(6;
&%6%2#&%76)276&)5E#.(:(6&)$.32)5.(852@)*.2)(6)-5-3%2(6&)93().#)$'52(64()-()$<'7?M6()(&)-()2$%6(..()
4#&#.<2().#)'5#4&%76)-()2('$(6&%6%2#&%76)(6).%D5'#6&)-()./#.3:%6%3:)G./7'&"7$<'7?M6()$('-)AVC)
-/R.)#$'M2)BcC)-()&#3?)-()'5#4&%76J)(&)-3)4"'7:()$(6-#6&).#)'5#4&%76@)s#62).(3')-('6%M'()5&3-(=)
b3#6E)(&)#.@)G`V`VJ)476F%':(6&)93().#)'5#4&%76)-()2('$(6&%6%2#&%76)-/36()$5'%-7&%&()(2&)4%65&%;
93(:(6&)$.32)'#$%-()G36()U)-(3?)F7%2)$.32)'#$%-(J)93()4(..()-()./7.%8%6():#%2)4(&&()F7%2)U)XVV\!)
(&)WVV)H]#)(&)5E#.(:(6&)U)BVV\!)(&)`VVV)H]#@))

!(2)'523.&#&2)(?$5'%:(6&#3?)276&)#447:$#E652)-/5&3-(2)&"(':7-<6#:%93(2=)67&#::(6&)
4(..()-()̂ .(%6)(&)#.@)G`VPWDJ)93%)5&3-%().(2)(FF(&2)-3)$'7&7.%&"()23').#)'5#4&%76)-()2('$(6&%6%2#&%76@)
]73') 4(.#=) %.2) 2%:3.(6&=) U) ./593%.%D'(=) .#) 2('$(6&%6%2#&%76) (6&'() `B\!) (&) XVV\!) U) BV)H]#)
-/"#'QD3'E%&()(&)-()."('Q7.%&()#8(4)-(2)476&(632)8#'%#D.(2)(6):%65'#3?)$'%:#%'(2)GI%E@)*;PAJ@)*.2)

!"#$%&'()*R+'c-%"-/"604'1&'3C:0&%#"&'1&'l"884'&0'5602/"60'1&'3-'<%&44"60'&/'1&'3-'

/&.<:%-/$%&'36%4'1&'3-'%:-2/"60'1C$0&'56%4/:%"/&'-@&2'1&4'463$/"604'4-3"0&4='(44$'1&'

P$-0#'&/'-3='\>S>S]='
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!"#$%&'()*)+),&#&)-()./#'&)

7D2('8(6&)67&#::(6&)36()#D2(64()-():#E65&%&()$(6-#6&).#)2('$(6&%6%2#&%76)-()./7'&"7$<'7?M6()
G!$?PV;L$?cV)O)I%E@)*;PAJ)(&)23EEM'(6&)36()'5#4&%76)7{)&73&).()I()476&(63)-#62)./7'&"7$<'7?M6()
(2&)'(-%2&'%D35)-#62).#)2('$(6&%6(=)476F%':#6&).(2)'523.&#&2)-()h#4")(&)#.@)G`VVAJ@)!

0#)47:$72%&%76)-3)F.3%-()
s#62).(3')5&3-(=)R6-'(#6%)(&)#.@)G`VPW#J)2/%6&5'(22(6&)U)./(FF(&)-()./#.3:%6%3:)23').#)4%65;

&%93()-()'5#4&%76)-()2('$(6&%6%2#&%76@)*.2)'5#.%2(6&)-(2)(?$5'%(64(2)23')-(2)E'#%62)-/7.%8%6()(6)
476&#4&)#8(4)-()./(#3)2#.5()GV=B):7.)n#!.SYEJ=)U)`VV\!)(&)WVV\!)(&)`VV)H]#)$(6-#6&)X=B)U)Z=B)
N73'2@)0(2)'523.&#&2):76&'(6&)93/#$'M2)-(3?)N73'2).(2)E'#%62)-/7.%8%6()276&)(6&%M'(:(6&)&'#62F7';
:52)(6)2('$(6&%6() GI%E@) *;PZJ@)T6)47:$#'#%276=) 2#62)#.3:%6%3:=)-() &(.2) '(6-(:(6&2)6()276&)
#&&(%6&2)93/#$'M2)36()8%6E&#%6()-()N73'2)-/(?$5'%(64()$73')./5&3-()-()H#'&%6)#6-)I<F()GPcZVJ@)
0(2)#3&(3'2)$'7$72(6&)93()./#.3:%6%3:)(6)27.3&%76)F7':()-(2)47:$.(?(2)#8(4).#)2%.%4(=)%223()-()
.#)-%227.3&%76)-()./7.%8%6(=)F#87'%2#6&).#)27.3D%.%&5)-()./7.%8%6(@)]#').#)23%&(=)./5&3-()-()](62)(&)#.@)
G`VPAJ)$(':(&)-/58#.3(')./(FF(&)-()./#.3:%6%3:)23').#)'5#4&%76)-()2('$(6&%6%2#&%76)-()./7.%8%6()
(&)-() ./7'&"7$<'7?M6()U)`VV\!)(&)WXV\!)(&)`VV)H]#@)0(2) '523.&#&2):76&'(6&)93/(6)$'52(64()
-/#.3:%6%3:).#)4768('2%76)-()./7.%8%6()(6)2('$(6&%6()(2&)$.32)'#$%-()G'5#4&%76)U):%;&(:$2)&PS`)
g)Z)"J@)T6)'(8#64"(=).#)4768('2%76)-()./7'&"7$<'7?M6()(2&)$.32)'#$%-()(6)./#D2(64()-/#.3:%6%3:)
GPPC)-()4768('2%76)(6)2('$(6&%6()(6)A)N73'2)#8(4)#.3:%6%3:)476&'()XjC)2#62)#.3:%6%3:J@)*.2)

!"#$%&'()*K+'^".$3-/"604'G'3C:9$"3"8%&'1&'3-'4&%<&0/"0"4-/"60H'G'RS'db-'&/'-@&2'$0'

%-/"6'&-$a%627&'<%627&'1&'*H'1&'1"55:%&0/4'-44&.83-#&4'."0:%-36#"9$&4'&0'5602/"60'

1&'3-'/&.<:%-/$%&='X&4'26.<64"/"604'460/'1600:&4'&0'<6"14'<6$%2&0/='?3V63"@"0&H'

?<;V6%/76<B%6;A0&'&/'F<;'V'23"06<B%6;A0&='(44$'1&'f3&"0'&/'-3='\>S*E]='

31



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

$'7$72(6&)36()%6&('#4&%76)476&'#2&5()-(2)47:$.(?(2)-/#.3:%6%3:)#8(4).(2)23'F#4(2)-(2):%65;
'#3?)-/7.%8%6() (&) -/7'&"7$<'7?M6(@)!76&'#%'(:(6&) U) .#) 23'F#4()6(3&'()-() ./7'&"7$<'7?M6(=) .#)
23'F#4()4"#'E5()-()./7.%8%6()$73''#%&)#D27'D(').(2)47:$.(?(2)R.GLbJ"1)F#87'%2#6&)#%62%)2#)-%2;
27.3&%76@)

0/(FF(&)-3)$b)23').#)4%65&%93()-()'5#4&%76)(2&)5E#.(:(6&)5&3-%5@)0#F#<)(&)#.@)G`VP`J)(FF(4;
&3(6&)-(2)(?$5'%(64(2)-()2('$(6&%6%2#&%76)-/7.%8%6(=)U)PBV\!)(&)`VV\!=)#8(4)P)H)-()27.3&%76)-()
n#Lb)G$b)+)PW=BJ)$(6-#6&)-(2)&(:$2)8#'%#6&)-()W)"(3'(2)U)cV)N73'2@)*.2):76&'(6&)93()./7.%8%6()
(2&)'(:$.#45()$#')36)#22(:D.#E()-()4"'<27&%.()(&)-()D'34%&()2(.76)36)$'74(2232)473$.5)-()-%2;
27.3&%76;$'54%$%&#&%76@)s#62)36() 2(476-() 5&3-(=)0#F#<) (&) #.@) G`VPXJ) F76&) '5#E%') U)`VV\!)-(2)
E'#%62)-/7.%8%6()#8(4)P)H)-()27.3&%76)-()n#b!L$@)*.2)4762&#&(6&)-()6738(#3)./#D2(64()-()F7';
:#&%76)-/7?<-(2)(&)4764.3(6&)U)./%647'$7'#&%76)-3)F(')67&#::(6&)-#62).#)$"#2()2('$(6&%6(@))

0(2)(?$5'%(64(2)-()0#:#-'%-)(&)#.@)G`VPZJ)58#.3(6&)./(FF(&)-()./#4&%8%&5)-()./(#3)23').()&#3?)
-()2('$(6&%6%2#&%76)-() ./7.%8%6(@)]73')4(.#=) %.2)(FF(4&3(6&)-(2)(?$5'%(64(2)-()2('$(6&%6%2#&%76)
-/36()-3'5()-()WV)U)`ZV)N73'2)U)`jV\!@)*.2)3&%.%2(6&)-(2)%64.32%762)-()F.3%-(2)2<6&"5&%93(2)476;
&(63(2)-#62)-(2)4'%2&#3?)-/7.%8%6()$73')23'8(%..(').#)'5#4&%76)-()2('$(6&%6%2#&%76)-#62).()&(:$2@)
*.2)3&%.%2(6&)-(2)27.3&%762)HE!.!;n#!.)#8(4)-(2)2#.%6%&52)-()P=)W@B=)A)U)PV)e&C@)0/#8#64(:(6&)
-().#)'5#4&%76)(2&)(2&%:5)E'z4()U)./#3E:(6&#&%76)-().#)2#.%6%&5)-#62).(2)F.3%-(2)2<6&"5&%93(2=)%223()
-() .#) 47627::#&%76) -() ./(#3) $#') .#) '5#4&%76@) 0(2) &#3?) -() '5#4&%76) $#22(6&) -() `=ZP�PV1(* U)

!"#$%&'()*N+'b6$%2&0/-#&4'1&'4&%<&0/"0&'56%.:&'-<%A4'-3/:%-/"60'1C63"@"0&'-$'26$%4'1$'/&.<4'

36%4'1&'3C:/$1&'1CU01%&-0"'&/'-3='\>S*E]H'-@&2'&/'4-04'-3$."0"$.='X&4'%:4$3/-/4'460/'26.<-%:4'

-$;'1600:&4'1&'d-%/"0'-01'!B5&H'\*JNS]'-@&2'$0&'/-"33&'1&'#%-"04'1&'KSmLS n.'&/'1&'Q&#0&%'

-01'O%04/H'\*JLE]'-@&2'$0&'/-"33&'1&'#%-"04'1&'*SRm*RS n.='X&4':/$1&4'460/'%:-3"4:&4'4-04'

-3$."0"$.'.-"4'1-04'1&4'2601"/"604':9$"@-3&0/&4='X&4'%:4$3/-/4'460/':#-3&.&0/'26.<-%:4'G'

2&$;'68/&0$4'36%4'1&4'%:-2/"604'1&'4&%<&0/"0"4-/"60H'G'<3$4'5-"83&'<%&44"60'&/'/-"33&'1&'#%-"04H'

1&'l61-%1'&/'-3='\>S*E]'&/'d-%2-"336$'&/'-3='\>S**]=
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!"#$%&'()*)+),&#&)-()./#'&)

`=jA�PV1&)):7.@:1!@21&)$73')-(2)2#.%6%&52)8#'%#6&)-()P)U)PV)e&C@)0(2)'523.&#&2):76&'(6&)#%62%)93()
.()&#3?)-()2('$(6&%6%2#&%76)(2&)F7'&(:(6&)476&'r.5)$#').#)2#.%6%&5)G3&%.%25()47::()%6-%4#&(3')-()
./#4&%8%&5)-()./(#3J)-3)F.3%-()(&)-5:76&'(6&)93().()&#3?)-()2('$(6&%6%2#&%76)-()./7.%8%6()'#.(6&%&)U)
:(23'()93().#)2#.%6%&5)#3E:(6&()(&)93()./#4&%8%&5)-()b!L)-%:%63(@)!(2)'523.&#&2)276&)476F%':52)
$#')36()5&3-()'54(6&()-()0#:#-'%-)(&)#.@)G`V`PJ=)3&%.%2#6&).():t:()$'745-5)-()23%8%)-().#)'5#4;
&%76@)!(2)'523.&#&2)273&%(66(6&)./%-5()93().#)2('$(6&%6%2#&%76)654(22%&()36)F.3?)476&%63)-()F.3%-(2)
$73')$(':(&&'().#)$73'23%&()-().#)2('$(6&%6%2#&%76@)!(2)'523.&#&2)276&)(6)#447'-)#8(4).(2)2%:3.#;
&%762)&"(':7-<6#:%93(2)-()I'72&)#6-)h(#'-)G`VVZJ)8%2%D.(2)(6)I%E3'()*;Pj=)93%)-5:76&'(6&)93()
.()-7:#%6()-()2&#D%.%&5)-()./7.%8%6()#3E:(6&()93#6-)./#4&%8%&5)-()./(#3)-%:%63(@)

!()$'5#:D3.()-5:76&'()93().(2)#8#645(2)4764('6#6&).()$'74(2232)-()2('$(6&%6%2#&%76)276&)
67:D'(32(2@)!(2)5&3-(2)$(':(&&(6&)-()476&'#%6-'().#)'5#4&%76)-()2('$(6&%6%2#&%76)(&).(2)$#'#;
:M&'(2)93%).#)476&'r.(@)]73')'523:(')+))

; 0#) '5#4&%76)-() 2('$(6&%6%2#&%76)(2&)36)$'74(2232) '5$#6-3)(&) .(2)$'7-3%&2)-() .#
'5#4&%76)476&'r.(6&).(2)$'7$'%5&52)$"<2%93(2)-(2)'74"(2):#6&(..%93(2@)

; 0#)'5#4&%76)-()2('$(6&%6%2#&%76)(2&)#2274%5()U).#)$'7-34&%76)-/"<-'7EM6(@)!(&&(
$'7-34&%76)(2&)476&'r.5()$#').()-(E'5)-/7?<-#&%76)-3)F(')(&)2#)-%2&'%D3&%76)-#62).(2):%;
65'#3?)2(476-#%'(2@)!(&&()-%2&'%D3&%76)(2&)(..(;:t:()F764&%76)-(2)476-%&%762)(&)-3)-(E'5)
-()2('$(6&%6%2#&%76@))

; 0#)4%65&%93()-()2('$(6&%6%2#&%76)-5$(6-)-()67:D'(3?)$#'#:M&'(2)G47:$72%&%76
-3)$'7&7.%&"(=)-3)F.3%-(=)&#%..()-(2)E'#%62=)(&4J@)

!(2) 5&3-(2):76&'(6&) 5E#.(:(6&)93()-()67:D'(3?)#2$(4&2)-() .#) '5#4&%76) 276&) (647'() U)
#$$'7F76-%'=)#8(4)$#')(?(:$.()GPJ).()476&'r.()-().#)$'(22%76)23').#)4%65&%93()(&).(2)$'7-3%&2)-()
.#)'5#4&%76=)G`J).()476&'r.()-().#)&(?&3'()-().#)'74"()23').#)4%65&%93()-()'5#4&%76=)(&)GWJ).()476&'r.()
-().#)F3E#4%&5)(6)"<-'7EM6()23').#)-%2&'%D3&%76)-3)F(')-#62).(2):%65'#3?)2(476-#%'(2@))

!"#$%&'()*L'+'l%-<7"9$&'.60/%-0/'3-'@-%"-/"60'1&'3C-2/"@"/:'1&'3C&-$'&0'5602/"60'1&'3-'/&.<:%-/$%&'

<6$%'4&%<&0/"0"4&%'$0&'63"@"0&'G'*SS'db-='
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!"#$%&'()*)+),&#&)-()./#'&)

!"6" %('$78)9+9('

0/#6#.<2()-(2)'74"(2)3.&'#D#2%93(2)-().#)$#.57;:#'E()-(2)]<'565(2)$(':(&)-/5&3-%(')#3)
6%8(#3)-().#)4'7>&()476&%6(6&#.(=).(2)$'74(2232)-()2('$(6&%6%2#&%76)#<#6&)(3).%(3)(6)476&(?&()-()
:#'E()$#22%8()676;87.4#6%93(@)T6)$.32)-()47:$&(')$#2):7%62)-/36()93#'#6&#%6()-():#22%F2)-()
$5'%-7&%&(2=)4(2)-('6%('2)$'52(6&(6&)-(2)8#'%#&%762)%:$7'&#6&(2)-().(3')-(E'5)-/#.&5'#&%76@)0(3')
5&3-()$(':(&)-/(2&%:(').(2)476-%&%762)-()2('$(6&%6%2#&%76)#3)6%8(#3)-().#)&'#62%&%76)745#6;476;
&%6(6&)-/36():#'E()$#22%8(=).#)476&'%D3&%76)-(2)#3&'(2)'52('87%'2)E574"%:%93(2)G4'7>&()476&%;
6(6&#.()(&)25-%:(6&2J)23').#)2('$(6&%6%2#&%76=)(&).#)$'7-34&%76)(6)"<-'7EM6()#2274%5(@)))

0#)4"#l6()-(2)]<'565(2)4762&%&3()36()F'76&%M'()6#&3'(..(=)-/7'%(6&#&%76)TKT;ini=)(6&'()
.#)I'#64()(&)./T2$#E6(@)0(2)]<'565(2)2/5&(6-(6&)23')(68%'76)XVV)Y:)-($3%2).#):(')H5-%&(''#65()
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I'3";_'((6=)_@0@=)^(..(<=)s@K@=)h('6#2476%=)K@H@=)^#'276=)m@R@=)03-e%E=)^@R@=)h3&&('F%(.-=)
s@R@=)h724"%=)!@=)]'72Y3'7e2Y%=)_@=)`VVW@)WV=VVV)<(#'2)7F)"<-'7&"(':#.)#4&%8%&<)#&)&"().72&
4%&<)8(6&)F%(.-@)K4%(64()WVP=)XcB;Xcj@
I<F(=)i@K@=)PcZX@)b(#&2)7F)4"(:%4#.)'(#4&%762)#6-)23D:#'%6()"(#&)$'7-34&%76)_(7$"<2%4#.
m73'6#.)*6&('6#&%76#.)WZ=)`PW;`PB@
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!

_7-#'-=)H@=)03937&=)0@=)R6-'(#6%=)H@=)_73Q(=)]@=)`VPW@)*64%$%(6&)"<-'#&%76)7F):#6&.()
.%&"72$"('()#&)'%-E(2+)R)'(#4&%8(;$('47.#&%76)(?$('%:(6&@)T#'&")#6-)].#6(&#'<)K4%(64()0(&&('2)
WZP;WZ`=)c`;PV`@)
bv8(.:#66=)m@=)R32&'"(%:=)b@=)m#:&8(%&=)h@=)`VP`@)H%4'72&'34&3'()#6-)$7'72%&<)(87.3&%76)
-3'%6E)(?$('%:(6&#.)4#'D76#&%76)7F)#)6#&3'#.)$('%-7&%&(@)!"(:%4#.)_(7.7E<)WWX=)`BX;`AB@)
b3#6E=)d@=)K76E=)H@=)s%6E=)�@=)o"3=)K@=)o"#6=)i@=)K36=)i@=)`VPZ@)*6F.3(64()7F)$<'7?(6()#6-)
2$%6(.)76)&"()Y%6(&%42)7F)$('%-7&%&()2('$(6&%6%Q#&%76@)m73'6#.)7F)_(7$"<2%4#.)d(2(#'4"+)K7.%-)
T#'&")P``=)ZPPP;ZP`A@)
b3#6E=)d@=)K36=)i@=)s%6E=)�@=)o"#7=)�@=)K76E=)H@=)`V`V@)TFF(4&)7F)$'(223'()76)&"()Y%6(&%42)7F)
$('%-7&%&()2('$(6&%6%Q#&%76@)]"<2%42)#6-)!"(:%2&'<)7F)H%6('#.2)XZ@)
*<('=)^@=)m#:&8(%&=)h@=)H#&"%(2(6=)m@=)H#.&"(27'(622(6=)R@=)I(-('=)m@=)`VVj@)d(#4&%76;#22%2&(-)
"%('#'4"%4#.)F'#4&3'%6E)-3'%6E)2('$(6&%6%Q#&%76@)T#'&")#6-)].#6(&#'<)K4%(64()0(&&('2)`AZ=)BVW;
BPA@)
m#6(4Y<=)s@d@=)K(<F'%(-)m'=)i@T@=)PcjA@)b<-'7&"(':#.)2('$(6&%6%Q#&%76)7F)$('%-7&%&()e%&"%6)&"()
74(#6%4)4'32&+)T?$('%:(6&#.)%68(2&%E#&%762)7F):%6('#.7E<)#6-):#N7')(.(:(6&)4"(:%2&'<@)
_(74"%:%4#)(&)!72:74"%:%4#)R4&#)BV=)PWBZ;PWZj@)
m7"#66(2=)i@=)PcAj@)T?$('%:(6&#.)%68(2&%E#&%76)7F)&"()'(#4&%76)F7'2&('%&(f)b)`)L!)
2('$(6&%6(f)D'34%&(@)@)!76&'%D3&%762)&7)H%6('#.7E<)#6-)](&'7.7E<)Pc=)WVc;WPB@)
^(.(:(6=)]@h@=)b%'&"=)_@=)`VP`@)d(#4&%76;-'%8(6)4'#4Y%6E)-3'%6E)'(&'7E'#-():(&#:7'$"%2:+)
L.%8%6()"<-'#&%76)#6-)4#'D76#&%76@)T#'&")#6-)].#6(&#'<)K4%(64()0(&&('2)WXB=)jP;jc@)
^(.(:(6=)]@h@=)H#&&('=)m@=)`VVj@)*6)2%&3)4#'D76#&%76)7F)$('%-7&%&()F7')!L`)2&7'#E(@)
]'74((-%6E2)7F)&"()n#&%76#.)R4#-(:<)7F)K4%(64(2)PVB=)PZ`cB;PZWVV@)
^(.(:(6=)]@h@=)H#&&('=)m@=)K&'(%&=)T@T@=)d3-E(=)m@I@=)!3''<=)i@h@=)h.32Q&#N6=)m@=)`VPP@)d#&(2)
#6-)H(4"#6%2:2)7F)H%6('#.)!#'D76#&%76)%6)]('%-7&%&(+)n#&3'#.)]'74(22(2)#6-)d(4%$(2)F7')
T6"#64(-=)%6)2%&3)!L`!#$&3'()#6-)K&7'#E(@)R663#.)d(8%(e)7F)T#'&")#6-)].#6(&#'<)K4%(64(2)
Wc=)BXB;BZA@)
^(..(<=)s@K@=)^#'276=)m@R@=)h.#4Y:#6=)s@^@=)I'3";_'((6=)_@0@=)h3&&('F%(.-=)s@R@=)0%..(<=)
H@s@=)L.276=)T@m@=)K4"'(6Y=)H@L@=)d7(=)^@^@=)0(D76=)_@1@=)d%8%QQ%E67=)]@=)]#'&<=)R@1@K@=)
`VVP@)R6)7FF;#?%2)"<-'7&"(':#.)8(6&)F%(.-)6(#')&"()H%-;R&.#6&%4)d%-E()#&)WV)-(E'((2)n@)
n#&3'()XP`=)PXB;PXc@)
^.(%6=)I@=)h#4"=)i@=)`VVc@)I(;n%;!7;L;K)]"#2()d(.#&%762)%6)]('%-7&%&(;K(#e#&(')*6&('#4&%762@)
m73'6#.)7F)](&'7.7E<)BV=)WZ;Bc@)
^.(%6=)I@=)h#4"=)i@=)b3:$"'%2=)K@T@=)^#".=)i@R@=)m762=)n@=)H72Y7e%&Q=)h@=)h('937=)1@K@=)
`VPW#@)H#E6(&%&()%6)2(#F.77')2('$(6&%6%&(;;K7:().%Y()%&)"7&@)_(7.7E<)X`=)PWB;PWj@)
^.(%6=)I@=)h#4"=)i@=)mv62=)n@=)H4!7..7:=)1@=)H72Y7e%&Q=)h@=)h('93�=)1@=)`VVc@)*'76)
$#'&%&%76%6E)#6-)"<-'7E(6)E(6('#&%76)-3'%6E)2('$(6&%6%Q#&%76)7F)#D<22#.)$('%-7&%&(2)F'7:)PB\n)
76)&"()H%-;R&.#6&%4)d%-E(@)_(74"%:%4#)(&)!72:74"%:%4#)R4&#)ZW=)AjAj;AjcW@)
^.(%6=)I@=)h#4"=)i@=)H4!7..7:=)1@H@=)`VPWD@)!7:$72%&%76#.)476&'7.2)76)"<-'7E(6)E(6('#&%76)
-3'%6E)2('$(6&%6%Q#&%76)7F)3.&'#:#F%4)'74Y2@)0%&"72)PZj=)BB;Ac@)
^.(%6=)I@=)_#''%-7=)!@m@=)`VPP@)1"(':7-<6#:%4)4762&'#%6&2)76):%6('#.)4#'D76#&%76)7F)
2('$(6&%6%Q(-)$('%-7&%&(@)0%&"72)P`A=)PXZ;PAV@)
^.(%6=)I@=)_'7Q(8#=)n@_@=)K((e#.-=)m@K@=)H4!7..7:=)1@H@=)b3:$"'%2=)K@T@=)H72Y7e%&Q=)h@=)
h('937=)1@K@=)^#".=)i@R@=)`VPB#@)T?$('%:(6&#.)4762&'#%6&2)76)F.3%-;'74Y)'(#4&%762)-3'%6E)
%64%$%(6&)2('$(6&%6%Q#&%76)7F)"#'QD3'E%&(@)R:('%4#6)H%6('#.7E%2&)PVV=)ccP;PVV`@)
^.(%6=)I@=)b3:$"'%2=)K@T@=)_37=)i@=)K4"3D7&Q=)I@=)K4"e#'Q(6D#4"=)T@H@=)L'2%=)i@s@=)`VPBD@)
I.3%-):%?%6E)#6-)&"()-(($)D%72$"('()7F)#)F722%.)072&)!%&<;&<$()"<-'7&"(':#.)2<2&(:)#&)&"()
*D('%#)H#'E%6@)]'74)n#&.)R4#-)K4%)q)K)R)PP`=)P`VWA;P`VXP@)
^.(%6=)I@=)0()d73?=)~@=)`V`V@)�3#6&%F<%6E)&"()87.3:()%64'(#2()#6-)4"(:%4#.)(?4"#6E()-3'%6E)
2('$(6&%6%Q#&%76@)_(7.7E<)Xj=)BB`;BBA@)
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0#4'7%?=)R@=)PjcX@)T&3-():%65'#.7E%93()-().#)."('Q7.%&()-(2)]<'565(2)(&)-()2(2)$"567:M6(2)-()
476&#4&@)_@)H#2276@)
0#F#<=)d@=)H76&(2;b('6#6-(Q=)_@=)m#67&2=)T@=)!"%'%#4=)d@=)I%6-.%6E=)n@=)174"(=)I@=)`VP`@)
H%6('#.)'($.#4(:(6&)'#&()7F)7.%8%6()D<)4"'<27&%.()#6-)D'34%&()36-(')"%E")#.Y#.%6()476-%&%762@)
m73'6#.)7F)!'<2&#.)_'7e&")WXZ=)A`;Z`@)
0#F#<=)d@=)H76&(2;b('6#6-(Q=)_@=)m#67&2=)T@=)!"%'%#4=)d@=)I%6-.%6E=)n@=)174"(=)I@=)`VPX@)
K%:3.&#6(732)$'(4%$%&#&%76)7F):#E6(2%&()#6-).%Q#'-%&()F'7:)"<-'7&"(':#.)#.&('#&%76)7F)7.%8%6()
36-(')"%E";4#'D76#&()#.Y#.%6%&<@)!"(:%4#.)_(7.7E<)WAj=)AW;ZB@)
0#E#D'%(..(=)�@=)R2&%=)d@=)I73'4#-(=)K@=)!7''(=)h@=)]73N7.=)H@=)qQ(.=)m@=)0#D#3:(=)]@=)!.('4=)!@=)
0#F#<=)d@=)]%4#Q7=)K@=)H#3'<=)d@=)`VPc@)H#6&.()(?"3:#&%76)#&):#E:#;$77')$#22%8()
476&%6(6&#.):#'E%62@)]#'&�*@)Ws�#'4"%&(4&3'()#6-):(&#27:#&%4)(87.3&%76)7F)#)F722%.)(?"3:(-)
:#6&.()-7:#%6)Gq'-#4")."('Q7.%&(=)67'&";e(2&('6)]<'(6((2=)I'#64(J@)hK_I);)T#'&")K4%(64(2)
h3..(&%6)PcV@)
0#E#D'%(..(=)�@=)h7-%6%('=)m@;0@=)`VVj@)K3D:#'%6()'(e7'Y%6E)7F)(?"3:(-)23D476&%6(6&#.)
:#6&.()'74Y2+)F%(.-)(8%-(64()F'7:)&"()0"('Q)$('%-7&%&(2=)I'(64")]<'(6((2@)1(''#)n78#)`V=)PP;
`P@)
0#:#-'%-=)b@H@=)d%:2&%-&=)m@s@=)K4"e#'Q(6D#4"=)T@H@=)^.(%6=)I@=)q.'%4"=)K@=)s7.74#6=)R@=)
h7-6#'=)d@m@=)`VPZ@)TFF(4&)7F)e#&(')#4&%8%&<)76)'#&(2)7F)2('$(6&%6%Q#&%76)7F)7.%8%6(@)n#&)
!7::36)j=)PAPVZ@)
0#:#-'%-=)b@H@=)o#N#4Q=)o@=)^.(%6=)I@=)h7-6#'=)d@m@=)`V`P@)K<6&"(&%4)F.3%-)%64.32%762)��***@)
TFF(4&)7F)&(:$('#&3'()#6-)F.3%-)47:$72%&%76)76)'#&(2)7F)2('$(6&%6%Q#&%76)7F)7.%8%6(@)
_(74"%:%4#)(&)!72:74"%:%4#)R4&#)`c`=)`jB;WVj@)
07e(..=)d@]@=)d76#=)]@R@=)`VV`@)K(#F.77')"<-'7&"(':#.)2<2&(:2)-'%8(6)D<)&"()2('$(6&%6%Q#&%76)
7F)$('%-7&%&(@)_(7$"<2%4#.)d(2(#'4")0(&&('2)`c@)
H#4-76#.-=)R@b@=)I<F(=)i@K@=)PcjB@)d#&()7F)2('$(6&%6%Q#&%76)%6)2(#F.77')(68%'76:(6&2@)
1(4&767$"<2%42)PPA=)P`W;PWB@)
H#.87%2%6=)h@=)`VPB@)H#22)&'#62F(')%6)&"()74(#6%4).%&"72$"('(+)K('$(6&%6%Q#&%76)%2)67&)
%274"(:%4#.@)T#'&")#6-)].#6(&#'<)K4%(64()0(&&('2)XWV=)ZB;jB@)
H#.87%2%6=)h@=)h'#6&3&=)n@=)^#4Q:#'(Y=)H@;R@=)`VPZ@)!76&'7.)7F)2('$(6&%6%2#&%76)'#&()D<)
'(#4&%76;%6-34(-)4'#4Y%6E@)T#'&")#6-)].#6(&#'<)K4%(64()0(&&('2)XZA=)PXW;PB`@)
H#.87%2%6=)h@=)h'36(&=)I@=)`VPX@)i#&(')-%FF32%76;&'#62$7'&)%6)#)2<6&"(&%4)-36%&(+)!762(93(64(2)
F7')74(#6%4)$('%-7&%&()2('$(6&%6%Q#&%76@)T#'&")#6-)].#6(&#'<)K4%(64()0(&&('2)XVW=)`AW;`Z`@)
H#.87%2%6=)h@=)h'36(&=)I@=)!#'.3&=)m@=)d73:5N76=)K@=)!#66#&=)H@=)`VP`#@)K('$(6&%6%Q#&%76)7F)
74(#6%4)$('%-7&%&(2+)`@)^%6(&%42)#6-)$'74(22(2)7F)K#6)!#'.72)7.%8%6()"<-'7&"(':#.)#.&('#&%76@)
m73'6#.)7F)_(7$"<2%4#.)d(2(#'4"+)K7.%-)T#'&")PPZ=)6S#;6S#@)
H#.87%2%6=)h@=)!#'.3&=)m@=)h'36(&=)I@=)`VP`D@)K('$(6&%6%Q#&%76)7F)74(#6%4)$('%-7&%&(2+)P@)R)"%E";
2(62%&%8%&<):(&"7-)&7):76%&7'):#E6(&%&()$'7-34&%76)%6)"<-'7&"(':#.)(?$('%:(6&2@)m73'6#.)7F)
_(7$"<2%4#.)d(2(#'4"+)K7.%-)T#'&")PPZ=)6S#;6S#@)
H#.87%2%6=)h@=)o"#6E=)!@=)Hu6&(6('=)L@=)h#3:E#'&6('=)0@]@=)^(.(:(6=)]@h@=)`V`V@)
H(#23'(:(6&)7F)~7.3:()!"#6E()#6-)H#22)1'#62F(')s3'%6E)K('$(6&%6%Q#&%76+)*62%E"&2)I'7:)
&"()L:#6)s'%..%6E)]'7N(4&@)m73'6#.)7F)_(7$"<2%4#.)d(2(#'4"+)K7.%-)T#'&")P`B@)
H#'4#%..73=)!@=)H3}7Q=)H@=)~%-#.=)L@=)]#''#=)1@=)b#'F734"(=)H@=)`VPP@)H%6('#.7E%4#.)(8%-(64()
F7')b`)-(E#22%6E)-3'%6E)2('$(6&%6%Q#&%76)#&)WVV\!SWVVD#'@)T#'&")#6-)].#6(&#'<)K4%(64()
0(&&('2)WVW=)`jP;`cV@)
H#'&%6=)h@=)I<F(=)i@K@=)PcZV@)K7:()(?$('%:(6&#.)#6-)&"(7'(&%4#.)7D2('8#&%762)76)&"()Y%6(&%42)
7F)"<-'#&%76)'(#4&%762)e%&")$#'&%43.#')'(F('(64()&7)2('$(6&%6%Q#&%76@)!"(:%4#.)_(7.7E<)A=)PjB;
`V`@)
H#<"(e=)0@T@=)T..%276=)T@1@=)`V`V@)R)2<6&"(2%2)#6-):(&#;#6#.<2%2)7F)&"()I()4"(:%2&'<)7F)
2('$(6&%6%&(2)#6-)2('$(6&%6():%6('#.2@)]"%.72)1'#62)R)H#&")]"<2)T6E)K4%)WZj=)`VPjVX`V@)
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!

H#<"(e=)0@T@=)T..%276=)T@1@=)H4!7..7:=)1@H@=)1'#%67'=)1@]@=)1(:$.(&76=)R@K@=)`VPW@)
b<-'7E(6)E(6('#&%76)F'7:).7e;&(:$('#&3'()e#&('p'74Y)'(#4&%762@)n#&3'()_(724%(64()A=)XZj;
XjX@)
H4!7..7:=)1@H@=)h#4"=)i@=)`VVc@)1"(':7-<6#:%4)4762&'#%6&2)76)"<-'7E(6)E(6('#&%76)
-3'%6E)2('$(6&%6%Q#&%76)7F)3.&'#:#F%4)'74Y2@)_(74"%:%4#)(&)!72:74"%:%4#)R4&#)ZW=)jBA;jZB@)
H4!7..7:=)1@H@=)^.(%6=)I@=)d7DD%62=)H@=)H72Y7e%&Q=)h@=)h('93�=)1@K@=)mv62=)n@=)h#4"=)i@=)
1(:$.(&76=)R@=)`VPA@)1(:$('#&3'()&'(6-2)F7')'(#4&%76)'#&(2=)"<-'7E(6)E(6('#&%76=)#6-)
$#'&%&%76%6E)7F)%'76)-3'%6E)(?$('%:(6&#.)2('$(6&%6%Q#&%76)7F)7.%8%6(@)_(74"%:%4#)(&)
!72:74"%:%4#)R4&#)PjP=)PZB;`VV@)
H4!7..7:=)1@H@=)^.(%6=)I@=)K7."(%-=)]@=)H72Y7e%&Q=)h@=)`V`V@)1"()(FF(4&)7F)$b)76)'#&(2)7F)
'(#4&%76)#6-)"<-'7E(6)E(6('#&%76)-3'%6E)2('$(6&%6%Q#&%76@)]"%.72)1'#62)R)H#&")]"<2)T6E)K4%)
WZj=)`VPjVX`j@)
H4!7..7:=)1@H@=)K((e#.-=)m@K@=)`VVP@)]7&(6&%#.)'(-34&%76)7F)-%227.8(-)!L`)&7)"<-'74#'D762)
-3'%6E)2('$(6&%6%Q#&%76)7F)7.%8%6(@)_(74"%:%4#)(&)!72:74"%:%4#)R4&#)AB=)WZAc;WZZj@)
H(..%6%=)H@=)o#6#QQ%=)]@I@=)PcjZ@)!'<2&#.)2&'34&3'(2)7F).%Q#'-%&(;P1)#6-).%Q#'-%&(;`bP)F'7:)
!7.%=)*&#.<@)R:('%4#6)H%6('#.7E%2&)Z`=)cXW;cXj@)
H58(.=)!@=)`VVW@)K('$(6&%6%Q#&%76)7F)#D<22#.)$('%-7&%&(2)#&):%-;74(#6)'%-E(2@)!7:$&(2)d(6-32)
_(724%(64()WWB=)j`B;jB`@)
H%..('=)s@m@=)!"'%2&(62(6=)n@*@=)PccZ@)K(%2:%4)8(.74%&%(2)7F).7e(')4'32&#.)#6-)3$$('):#6&.()
'74Y2)F'7:)&"()2.7e;2$'(#-%6E)H%-;R&.#6&%4)d%-E(=)273&")7F)&"()^#6()1'#62F7':)o76()
GHRd^J@)]dL!TTs*n_K;L!TRn)sd*00*n_)]dL_dRH)K!*Tn1*I*!)dTKq01K)
nR1*LnR0)K!*Tn!T)ILqnsR1*Ln=)XWZ;XBA@)
H%..('=)b@H@=)H#&&('=)m@H@=)^(.(:(6=)]@=)T..%276=)T@1@=)!76'#-=)H@T@=)I%('('=)n@=)d34"#.#=)1@=)
17:%6#E#=)H@=)1(:$.(&76=)R@K@=)`VPA@)H7-('6)e#&('S'74Y)'(#4&%762)%6)L:#6)"<$('#.Y#.%6()
$('%-7&%&()#93%F('2)#6-)%:$.%4#&%762)F7'):%4'7D%#.)"#D%&#D%.%&<@)_(74"%:%4#)(&)!72:74"%:%4#)
R4&#)PZc=)`PZ;`XP@)
H%..('=)b@H@=)H#<"(e=)0@T@=)T..%276=)T@1@=)^(.(:(6=)]@=)^3D7=)H@=)1(:$.(&76=)R@K@=)`VPZ@)
07e)&(:$('#&3'()"<-'7E(6)$'7-34&%76)-3'%6E)(?$('%:(6&#.)"<-'#&%76)7F)$#'&%#..<;
2('$(6&%6%Q(-)-36%&(@)_(74"%:%4#)(&)!72:74"%:%4#)R4&#)`Vc=)PAP;PjW@)
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:527Q7�93()n7'-;]<'565(66(@)h3..(&%6)-().#)K74%5&5)-a"%2&7%'()6#&3'(..(@)
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n7|.=)m@=)_7-#'-=)H@=)L.%7&=)T@=)H#'&%6(Q=)*@=)i%..%#:2=)H@=)h73-%('=)I@=)d7-'%E3(Q=)L@=)
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41



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

Lab#6.(<=)s@K@=)PccA@)K('$(6&%6%&(2@)d(47'-2)7F)1(4&76%4)#6-)](&'7.7E%4#.)b%2&7'<)L?F7'-)
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.(#-%6E)&7)476&%6(6&#.)D'(#Y3$@)m73'6#.)7F)_(7$"<2%4#.)d(2(#'4"+)K7.%-)T#'&")PVA=)WcAP;WcZB@)
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PVA@)
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265"=&432'&4'/%,4#&-'2$%'1&'=,22">'5?@%5,07A'B,%3&'=/5">"6&'5?,9%C2'.,#,:%"&11&'&3',1A'8DE*F-A':-'
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'(&$/&V4)/!DY!-5#$9'&..19/!(-51.'-/!W!)9!K$49)!/4(!.$!P&<G!**AJ$EG
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47



"#$%&'()!**!+!,$'-(&)./!)'!0-'#12)/!
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B?$9$.I/)!V4$9'&'$'&=)!/?)77)5'4)!%$(!($77&9)0)9'!2)!d&)'=).2;!519/&/'$9'!H!0&9&0&/)(!.$!
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AH/:; <:9;8 5980 59<< 5958 59<= <:9;, 59,8 59<, 5955 59<= 59;0 595<</ 59;5

NO/=< <:9;@ 59<@ ,9:/ 595/ ,9:8 <:9;@ 59/; ,9,, 595< ,9:8 :9@: 59/;<8 :9@0

P./=: <09@@ 5980 59:= 5950 59:0 <09@; 59,< 598; 595/ 59:0 /9/0 5958=, /9/=

!-/=0 <098: 598< /9=< 595< /9=@ <098< 59/5 /980 595, /9=@ <9<, 59/,<0 <9<5

A$/=; <09:0 5980 59,: 595, 59,= <09:: 59/; 59,, 5955 59,= 598@ 595/@@ 5980

IH/0< <;9;@ 59:0 /9=@ 5950 /9=< <;9;= 59</ /98: 595, /9=< <9/, 595;;8 <9/8

64/0: <090< 598; 59,: 595/ 59,: <090, 59,, 59,, 5955 59,: 598@ 595/@= 598:

P2/00 <89@5 59:, 59:, 595= 59:@ <8900 59/, 5980 595/ 59:@ 89,: 59/0/8 89,/

A3/@/ <;9@5 59=, 5958 595/ 5958 <;90; 59<; 595< 5955 5958 590: 595,,, 5908

1H,5@ <;95, 59;= <905 595: <958 <@9;: 59<@ ,9;, 5958 <958 ;9@5 59,5,5 /59;5

AQ,<, <09,= 59=, 595< 5955 595< <09,, 59<= 595< 5955 595< :988 59/@,8 :98:

R,<@ <09,5 590@ 595, 5958 595/ <09/; 59:< 595/ /9:/ 5958/5 /9:/ 5958 /90<

1-#2*(3"4#*32&#-*M#.-#$*L3&3H3S#

!"#$%&' ()*+&,

,-./0)-!0-/

()*+&, (0*+',!"#$%&'
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"#$%&'()!**!+!,$'-(&)./!)'!0-'#12)/!

!!":" ;0/&*1-4&-0+/$3<(=4-10*+-)$>$(8$4/8+,$?$38$@/1

!D,!%&.)**,3,*(!0.*'B%)(%)*!!

B$!514(>4()!2?49!7$&/5)$4!2?-.)5'(19/!/14/!.?$5'&19!2)!5#$0%/!0$<9-'&V4)/;!)9'($89)!.$!

%)(')!2?49)!%$('&)!2)!.)4(!-9)(<&)!/14/!71(0)!2)!%#1'19/!+!&.!/?$<&'!24!($I199)0)9'!/I95#(1'(19G!

B)!7195'&199)0)9'!2?49!/I95#(1'(19!)/'!)R%.&V4-!H!%$('&(!2)!.?)R)0%.)!24!/I95#(1'(19!guB[*B!

Dg14(5)!u%'&0&/-)!2)!B40&6()!2?[9)(<&)!*9')(0-2&$&()!24!B@d[E!H!g$&9'!34>&9!D[//199)E;!

.&)4!2)/!$9$.I/)/G!B)!/I95#(1'(19!/)!510%1/)!2)!b!%(&95&%$4R!-.-0)9'/!DP&<G!**AXE!+!

! @9! 7$&/5)$4! 2?-.)5'(19/! -0&/! %$(! 49! 5$919! H! -.)5'(19/G! *.! )/'! '14'! 2?$>1(2!

$55-.-(-!2$9/!49!$55-.-($')4(!.&9-$&()!2)!Nb!0!2)!.19<;!.)!B*Z3"!DB&9)$(!355).)($'1(EG!

B)/!-.)5'(19/!$'')&<9)9'!49!%()0&)(!9&=)$4!2?-9)(<&)!2)!NMM!,)lG

! B)/!-.)5'(19/!/19'!)9/4&')!2&(&<-/!=)(/!49!/)5192!$55-.-($')4(;! .)!:11/')(;!V4&!

.)4(!%)(0)'!2?$'')&92()!.?-9)(<&)!2)!7195'&199)0)9'!2)!guB[*B!/1&'!JG]X!a)lG

! B)/!-.)5'(19/!/19'!&9K)5'-/!2$9/!.?$99)$4!2)!/'15k$<)!2)!NNY!06'()/!2)!2&$06'()!

1�!&./!'14(9)9'!%)92$9'!%.4/&)4(/!#)4()/G!!

! B)/! $&0$9'/! 2)! 514(>4()! )'! .)/! 1924.)4(/! D$&0$9'/! $.')(9-/E! =19'! 2-=&)(! .$!

'($K)5'1&()!2)/!-.)5'(19/!14! .)/!7$&()!1/5&..)(G!B)/!-.)5'(19/!%)(2)9'!$.1(/!2)! .?-9)(<&)!

/14/!71(0)!2)!($I19/!c!+!m!.)!($I199)0)9'!/I95#(1'(19!nG!

! B?-9)(<&)!%)(24)!H! 5#$V4)! '14(!%$(! .)/! -.)5'(19/! )9! -0)''$9'! .)! ($I199)0)9'!

/I95#(1'(19!)/'!510%)9/-)!%$(!2)/!5$=&'-/!($2&17(-V4)95)G!

! B)!($I199)0)9'!/I95#(1'(19!)/'!2&(&<-;!)'!5192&'&199-!%$(!2)/!/I/'60)/!1%'&V4)/!

=)(/!.)/!/'$'&19/!)R%-(&0)9'$.)/!$4!9&=)$4!2)/!.&<9)/!2)!.40&6()G!

!"#$%&'(()_+'S076=,'5V/%#,4"2,3"/4'5$'2M407%/3%/4'S`.X(.;'5&9$"2'1&'.(ZPB'J$2a$V^'

$4&'1"#4&'5&'1$="C%&A'(22$'5$'2"3&'"43&%4&3'5$'2M407%/3%/4'S`.X(.A
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"#$%&'()!**!+!,$'-(&)./!)'!0-'#12)/!

B)!/I95#(1'(19!guB[*B!/)!510%1/)!2)!JT!.&<9)/!$5'&=)/G!"#$V4)!.&<9)!)/'!2-7&9&)!%14(!

2)/!$%%.&5$'&19/!%$('&54.&6()/G!!

!!01,'(%,-!/?E40!8/=2&.!?F-)%1(#)*!E,&%!4+@,=0(%;'(;%,9!

a-9-($.&'-/!

B$!.1&!2)!:))(AB$0>)('!2-5(&'!.$!2-5(1&//$95)!)R%19)9'&)..)!2)!.?&9')9/&'-!2)/!($I19/!c!

.1(/V4?&./!'($=)(/)9'!.$!0$'&6()!+!

$/'01 2( " $3'0( 4 523µ245675!!!!!!!!!!!!!
1�!*+D[;RE!)/'!.?&9')9/&'-!2)!.$!.40&6()!'($9/0&/)!)9!7195'&19!2)!.?-9)(<&)![!)'!2)!.?-%$&//)4(!

2)!.?-5#$9'&..19!R;!*,D[E!.?&9')9/&'-!24!($I199)0)9'!&95&2)9';!^D[E!)/'!.?$>/1(>$95)G!B?-V4$'&19!

%(-5-2)9')!%)4'!-<$.)0)9'!/?-5(&()!/14/!.$!71(0)!+!

µ'6( " 78 '$/'01 2(( 9 78:$3'0(;
92

B1(/V4)!R!)/'!<($92!D-5#$9'&..19!-%$&/E;!*'D[;RE!')92!=)(/!M!D%)4!2)!.40&6()!'($9/0&/)E;!

.?$>/1(>$95)!')92!$.1(/!=)(/!MG!*.!)/'!$.1(/!%1//&>.)!2)!0)/4()(!.?$>/1(>$95)!%$(!.?&9')9/&'-!2)!.$!

7.41()/5)95)!$=)5!*7D[E!$=)5!.$!().$'&19!+!

µ'6( " $<'0(
$3'0(

B$!0-'#12)!2)!/%)5'(1/51%&)!2?$>/1(%'&19!c!Dc3gE!519/&/')!H!7$&()!=$(&)(!.?-9)(<&)!24!

7$&/5)$4!&95&2)9'!)'!/4&=()!.?-=1.4'&19!2)!.?$>/1(>$95)!̂ D[E!H!%(1R&0&'-!2?49!/)4&.!2?$>/1(%'&19G!

B)!/%)5'()!$&9/&!1>')94!%)4'!/)!2-510%1/)(!)9!'(1&/!210$&9)/!DP&<G!**AbE!+!.$!(-<&19!24!%(-A/)4&.!

)'!24!/)4&.!2?$>/1(%'&19!V4&!519/'&'4)9'!.$!%$('&)!c3Z[g!24!/%)5'()G!\$9/!.$!(-<&19!24!%(-A/)4&.!

.?-9)(<&)!&95&2)9')!)/'!&97-(&)4()!H!.?-9)(<&)!2?&19&/$'&19!2)!.?-.-0)9'!/192-G!")%)92$9';!2$9/!

.)!5$/!2)!.$!%()0&6()!/-(&)!2)/!0-'$4R!2)!'($9/&'&19/;!5)('$&9)/!'($9/&'&19/!-.)5'(19&V4)/!19'!.&)4!

2)%4&/!.)/!9&=)$4R!2)!5�4(/!D9&=)$4!h!W!1(>&'$.)/!N/E!=)(/!2)/!5145#)/!-.)5'(19&V4)/!)R')(9)/!

%$('&)..)0)9'! ()0%.&)/! D1(>&'$.)/! Y2;! 2$9/! .)! 5$/! 24! 7)(! 91'$00)9'EG! 3&9/&;! 49)! %$('&)! 2)/!

%#1'19/!&95&2)9'/!)/'!$>/1(>-)!)'!51924&'!H!.$!71(0$'&19!2?49!%(-A%&5!5$($5'-(&/'&V4)G!B)!%(-A%&5!

()9/)&<9)!)9!%$('&54.&)(!/4(!.?-'$'!2?1RI2$'&19!)'!.$!511(2&9)95)!2)!.?-.-0)9'!0)/4(-G!B1(/V4)!

.?-9)(<&)!&95&2)9')!$4<0)9');!)..)!$'')&9'!.?-9)(<&)!2?)R5&'$'&19!24!/)4&.!h!24!7)(!D2$9/!.)!5$/!

2)! 91'()! -'42)EG! B)! 2)(9&)(! 210$&9);! 919! 2-=).1%%-! &5&;! 51(()/%192! H! .$! %$('&)! [c3Pg!

D[R')92)2!cA($I!3>/1(%'&19!P&9)!g'(45'4()E!24!/%)5'()G!\$9/!5)!210$&9);!2?)9=&(19!XM!)l!H!
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"#$%&'()!**!+!,$'-(&)./!)'!0-'#12)/!

NMMM!)l! $%(6/! .)! /)4&.! 2?$>/1(%'&19;! .?$>/1(>$95)! %1//62)! 49)! /'(45'4()! 1/5&..$9')!

5$($5'-(&/'&V4)G!!

B$!#$4')4(!24!/)4&.!2?$>/1(%'&19!)/'!2-%)92$9')!2)!.$!5195)9'($'&19!2)!.?-.-0)9'!D&5&!.)!

7)(E! 2$9/! .?-5#$9'&..19G! B$! %1/&'&19! 24! /)4&.! 2)! .?-.-0)9'! -'42&-! )/'! .&-)! H! .$! /'(45'4()!

-.)5'(19&V4)!2)!.?-.-0)9';!)'!2195!H!/$!5#$(<)!-.)5'(19&V4)G!B$!5197&<4($'&19!-.)5'(19&V4)!24!

P)$-!.4&!%)(0)'!2?1>')9&(!49)!5)('$&9)!/'$>&.&'-;!)'!2195!49)!-9)(<&)!2?&19&/$'&19!%.4/!-.)=-)!V4)!

.)!P)#-G!3&9/&;!.?-'$'!2?1RI2$'&19!24!7)(!)/'!=&/&>.)!<(�5)!$4!.-<)(!2-5$.$<)!&//4)!2)!.?1RI2$'&19!

2)!P)#-!)9!P)$-!DP&<G!**A]EG!!

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

!"#$%

!"#$%&'(()[+'S9&03%&'5?,:2/%93"/4',$'2&$"1'b'5$'>&%;'0/=9/26'5&'1?,<,43)2&$"1'/$'9%6)2&$"1;'

5$'2&$"1'&3'5&'1,'9,%3"&'XUP!A
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"#$%&'()!**!+!,$'-(&)./!)'!0-'#12)/!

"192&'&19/!2?$9$.I/)!

C14(!91'()!-'42);!.$!.&<9)!B@"*3!DB&<9)!@'&.&/-)!%14(!.$!"$($5'-(&/$'&19!%$(!*0$<)(&)!)'!

3>/1(%'&19E! )/'! 4'&.&/-)! DP&<G! **AOEG!")'')! 2)(9&6()! %)(0)'! 2)! '($=$&..)(! 2$9/! .)! 210$&9)!2)/!

($I19/! c! 2&'/! m!')92()/!n! DMGOAO!k)lE! %14(! (-$.&/)(! 2)/! )R%-(&)95)/! 2)! /%)5'(1/51%&)!

2?$>/1(%'&19!c!Dc3gE!)'!2)!7.41()/5)95)!DcdPE!H!%$('&(!2?49!7$&/5)$4!0&5(1A715$.&/-G!!

B$! /14(5)! )/'! 49! 1924.)4(! 2)! 'I%)! 3CCB[AJG! *.! /?$<&'! 2?49! $//)0>.$<)! %-(&12&V4)!

2?$&0$9'/!D&5&!YJE!%)(0)''$9'!.?1924.$'&19!2)/!-.)5'(19/G!")'')!1924.$'&19!)9'($89)!.$!%(1245'&19!

2?49!5#$0%/!#1(&Q19'$.!)'!=)('&5$.!%)(0)''$9'!.$!%1.$(&/$'&19!24!7$&/5)$4!2)!%#1'19/!2$9/!'14')/!

.)/!2&()5'&19/G!\&()5')0)9'!$%(6/!.?1924.)4(;!49!0&(1&(!/%#-(&V4)!%)(0)'!2)!715$.&/)(!.)!7$&/5)$4!

)9!49)!/14(5)!#1(&Q19'$.)!/4(!49!)9/)0>.)!2)!7)9')/!(-<.$>.)/G!B)!7$&/5)$4!)/'!)9/4&')!/140&/!H!

C
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ffi
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e

1

Energie (eV)

7050 7100 7150 7200 7250 7300

!!"#

7122.4 eV 7250 eV7122.5 eV

!"#$%&'(()L'+'S9&03%&2'5?,:2/%93"/4',$'2&$"1'b'5&'!&!" &3'!&#" =/43%,43'1?64&%#"&'5?"/4"2,3"/4'5$'!&#"

2$96%"&$%&'^'0&11&'5&'!&!"A
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"#$%&'()!**!+!,$'-(&)./!)'!0-'#12)/!

49!7&.'()!%$//)A>$/!51(()/%192$9'!H!2)4R!0&(1&(/!%.$'/!$=)5!49!$9<.)!2?&95&2)95)!=$(&$>.)G!")!

7&.'()! 0&9&0&/)! .$! 519'$0&9$'&19! %$(! .)/! #$4')/! 7(-V4)95)/! 2-.&=(-)/! %$(! .j1924.)4(G! B$!

519=)(<)95)! 24! 7$&/5)$4! )/'! $//4(-)! %$(! 49! 01915#(10$')4(! H! 214>.)! 5(&/'$.! )9! /&.&5&40!

g&DYNNEG! B$! 715$.&/$'&19! 7&9$.)! 24! 7$&/5)$4! )/'! $//4(-)! %$(! 49! /I/'60)! 2)! 0&(1&(/! 2)! 'I%)!

h&(k%$'(&5kA:$)Q! Dh:EG! *.! 714(9&'! 49)! %1/&'&19! /'$>.)! 24! 7$&/5)$4! /4(! .j-5#$9'&..19! .1(/! 2j49!

>$.$I$<)!-9)(<-'&V4)!'14'!)9!2199$9'!49)!2&/'$95)!2)!'($=$&.!$//)Q!<($92)G!!

B)/!-5#$9'&..19/;!%142()/!14!.$0)/!0&95)/;!/19'!%.$5-/!/4(!49)!%.$'&9)!01'1(&/-);!/&'4-)!

2$9/!49)!5#$0>()!2$9/!.$V4)..)!.)!=&2)!)/'!)77)5'4-!DP&<G!**ATEG!C14(!1>')9&(!49)!&0$<)!1%'&V4)!

2)!.j-5#$9'&..19;!2)4R!0&5(1/51%)/!D5#$0%/!.$(<)!)'!-'(1&'E!()<$(2)9'!H!'($=)(/!49)!7)9`'()!=)(/!

49!0&(1&(!/&'4-!2)=$9'!.j-5#$9'&..19G!B?&9')9/&'-!24!7$&/5)$4!&95&2)9'!)/'!0)/4(-)!H!.?$&2)!2?49)!

5#$0>()!H!&19/!()0%.&)!2?v-.&40G!B)!2-')5')4(!2)!7.41()/5)95)!)/'!49!P{G!

\)/!5$(')/!2)!0&5(1A7.41()/5)95)!/19'!'14'!2j$>1(2!(-$.&/-)/G!B)/!(-<&19/!2j&9'-(`'!%)4=)9'!

)9/4&')!`'()!/-.)5'&199-)/!$7&9!2)!.)/!$9$.I/)(!%$(!c3gG!

!

\)4R!/-(&)/!2?$9$.I/)/;!)9!(15#)!'1'$.)!)'!&9!/&'4;!/19'!(-$.&/-)/!+!

! @9)!%()0&6()!/-(&)!)9!(15#)!'1'$.)!/4(!YM!%$/'&..)/;!%(-%$(-)/!H!%$('&(!2)/!%142()/

2)!Jb!-5#$9'&..19/!2)!%-(&21'&');!2)!S!%142()/!2)!/'$92$(2/!)'!2?49)!%()//)!#I2($4.&V4)G!

")/! $9$.I/)/! /19'! (-$.&/-)/! )9! 7$&/5)$4! 2-715$.&/-! )'! %)(0)'')9'! 2)! 2-')(0&9)(! .$!

/%-5&$'&19! 24! 7)(! )9! m!(15#)/! '1'$.)!n! 2$9/! .)/! -5#$9'&..19/G! B?-9)(<&)! 24! 7$&/5)$4!

&95&2)9'!=$(&)! )9'()!]MXM!)'! ]YMM!)l!$=)5!49)! &9')9/&'-!2)!S;]]!03!)'!49)! '$&..)! 2)!

7$&/5)$4!2)!Y;X!R!Y;X!µ0G!!

! @9)!/)5192)!/-(&)!2?$9$.I/)/;!&9!/&'4;!2)/!Q19)/!2?&9'-(`'!2-7&9&)/!/4(!S!.$0)/

0&95)/G!B)/!5$(')/!wcdP!/19'!(-$.&/-)/!$=)5!2)/!%$/!2)!Y!H!JM!µ0!/).19!.)/!Q19)/!)'!49!

')0%/!2?$5V4&/&'&19!2)!NMM!0/!%$(!%1&9'G!B)/!5$(')/!^cdP!1>')94)/!/19'!514%.-)/!H!2)/!

$9$.I/)/!̂ Ac3Z[g!$4!/)4&.!h!24!7)(G!")/!$9$.I/)/!%)(0)'')9'!2?&2)9'&7&)(!.$!2&/'(&>4'&19!

24!7)(!2$9/! .)/!%#$/)/!%(&0$&()/!)'! /)5192$&()/!0$&/!$4//&! /19!-'$'!2?1RI2$'&19G!")/!

$9$.I/)/!/19'!(-$.&/-)/!)9!7$&/5)$4!715$.&/-!$=)5!49)!&9')9/&'-!2)!SXM!03!)'!49)!-9)(<&)!

2)!]NJJGX!)l!14!2)!]JXM!)lG!

!"#$%&'(()c+'B/=9/2"3"/4'5&'1,'1"#4&'.@B(P'5&9$"2'1,'2/$%0&'J$2a$?^'1,'>/0,1"2,3"/4'5$'>,"20&,$'5&'97/3/42'

2$%'1?607,43"11/4'&3'1,'563&03"/4'5&'1,'>1$/%&20&40&A'!
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F($&')0)9'!2)/!2199-)/!

B)/!/%)5'()/!&//4/!2)!.$!%()0&6()!/-(&)!2?$9$.I/)/!0$&/!-<$.)0)9'!2)/!%1&9'/!2?&9'-(`'/;!

/19'!91(0$.&/-/!H!.?$&2)!24!%(1<($00)!c$/,$%!DP&<G!**ANMW!,4~1Q!)'!$.G;!JMMbW!,4~1Q!)'!$.G;!

JMMOEG!B)/! %(-A%&5/! /19'! 2-519=1.4-/! H! .?$&2)! 2)! 7195'&19/! 2)! %/)421Al1&<'! D/100)!2?49)!

a$4//&)99)!)'!2?49)!B1()9'Q&)99)!2)!0`0)!%1/&'&19!)'!0`0)!$&()E;!/).19!.$!0-'#12)!2)!x&.k)!

)'!$.G!DJMMNE!DP&<G!**ANM>EG!B?$&()!24!%(-A%&5!)'!.$!%1/&'&19!)9!-9)(<&)!24!5)9'(1U2)!D5)9'()!2)!

0$//)E! /19'! )9/4&')! 5$.54.-/! %14(! 5#$V4)! /%)5'()! D)9! >4.k! )'! &9A/&'4!W! P&<G! **ANM5EG! B)/!

%$($06'()/!2?$&()!)'!2)!5)9'(1U2)!%)(0)'')9'!2)!2-')(0&9)(!()/%)5'&=)0)9'!.$!511(2&9)95)!)'!

.?-'$'!2j1RI2$'&19!24!7)(G!B)!7)(!'-'($-2(&V4)!51(()/%192!H!49)!$&()!%.4/!&0%1('$9')!V4)!.)!7)(!

15'$-2(&V4)G!B)!7)(!1RI2-!51(()/%192!H!49!2-5$.$<)!24!%(-A%&5!=)(/!.)/!#$4')/!-9)(<&)/!D/%)5'()!

91&(!W!P&<G!**ANMEG!!

!"#$%&'(

)%*)+,%-&

./0$1,&*,%*,'(

23-,*-,01

4$1-,'3*5"%-)//$%

6*5"%-)//$%

4/"-)%,'7$-$1)&3,

!"#$%&'(()F'+'G63,"1'5&'1,'07,=:%&'5?,4,1M2&',<&0'$4'607,43"11/4'&4'91,0&A'
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"#$%&'()!**!+!,$'-(&)./!)'!0-'#12)/!

\$9/!.)/!/I/'60)/!0&9-($.1<&V4)/!-'42&-/;!.)!7)(!%(-/)9')!V4$'()!%o.)/!2&/'&95'/!/).19!/19!
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Chapitre III : Étude minéralogique et géochimique 
de la serpentinisation en contexte de marge passive :
étude des péridotites serpentinisées du Nord-Ouest 

des Pyrénées
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Introduction

Une quarantaine de massifs de péridotites affleurent le long de la chaîne des Pyrénées.

Ces massifs présentent des degrés d’altération contrastés avec une zonation Est/Ouest. En effet, 

l’Est des Pyrénées expose majoritairement des massifs peu altérés (<15 %) tandis que l’Ouest 

des Pyrénées se compose principalement de massifs fortement altérés (e.g., Fabriès et al., 1991). 

Cette variation du degré d’altération est associée à une exhumation différentielle du manteau 

entre l’est et l’ouest des Pyrénées (Clerc, 2012). L’exhumation du manteau sous continental 

pyrénéen, en lien avec l’amincissement extrême de la croûte, est datée de la fin de l’Albien 

(Jammes et al., 2009; Lagabrielle et al., 2010). Cependant, l’exhumation mantellique de l’est 

des Pyrénées se caractérise par une remontée très rapide, associée à des températures élevées, 

limitant le maintien de conditions optimales de serpentinisation. En revanche, les péridotites 

mantelliques localisées à l’Ouest des Pyrénées subissent une exhumation en deux étapes. La 

première étape depuis des profondeurs de 60 à 25 km (1050-950°C) est associée à l’orogénèse 

hercynienne. La seconde remontée s’effectue depuis des profondeurs de 25 km jusqu’à des 

niveaux plus froids (600°C), marqués par le développement d’une fabrique mylonitique

(Fabriès et al., 1998; Vissers et al., 1997). La remontée plus lente du manteau sous continental 

permet le maintien des péridotites dans des conditions optimales de serpentinisation.

Pour cette raison notre étude se concentre sur les massifs de péridotites situées à l’ouest 

des Pyrénées. Trois massifs sont étudiés, d’ouest en est : Urdach-lès-Pernes (Urdach), Turon 

de la Técouère (Turon) et Montaut. Ces massifs sont choisis pour leur localisation (proche du 

chevauchement frontal, proche de failles ou isolé), leur texture (à gros grains, mylonite) et leur 

degré d’altération variables (très serpentinisés pour Urdach et peu serpentinisé pour Turon). La 

première partie du chapitre se focalise sur le massif de Montaut, en particulier sur 

l’échantillonnage réalisé proche du chevauchement. La seconde partie se concentre sur l’étude 

des trois massifs, réalisée à partir d’analyses pétrologiques, minéralogiques et géochimiques,

pour déterminer : (1) la nature du protolithe, (2) le nombre d’événements de serpentinisation 

ainsi que la variété de minéraux de serpentine, et (3) la nature des fluides impliqués dans la 

serpentinisation. Cette partie se présente sous forme d’un article soumis le 13/02/2021 au 

journal Lithos (accepté avec révisions, date d’envoi de la version corrigée : 13/06/2021). La 

version présente dans le manuscrit correspond à la version partiellement révisée. La dernière 

partie de ce chapitre se concentre sur l’apport des données EBSD dans l’identification des

compositions chimiques des serpentines et leurs relations structurelles (entre serpentines + avec 

les minéraux primaires).
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III.1.Effets de la pédogénèse en bordure nord du massif de Montaut

Au Nord du massif de Montaut, le chevauchement frontal Nord-Pyrénéen place les unités 

de péridotites au-dessus de la série renversée de flysch du Crétacé supérieur (Labaume and 

Teixell, 2020). L’aménagement d’un nouveau chemin forestier permet d’observer et

d’échantillonner les péridotites proches du chevauchement (MPN02-05 ; Fig. III-1).

Les péridotites sont échantillonnées le long du chemin en direction du chevauchement

(Fig. III-2a). Proche du chevauchement, une lentille composée de bandes cisaillantes de 

lherzolite est observée et échantillonnée selon un profil vertical (Fig. III-2b). Les échantillons, 

peu consolidés et recoupés par des racines, témoignent de l’influence de la pédogénèse. L’étude 

des processus de serpentinisation est donc limitée pour les échantillons proches du 

chevauchement.

Figure III-1: Carte géologique du massif de Montaut modifiée d’après la carte 

géologique 1 :50000 du BRGM, avec la position des échantillons de la carrière 
(péridotite - rond rouge) et des échantillons au contact du chevauchement 

(weathered peridotite – rond bleu).
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Une partie des échantillons est analysée par diffraction aux rayons X et sont comparés à 

l’échantillon MP01 de la carrière. L’analyse indique la présence de talc, de chlorite et d’argiles 

pour les échantillons proches du chevauchement (Fig. III-3)

Figure III-2: Localisation des échantillons a) le long du chemin forestier en direction du 

chevauchement et b) le long de la lentille de lherzolite.
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La précipitation de talc et de chlorite au niveau de telles lentilles est typique des corps de 

péridotites de la zone Nord-Pyrénéenne (Saraillé and Urdach massifs, Corre et al., 2018; 

Lagabrielle et al., 2019a, b). La comparaison des spectres DRX indique que les pics de la phase 

serpentine présents sur l’échantillon MP01 diminuent fortement d’intensité lorsque le talc, le 

clinochlore et les argiles sont présents. 

Figure III-3: Spectres DRX de l’échantillon MP01 de la carrière et des échantillons récoltés

proches du chevauchement, avec l’identification des phases minérales principales.
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ABSTRACT 

The peridotite massifs from the North-Western Pyrenean belt are fragments of a short-

lived mid-Cretaceous hyper-extended rift inverted by the Pyrenean orogeny. We studied the 

petrology, mineralogy and geochemistry of 32 hydrothermally altered peridotites from the 

Montaut, Turon and Urdach massifs. This study aims to bring new constraints on the nature of 

serpentinization processes from domains having experienced various degrees of crustal hyper-

extension and mantle exhumation along passive margins, in a context analogous to non-

volcanic ocean-continent transitions. 

 

The three massifs studied are mainly composed of spinel-lherzolites, and sample the 

same sub-continental mantle lithosphere, as for Eastern Pyrenean refertilized-peridotite 

massifs. They display contrasted hydrothermal alteration degrees and serpentinization reaction 

paths during cooling, as shown for instance by their variable serpentine contents comprised 

between 14-100 wt%. The Montaut massif, located below an extremely thinned Paleozoic upper 

crust, records cooling from high temperature hydrothermal alteration (tremolite, talc and 

clinochlore; >500°C) to serpentinization with the formation of lizardite-chrysotile and 

magnetite (> 200°C). The Turon peridotites, which remained below the detached Mesozoic pre-

rift cover after complete removal of the crust, are little serpentinized and are magnetite-depleted 

suggesting serpentinization during the latest stages of cooling (< 200 °C). The Urdach massif 

comprises magnetite-bearing ophicalcites as well as magnetite-depleted serpentinites formed 

concurrently as mantle was exhumed to the sub-seafloor at margin toe (down to ~200°C). In 

the lack of magnetite, iron is systematically carried by Fe-rich lizardite. The formation or the 

lack of magnetite in peridotites cannot be tied solely to hydrothermal temperature as classically 

interpreted. Indeed, each massif shows selective enrichments in fluid mobile elements, in 

particular, Cs, Sb and Li, indicative of hydrothermal interactions with fluids deriving from 

neighboring sediments and continental crust, with likely mixing with seawater-derived fluids 

for the Urdach peridotites. Our results point to a significant role of fluid composition in the 

development of different reaction paths observed both from one massif to the other, and within 

the same massif in the case of Urdach. 

 

The development of complex sequences of temperature-, and composition-controlled 

reaction paths distinguish serpentinization in the Western Pyrenees peridotites from that 

commonly observed in the oceanic sub-seafloor. A major outcome is the variable redistribution 

of iron between magnetite and serpentine minerals, that in turn likely results from redox 

conditions during serpentinization. These results suggest that the impacts of serpentinization on 

the production of hydrogen differ from passive margins to oceanic sub-seafloor.

Key words: passive margin; Pyrenees; serpentinization; iron distribution; reaction paths
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III.2.1. INTRODUCTION

Serpentinization results from the hydrothermal interaction, at temperatures below 

~450°C, between aqueous fluids and the Mg-Fe-rich minerals dominant in the mantle 

lithosphere (olivine and pyroxenes) (e.g., Evans et al., 2013; Mével, 2003). It involves a suite 

of hydration and redox reactions (see examples of balanced reactions in Marcaillou et al., 2011)

that can be written as:

(Mg,Fe)-Olivine + (Mg,Fe)-Pyroxene + H2O → (Mg,Fe)-Serpentine + Magnetite + H2 (1)

The formation of additional hydrous phases (brucite, talc), carbonates, oxides and 

sulfides is commonly associated to serpentinization, depending on temperature (e.g., Evans, 

2008; Klein et al., 2013; Malvoisin et al., 2012b; Mével, 2003; Seyfried et al., 2007), the 

respective amounts of Mg-Fe-rich mantle minerals (olivine, pyroxene; e.g., Frost and Beard, 

2007; Klein et al., 2009) and the composition(s) of serpentinizing fluid(s) (e.g., Frost, 1985; 

Peuble et al., 2015; Schwarzenbach et al., 2013). This suite of hydrothermal reactions has 

important implications for plate tectonics and global (bio-)geochemical cycles (e.g., 

Deschamps et al., 2013; Escartín et al., 2003; Klein et al., 2015). They could also represent an 

alternative and natural source of carbon-free energy via dihydrogen production and CO2

mineralization reactions (carbonation) (e.g., Gaucher, 2020; Kelemen et al., 2011).

Serpentinization is common where mantle is tectonically exposed along the divergent 

limits of tectonic plates and continents such as avolcanic oceanic spreading centres and passive 

margins (e.g., Evans et al., 2013; Guillot et al., 2015; Mével, 2003; Pérez-Gussinyé and Reston, 

2001). It modifies the chemical and physical properties of the lithospheric mantle (e.g., Bach et 

al., 2004; Evans et al., 2013; Mével, 2003; Paulick et al., 2006) and by reducing the strength of 

peridotites to that of serpentines, it favors the development of large detachment faults (e.g., 

Escartín et al., 2003). These tectonic processes are considered as a major mechanism for the 

exhumation of deep mantle domains at ocean-continent transitions (OCT, e.g., Guillot et al., 

2015; Manatschal, 2004; Pérez-Gussinyé and Reston, 2001). Extreme thinning of the 

continental crust and faulting allow serpentinizing fluids to infiltrate the mantle lithosphere

down to depths of 10-15 km (e.g., Beslier et al., 1993; Manatschal, 2004). Yet, in spite of its 

importance for understanding continental break-up and incipient oceanization, serpentinization

at passive margins remains poorly constrained. The main reason is the geological complexity 

over which hydrothermal processes can take place in these domains, from the cold and thick 

continental lithosphere to deep oceanic subseafloor. 

Most of our understanding of the mineralogical and (bio-)geochemical processes 

associated to serpentinization at passive margins is based on the study of serpentinized 

peridotites drilled during the Ocean Drilling Program (1985-2003) along the conjugate Iberian-

Newfoundland Margins. These studies have revealed that serpentinization in this most 

oceanward domain of a magma-poor passive margin was taking place at low temperatures

(<200°C) in contrast to mid-ocean ridge serpentinizing environments (e.g., Albers et al., 2021 

and references therein; Klein et al., 2015; Schwarzenbach et al., 2013). This difference in 

serpentinization conditions between these two oceanic domains raises the question of the 
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mineralogical and geochemical impact(s) of further changes in hydrothermal conditions closer 

to the continent. Mantle peridotites from fossil OCTs in Alpine orogenic belts expose both the 

continental and oceanic endmembers of fossil passive margins (e.g., Tasna, Manatschal et al., 

2006; Lower Platta, Muntener et al., 2009; and Totalp, Van Acken et al., 2008 in the Alps) thus 

representing a unique opportunity to document these processes (e.g., Manatschal, 2004).

This study focusses on the North Pyrenean orogenic belt, that preserves relicts of

subcontinental mantle exhumed in a distal margin setting during the mid-Cretaceous rifting that 

preceded the Pyrenean convergence (e.g., Clerc et al., 2012; Lagabrielle and Bodinier, 2008; 

Lagabrielle et al., 2010; Teixell et al., 2018). We present the result of a petrological, 

mineralogical and geochemical study of variously serpentinized peridotites from three orogenic 

peridotite massifs of the Chaînons Béarnais (Western Pyrenees) (Fig. III-4). The Urdach-Les 

Pernes (thereafter referred to as Urdach), has been interpreted as representative of the most 

basinward (distal) domain of the Pyrenean rift, where the mantle was exhumed to the sea-floor 

(e.g., Lagabrielle et al., 2019a; Lagabrielle et al., 2019b). The Turon de la Técouère (thereafter 

referred to as Turon) and Montaut massifs have more proximal, continentalward positions in 

this system, although both belong to hyper-extended domains (Lagabrielle et al., 2010). The 

aim of the study was: (1) to determine the nature of the mantle protolith, (2) to identify the 

sequences of alteration, from rifting to convergence, and (3) the nature of the fluids involved in 

these processes. These results were used to discuss the conditions and reaction paths for 

serpentinization along magma-poor passive margins.

III.2.2. GEOLOGICAL SETTING AND SAMPLING STRATEGY
III.2.2.a.Geology of the Pyrenees

The Pyrenean orogen is a 400 km east-west trending continental fold and thrust 

mountain belt (Fig. III-4a) resulting from the convergence between the Iberia and Eurasia plates 

during the Late Cretaceous-Cenozoic (see Teixell et al., 2018, and references therein). It

followed a major episode of rifting associated with the plate motion of Iberia with respect to 

Eurasia during the mid-Cretaceous opening of the North Atlantic and the Bay of Biscay oceanic 

domains. Continental thinning and mantle exhumation occurred along the margins of the Iberia 

and Eurasia continental plates. In particular, hyper-extension of the distal margins locally 

resulted in the complete removal of the continental crust in the rift axis, with the pre-rift 

Mesozoic cover detached along the Upper Triassic directly resting above the exhumed mantle, 

or even with local outcrops of mantle rocks at the sea-floor (e.g., Clerc and Lagabrielle, 2014; 

Lagabrielle et al., 2019a; Lagabrielle et al., 2019b; Lagabrielle et al., 2010). The high thermal 

gradient resulting from mantle unroofing induced a high temperature (HT)- low pressure (LP) 

metamorphism of the Mesozoic sediments, with a decreasing intensity from the Eastern (500-

600°C) to the Western Pyrenees (around 300-350°C, with local maxima up to close to 500°C) 

(e.g., Clerc et al., 2015). As the Iberia plate started converging towards the European plate (Late 

Santonian), the rifted domains were inverted, and peridotite bodies were pinched, into what 

became the North Pyrenean Zone (NPZ), an east-west trending domain limited to the south by 

the Axial Zone of the belt and to the north by the North Pyrenean Frontal Thrust (NPFT (e.g., 

Teixell et al., 2018).  
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Forty peridotite massifs, up to a few kilometers across, outcrop along the NPZ, 

embedded into Mesozoic sediments and often associated with bodies of Paleozoic crust (e.g., 

Fabriès et al., 1998; Fabriès et al., 1991; Fig. III-4a). The peridotites comprise dominantly 

spinel lherzolites associated to subordinate harzburgites, and abundant pyroxenites (see review 

in Bodinier and Godard, 2003). They represent dominantly the products of harzburgite 

refertilization by percolating basaltic melts during continental lithosphere thinning (Le Roux et 

al., 2007). The Eastern Pyrenees (EP) peridotites are distinguished by the occurrence of high 

temperature amphibole-pyroxenite dykes crosscutting metasomatized harzburgitic protoliths, 

in association to Cretaceous alkali magmatism, previous and/or contemporaneous to crustal 

thinning and mantle exhumation (e.g., Bodinier et al., 1988; Bodinier et al., 1990; Fabriès et 

al., 1991). The peridotites exposed in the Central and Western Pyrenees (Fig. III-4a, thereafter 

referred to as Western Pyrenees (WP) peridotites) are characterized by the prevalence of 

clinopyroxene-rich foliated spinel peridotites and the greater development of low temperature 

high stress textures (e.g., mylonites, Fabriès et al., 1991; Vissers et al., 1997). They comprise 

variously clinopyroxene-rich lherzolites often associated with spinel websterites, and rare 

harzburgites. Amphibole is occasionally observed associated to subsolidus re-equilibration 

textures as fine disseminated Ti-pargasite and plagioclase forming after spinel (e.g., Turon) or 

hydrothermal actinolite replacing pyroxenes (e.g., Urdach). These characteristics reveal 

contrasting petrogenetic pathways for the EP and WP peridotites (Fabriès et al., 1998). First, 

the WP peridotites record a stage of decompression (1050-950°C; 50-60km to ~25km) similar 

to the single decompression cooling stage associated to lithospheric thinning recorded by the 

EP peridotites. Then, they record a second stage of uplift and cooling (down to 600°C) and 

equilibrate at depths shallower than the EP peridotites (~15km to 0km for Urdach massif, 

Fabriès et al., 1998). This second stage of mantle exhumation recorded by the WP peridotites 

was likely coeval to the mid-Cretaceous rifting. The fast cooling, high-stress deformation, and 

tectonic denudation recorded by WP peridotites represent a sequence of processes analogous to 

those affecting peridotites exhumed at OCTs (Manatschal et al., 2006). 
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Figure III-4: a) Geological map of the Pyrenees with location of the main peridotite massifs (modified 

after Clerc et al. (2012)). b) Geological map of the northern part of the Chaînons Béarnais with location 

of the peridotite massifs after BRGM 1:50000 geological maps. Sampling locations in the c) Turon 

massif (after Vissers et al. (1997)), d) Montaut massif e) Urdach massif (after Lagabrielle et al. (2019b)).
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III.2.2.b. Sampling the peridotites of the Chaînons Béarnais (Western Pyrenees)

We studied three WP massifs, Turon, Montaut and Urdach (Fig. III-4b), all part of the 

Chaînons Béarnais, a 50 km-long segment of the western NPZ (Fig. III-4b) constituted by a 

system of E-W trending Jurassic to Aptian carbonate ridges (Labaume and Teixell, 2020). The 

peridotite bodies occur at, or close to, the base of the Mesozoic succession and structural 

restauration links the studied massifs to the evolution of the European margin of the mid-

Cretaceous rift system (Lagabrielle et al., 2019a; Lagabrielle et al., 2019b; Lagabrielle et al., 

2010). Most of the available information on the petrology and geochemistry of these peridotite 

bodies results from the studies of Fabriès et al. (1991, 1998).    

 

i) Montaut massif 

The Montaut massif is a 0.45 km wide peridotite body located at the hanging wall of the 

NPFT and overlain by about 200m of Devonian schists themselves covered by Aptian limestone 

followed by Albian flysch (Fig. III-4b-c). The massif is thrust northward by the NPFT above 

an overturned series of Upper Cretaceous flysch (Labaume and Teixell, 2020) and has been 

little investigated before this study. It comprises dominantly highly serpentinized lherzolites 

(Fabriès et al., 1998; Fabriès et al., 1991). Two peridotite outcrops were selected for sampling: 

(1) an ancient quarry of massive and highly serpentinized peridotites (6 samples) cross-cut by 

pyroxenites (1 sample; Fig. III-4c); and (2) the contact with the NPFT newly exposed by a 

recent road clearance (7 samples). Close to the NPFT, a lenticular layer composed of shear band 

of talc-bearing serpentinized lherzolite was observed (see supplementary figure III-1); it is a 

feature common in the NPZ peridotite bodies where it is associated to chlorite precipitation 

(Lagabrielle et al., 2019a). However, preliminary investigations showed that the geochemistry 

of the NPFT peridotites has been significantly modified by acid forest soil weathering so we 

focused our study on the quarry samples. Two sediments were collected: one sample of 

Cenomanian flysch at the footwall of the NPFT, and one sample of Aptian limestone located at 

the east of the peridotite body (Fig. III-4c). 

 

ii) Turon massif 

The Turon peridotite massif, on the Bénou plateau, is a hill of about 700 m diameter, 

bounded by Quaternary glacial deposits (Fig. III-4b, d). It is embedded in the Upper Triassic 

complex (Keuper facies, carbonates and ophite) at the base of the Mail Arrouy thrust unit 

(Labaume and Teixell, 2020). The Turon peridotites are little to moderately serpentinized 

lherzolites mylonitized in the stability field of spinel or plagioclase. From the south-west to the 

north-east their microstructure is gradually switching from protomylonites to mylonites then 

ultramylonites, while spinel is progressively replaced by plagioclase, supporting that 

mylonitization occurred during exhumation (Vissers et al., 1997). Protomylonites and 

mylonites display a moderately to steeply NE-dipping foliation and a gently SE-plunging to 

subhorizontal lineation (Vissers et al., 1997) suggesting transtensional exhumation. Peridotites 

were collected along a transect from south to north: 5 protomylonites (i.e., <50% of fine-grained 

matrix), 2 mylonites (i.e., fine-grained matrix between 50 and 90%) and 5 ultramylonites (i.e., 

>90% of fine-grained matrix) (Fig. III-4d). Two samples of sedimentary rocks were collected: 

one from a lens of Triassic marl located 300 m north of the Turon massif, and one of Upper 
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Aptian limestone from the quarry located in the footwall of the Mail Arrouy thrust, 500 m south 

of the massif. 

 

iii) Urdach massif 

The Urdach massif is a 1.5 km peridotite body located at the western termination of the 

Mail Arrouy thrust unit (Fig. III-4b). Lagabrielle et al. (2019b) proposed that the massif is 

deformed by a west-vergent anticline. On its western side, the peridotite is stratigraphically 

overlain by a sedimentary breccia (debris flow deposits and olistolites) comprising abundant 

talc-bearing and serpentinized peridotites, Paleozoic continental crustal rocks and subordinate 

Mesozoic sediments, and showing lateral transitions to the upper Albian syn-rift flysch. 

Hectometer-sized lenses of Paleozoic continental crust are locally intercalated between the 

peridotite and the breccia (Lagabrielle et al., 2019b; Lagabrielle et al., 2010; Fig. III-4e). On its 

eastern side, the massif is separated from the Mail Arrouy Mesozoic series by a fault system 

corresponding to the merging of two major low-angle extensional shear zones now inverted by 

the Pyrenean orogeny: (1) the crust-mantle detachment, a deep structure located between the 

subcontinental mantle and Paleozoic continental crust and (2) the cover décollement, a shallow 

structure, located in the Upper Triassic Keuper facies at the base of the pre-rift Mesozoic 

sediments (Lagabrielle et al., 2019a, b; Fig. III-4e).  

 

The Urdach massif comprises: (1) serpentinites in the central part of the massif, and (2) 

variously carbonated and serpentinized peridotites (ophicalcites) exposed in two quarries at the 

south-west and south-east limits of the massif. The presence of ophicalcites, sedimentary 

breccias with peridotites and Paleozoic clasts and of the breccia-flysch lateral transitions was 

interpreted as evidence of seafloor exposure occurring at the end of Albian (e.g., Clerc et al., 

2013; Lagabrielle et al., 2010). We sampled 9 serpentinites and 4 ophicalcites along an E-W 

transect in the southern part of the massif (Fig. III-4e). Two brecciated peridotites from the 

Urdach breccia, and one sample of Cretaceous flysch were also collected to the south-east of 

the massif (Fig. III-4e).  

 

III.2.3. METHODS

The 32 peridotite/serpentinite samples were analyzed using various analytical 

techniques. The structure, lithology and mineralogy of the WP samples were determined from 

field and hand sample observations, optical microscopy, X-Ray Diffraction (XRD) and Raman 

spectroscopy. Mineral compositions were analyzed in-situ by Electron Probe Micro-Analyzer 

(EPMA) and Laser Ablation Inductively Coupled Plasma Mass Spectrometry (LA-ICP-MS). 

The bulk rock geochemistry of the samples was determined using X-Ray Fluorescence (XRF) 

and Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Sample preparation, analytical 

and data processing protocols are reported in Supplementary Material A1, and summarized 

thereafter. 

 

XRD analyses were performed on powders with a Malvern Panalytical X-Pert PRO 

diffractometer (RRXG facility, Charles Gerhardt Institute, University of Montpellier, France), 

using a large X-ray beam emitted by a Cu- K-alpha beam with 45 kV accelerating voltage and 
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30 mA current. XRD data were processed using PROFEX (Doebelin and Kleeberg, 2015). 

Identified minerals and modal estimates are reported in Supplementary Material Table A2. 

 

Raman spectroscopy was performed using a Renishaw Invia spectrometer (Charles 

Coulomb laboratory, Montpellier University, France) operating with a wavelength of 532 nm 

and a power of 15 mW, coupled to an open microscope equipped with 50x objective or 100x 

objective lens (Leica N Plan), which give a spatial resolution of approximately 1-2 μm. The 

spectral region investigated was from 100 to 3800 cm-1. The Raman spectrometer was 

calibrated using the Si peak at 520 cm-1 prior to analysis. Spectral data were identified by 

comparison to the RRUFF spectral database (Lafuente et al., 2015). 

 

EPMA analyses were performed with a CAMECA SX100 equipped with five 

wavelength-dispersive X-ray spectrometers (Géosciences Montpellier, Montpellier University, 

France) using a 20 kV accelerating potential and 10 mA beam current. Point analyses were 

realized with 30 s counting times and elementary maps (Si, Al, Mg, Fe, Ni, Cr, Ca) with a dwell 

time of 50 ms and a step of 3 mm. Detection limits are reported in Supplementary Material 

Table A3. 

 

Bulk major element compositions were measured by XRF at Geoscience Laboratories 

(Ontario Geological Survey; Canada). The samples were first run for Loss On Ignition (LOI). 

The ignited samples were fused with a borate flux to produce the glass beads for analyses.  

Bulk trace element concentrations (Li, Sc, Ti, V, Mn, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, 

Y, Zr, Nb, Sn, Sb, Cs, Ba, Hf, Ta, Pb, Th, U and Rare Earth Elements (REE: La, Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were measured on samples prepared in the 

Géosciences Montpellier clean lab facility (Montpellier University, France), using an Agilent 

7700X quadrupole ICP-MS (AETE-ISO, OSU OREME, France). Procedural blanks and the 

values obtained for certified reference materials are reported in Supplementary Material Table 

A4. 

 

In-situ trace element concentrations (Li, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Rb, Sr, Y, 

Zr, Nb, Sb, Ba, REE, Hf, Ta, Pb, Th and U) were determined in olivine, orthopyroxene, 

clinopyroxene, amphibole and serpentine by LA-ICP-MS, using a Element2 XR ICP-MS 

coupled to a Geolas automated platform with a 193 nm Excimer G2 (AETE-ISO, OSU 

OREME, France) and an Element XR ICP-MS coupled to a 193 nm Resonetics M50 Excimer 

Ar/F (LMV, University of Clermont-Auvergne, France). Values obtained for certified reference 

materials are reported in Supplementary Material Table A5. 

Pressure was calculated using the FACE geobarometer based on the analysis of 

clinopyroxene-orthopyroxene-plagioclase-olivine assemblages in mantle peridotite (Fumagalli 

et al., 2017). This mineral association was observed only in the fine-grained matrix of the Turon 

peridotites. Temperatures were determined with 3 thermometers giving decreasing closure 

temperatures: the TREE thermometer (Liang et al., 2013), and the TCa-in-Opx and T2-Px 

thermometers (Brey and Köhler, 1990; Wells, 1977). The TREE thermometer is based on the 

distribution of REE between orthopyroxene (Opx) and clinopyroxene (Cpx) and, due to slow 
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diffusion rates of trivalent cations relative to divalent cations in pyroxenes, it gives temperature 

estimates close to crystallization temperatures (Liang et al., 2013). The TCa-in-Opx thermometer

(TCa-in-Opx; Brey and Köhler, 1990) is calculated using the Opx Ca composition. The T2-Px 

thermometer is based on the exchange of several elements including Ca, Na, Mg and Fe 

between Cpx and Opx (Brey and Köhler, 1990; Wells, 1977). The diffusion of Ca in Cpx is 

faster than in Opx and it results that the TCa-in-Opx thermometer gives higher equilibrium 

temperatures than the T2-Px thermometer.  

 

These thermometers rely on the control of temperature and pressure on the partitioning 

of chemical elements between Opx and Cpx (TREE, TCa-in-Opx) or within a single Opx (T2-Px). For 

this study, we considered only samples in which we could identify mineral pairs in equilibrium. 

None were found in the highly altered Montaut and Urdach peridotites. Also, identifying 

minerals large enough to be analyzed was challenging in the Turon mylonites and 

ultramylonites, thus limiting the number of samples in which temperatures could be calculated. 

 

 

III.2.4. RESULTS
III.2.4.a. Petrology and mineralogy

Results are reported in Supplementary Material Table A2 and A3 and summarized in Table 1.  

 

i) Montaut massif 

The Montaut samples are coarse-grained spinel lherzolites (Fig. III-5a), including one 

crosscut by a pyroxenite vein (sample MP03). They are highly altered and relicts of olivine, 

orthopyroxene and clinopyroxene are rare. Amphibole (tremolite, 1-27 wt%) is present in all 

samples, commonly along the rims of clinopyroxene (Cpx). Talc (3-15 wt%) is observed 

forming at the expanse of pyroxenes. Clinochlore (3-26 wt%) was identified in most samples. 

Spinel is typically altered to ferrichromite at the rim. All samples are highly serpentinized 

(serpentine = 50-70 wt%). Bastite replaces (the rims of) pyroxenes and amphibole (Fig. III-5a). 

Mesh serpentine forming after olivine is observed in all samples, in association with magnetite 

grains aligned along mesh veins (Fig. III-5b). It comprises a mix of lizardite-chrysotile. Brucite 

is not observed. We identified four types of serpentine veins, MV1, MV2, MV3 and MV4 (Fig.

III-6). MV1 veins are several cm-long and large (1 to 6 mm thick) veins (Fig. III-6a-b); they 

have a granular texture. MV2 veins are 3 mm thick veins bordered by magnetite; they have a

fiber texture. MV1 and MV2 veins are composed of lizardite-chrysotile mix. MV3 veins are 

3 mm thick magnetite-rich banded veins (banding parallel to vein edges - Fig. III-6a-b). They 

are the only chrysotile veins identified in the Montaut samples. Their structure and morphology 

indicate a formation by extension or extensional shearing during serpentinization (Andreani,

2004). Veins MV1, MV2, MV3 are subparallel but MV3 locally crosscuts the MV1 and MV2 

veins (Fig. III-6d-e). All are cross-cut by MV4 veins (Fig. III-6a-b). The MV4 veins were too 

thin (<0.5 microns) to be analyzed. 
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Figure III-5: Representative mineralogy and textures of the studied peridotites. a) Orthopyroxene (Opx), 

clinopyroxene (Cpx) and olivine (Ol) - Montaut lherzolite MP04, (crossed polars). b) Magnetite (Mag) 

in mesh serpentine - Montaut lherzolite MP01 (reflected light). c) Turon mylonite TT6, (crossed polars) 

with elongated Opx porphyroclasts and associated neoblasts (Nb) and partially altered spinel (Sp) in 

plagioclase (Pl). Minerals in the fine-grained matrix (Matrix) are non-identifiable using microscopy. d) 

Mesh serpentine with olivine relics (Ol) and serpentine veins (Vein.), Turon protomylonite TT5, 

(crossed polars). e) Clinopyroxene (Cpx) with amphibole aureole (Amp) - Urdach ophicalcite OU1, 

(crossed polars). f) Typical mesh serpentine and bastite textures - Urdach serpentinite TU6 (crossed 

polars). 
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Olivine has forsterite contents of 89.8±0.3 and NiO concentrations of 0.38±0.03 wt%. 

Orthopyroxene (Opx) is enstatite with Mg# (Mg# = 100xcationic Mg/(Mg + Fe2+)) of 89.6±0.1 

and Al2O3 concentrations of 3.3±0.2wt%. Cpx is Cr-diopside (0.74±0.06 wt% Cr2O3) with 

compositions in CaO, Na2O and TiO2 of 22.6±0.1 wt%, 1.14±0.04 wt% and 0.10±0.01 wt%. 

Spinel is Cr-poor (Cr# (100*cationic Cr/(Cr + Al)) = 13.6±1.4). This relatively narrow range 

of compositions overlaps with the compositions of WP fertile peridotites. Amphibole is Ti-rich 

tremolite (TiO2 = 1.90 wt%). Mesh serpentines and bastites have variable and iron depleted 

compositions compared to the primary minerals after which they formed. Mesh serpentines and 

bastites have Mg# of 91.9-97 and 94.6-97.6 respectively. Bastites are distinguished from mesh 

serpentine by their high Al2O3 content (>1.19 wt% and <0.47 wt% respectively) (Fig. III-7a). 

The composition of vein serpentines overlaps that of the mesh serpentines and bastites but is 

more variable (Fig. III-7b). The MV1 and MV2 veins have high Mg# values (94.8-97.7 and 

92.9-97.7 respectively) compared to mesh serpentines and bastites, and the MV3 chrysotile

veins display the highest Mg# values (95.5-98.0). MV1 veins are characterized by high and 

scattered Al2O3 concentrations (0.21-9.07 wt%) compared to mesh serpentines and bastites, and 

to MV2 and MV3 veins (0.03-0.65 wt% and 0.10-0.68 wt% respectively).  

 

Figure III-6: Serpentine veins from the Montaut massif and Urdach ophicalcite (crossed polars) with 

associated Raman spectra a) Veins MV1 to MV4 with cross-cutting relationships- lherzolite MP01, 

Montaut. b) Zoom on MV3 and MV4 veins. MV3 corresponds to banded veins and is parallel to MV1 

and MV2. c) Veins MV1 and MV2 observed in lherzolite MP05, Montaut. MV1 displays a granular 

texture and presents magnetite. MV2 is parallel to MV1. d) Zoom on MV2 and its fibers texture. f) UV4 

vein, cross-cutting a calcite vein - ophicalcite OU1, Urdach. g) Zoom on UV4. On Raman spectra Liz 

is for lizardite and Ch is for chrysotile.

90



Chapitre III : Serpentinisation des péridotites des Pyrénées Occidentales 

 

ii) Turon massif 

The Turon peridotite mylonites are spinel and plagioclase bearing lherzolites with the 

exception of amphibole-bearing harzburgite TT11 (2 wt% Cpx). The mylonitic direction of 

foliation is N140-160 (Fig. III-4d). It is defined in the field by elongated porphyroclasts of Opx, 

Cpx and spinel and by dark bands of fine-grained matrix in thin sections (Fig. III-5c). 

Plagioclase fraction increases with increasing mylonitization (2 wt% in protomylonites up to 

7 wt% in ultramylonites). The occurrence of plagioclase is limited to spinel rims in 

protomylonites (Fig. III-5c) while bands of plagioclase are observed in the fine-grained matrix 

of ultramylonites (Fig. III-8). The Turon lherzolites are poorly to moderately serpentinized (2-

32 wt% serpentine), with mesh serpentine developing after olivine (Fig. III-5d). The fraction of 

serpentine depends primarily on the olivine content of the protolith. In the three mylonitic 

domains, we observed ubiquitous 10 μm thick microfractures oriented nearly perpendicular to 

foliation (Fig. III-5d). They display a fringe geometry corresponding to serpentine phase 

infiltrating lateral fine-grained matrix (Fig. III-8). Mesh and vein serpentines are composed of 

mixed lizardite-chrysotile. Bastite, magnetite, and brucite are not observed. 

 

 

 

Olivine has a forsterite content of Fo 89.5±0.3 % and NiO concentrations of 

0.37±0.06 wt%, similar to Montaut samples. In contrast, the composition of pyroxenes varies 

significantly at the sample scale. Opx is enstatite with Mg# decreasing from 89.7±0.2 in 

porphyroclasts to 89.2±0.2 in neoblasts, Opx Al2O3 composition also decreases, from core to 

rim in porphyroclasts (5.1±0.3 wt% to 3.8±0.6 wt%) to neoblasts (0.7±0.3 wt%). Opx TiO2 and 

Cr2O3 compositions show similar trends. Cpx is Cr-diopside with CaO, Cr2O3 and TiO2 

compositions ranging within 20.2-24.1 wt%, 0.54-2.49 wt% and 0.64-1.28 wt% respectively, 

the highest Cr and Ti values being in neoblasts. Cpx Al2O3 and Na2O compositions decrease 

progressively from porphyroclasts cores (Al2O3=7.3-7.6 wt%; Na2O=1.6-2.1 wt%) to rim 

(Al2O3=6.7-7.0 wt%; Na2O=1.3-2.2 wt%) to neoblasts (Al2O3=2.4-4.3 wt%; Na2O=0.8-

Figure III-7: Al2O3-FeO-MgO normalized ternary diagrams with the compositions of a) mesh serpentine 

and bastite, and b) serpentine veins. All Fe is reported as FeO. Data from the oceanic MARK area are 

reported for comparison, after Andreani et al. (2007).
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1.9 wt%). Spinel is Cr-rich (Cr#=27.8-32.2) compared to the Montaut samples. The 

composition of plagioclase is An45 with Cr2O3 of 0.14-0.43wt%. The distinctive compositions 

of Opx and Cpx neoblasts, in particular their low Na and Al contents, is associated to the sub-

solidus reaction of spinel replacement by plagioclase (Fabriès et al., 1998). 

 

Serpentines are Fe-rich compared to the Montaut mesh serpentines with Mg# values of 

89.9-93.2 in mesh serpentines and 88.4-94.6 in veins (Fig. III-7a). The composition of veins 

varies with the crosscut lithologies. In particular, the composition of serpentine becomes Al-

rich (blue-colored parts in Fig. III-8b) when cross-cutting plagioclase bands, with Al2O3 

concentrations up to 3.75wt% compared to 0.01-1.85 wt% in mesh serpentines. 

 

iii) Urdach massif 

Urdach samples are dominantly spinel lherzolites. They underwent high degrees of 

serpentinization and locally carbonation. Two domains are distinguished: the completely 

serpentinized peridotites (100 wt% serpentine) outcropping at the center of the massif and 

ophicalcites (50-55 wt% serpentine). Only ophicalcites preserve the primary coarse-grained 

texture of peridotites and rare relics (~ 0.5 mm) of olivine, orthopyroxene and clinopyroxene.  

 

In ophicalcites, mesh serpentine and bastite develop after olivine and pyroxenes 

respectively. Mesh serpentine is marked by a distinct alignment of magnetite along mesh veins 

(1-4 wt% magnetite). Brucite is not observed. Pyroxenes are less altered than olivine; they show 

fresh cores with bastite rims (Fig. III-5e). Spinel rims are altered to ferrichromite. Amphibole 

(actinolite) forming after pyroxenes is observed in ophicalcite OU1 (Fig. III-5e). Four 

serpentine vein types are distinguished in ophicalcites: veins UV1, UV2, UV3 and UV4. The 

Figure III-8: a) Serpentine vein of the Turon massif (crossed polars). The red frame corresponds to the 

area used for EPMA mapping. b) Serpentine vein (in red and blue) and plagioclase (in green) phase 

map, reconstructed after EPMA analyses and Matlab process (Muñoz et al., 2008). The rim of the 

serpentine vein displays a fringe geometry. The vein displays two geochemical compositions. The blue 

vein is observed where plagioclase is cross-cut. 
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first three types are identical in texture and morphology to Montaut veins MV1, MV3 and MV4. 

Vein UV4 grows parallel to a thick calcite vein (~3 cm in width; Fig. III-6e-f) and its thickness 

varies along the calcite vein (1 mm to 2 cm). It exhibits undulating extinction between crossed 

polars. It is composed of submicroscopic serpentine, identified as a mix of chrysotile and 

lizardite, with rare isolated calcite grains (Fig. III-6). Serpentinites comprise mesh serpentine 

and subordinate bastite. They have no magnetite and no veins (Fig. III-5f). 

 

Pyroxenes from ophicalcites overlap in composition with the Turon porphyroclasts 

(cores and rims). Opx is enstatite with Mg# of 89.7±0.3 and variable Al2O3 contents (3.23-5.60 

wt%). Cpx is Cr-diopside of variable compositions in CaO (18.75– 23.85 wt%), Al2O3 

(6.19 – 7.92 wt%), Na2O (1.29 – 1.87 wt%), Cr2O3 (0.75 - 1.23 wt%) and TiO2 (0.46-1.50). 

Chromium spinel is Cr-poor (Cr# = 9.7) compared to Turon and Montaut. Actinolite measured 

at pyroxene rims has variable TiO2 contents (0.58-4.2 wt%).  

 

Mesh serpentines and bastites in ophicalcites have variable compositions comparable to 

Montaut and Turon with Mg# in the range of 91.3-95.9 and 89.3-93.8 respectively, and Al2O3 

contents of 0.68-4.61 wt% and 5.49-5.56 wt% respectively (Fig. III-7a). Mesh serpentines and 

bastites in serpentinite are slightly Fe-rich compared to neighboring ophicalcites with Mg# in 

the range of 89.4-90.4 and 88.1-92.8 respectively (Fig. III-7a), but they have similar Al2O3 

compositions (1.06-2.14 wt% and 2.41-7.85 wt% respectively). Serpentine veins UV1 and UV2 

have similar compositions, overlapping that of mesh serpentine and bastite (Mg# = 90.7-92.9; 

Al2O3 = 1.87-4.61 wt%; Fig. III-7). Serpentine veins UV4 are Fe- and Al-depleted compared 

to mesh serpentine, bastites and the other serpentine veins (Mg# = 96.4-97.6; Al2O3 = 0.60-

0.68 wt%; Fig. III-7b). 

Serp type Serp pseudomorph #Mg Al2O3 (wt.%) Magnetite 

Mean Std dev

Montaut 60 8.9

Mesh serp Ctl-Lz mix 95.0 0.18 �

Bastite Ctl-Lz mix 96.3 2.35 �

MV1 Ctl-Lz mix 96.7 2.09 �

MV2 Ctl-Lz mix 96.1 0.26 �

MV3 Ctl 96.9 0.4 �

Turon 14 11.8

Mesh serp Ctl-Lz mix 90.9 0.41 �

Serp vein Ctl-Lz mix 91.0 1.95 �

Urdach oph 50 1.3

Mesh serp Ctl-Lz mix 92.6 2.59 �

Bastite Ctl-Lz mix 90.9 5.54 �

Serp veins Ctl-Lz mix 92.0 3.61 �

UV4 Ctl-Lz  submicroscopic 97.0 0.48 �

Urdach serp 99 0.9

Mesh serp Ctl-Lz mix 90.0 1.76 �

Bastite Ctl-Lz mix 89.4 5.19 �

Ctl = Chrysotile; Lz= Lizardite

Serp content (wt.%)

Table III-1: Serpentine content and characteristics in the three massifs.
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III.2.4.b.Bulk-rock geochemistry

Results are reported in Supplementary Material Table A4. 

III.2.4.b.i. Major elements

The studied samples overlap in composition with previously analyzed WP and EP 

peridotites, as illustrated on Fig. III-9. They plot close to the differentiation array on the 

MgO/SiO2 versus Al2O3/SiO2 diagram (Jagoutz et al., 1979), generally toward its most fertile 

end-member, close to Primitive Mantle (PM) values (Fig. III-9b) They are distinguished by 

their scattered and overall high LOI (Fig. III-9a) compared to EP peridotites (LOI 0-5 wt%). 

 

Montaut peridotites have LOI of 6.5-13 wt%, consistent with their high degrees of 

alteration. Sample MP07 with the highest LOI display among the highest serpentine (65 wt%) 

and chlorite (27 wt%) contents. Montaut peridotites have fertile compositions consistent with 

their lherzolitic protolith with Al2O3 of 1.37-3.68 wt% (Fig. III-9a), TiO2 of 0.06-0.15 wt% 

(Fig. III-9c) and MgO/SiO2 ranging between 0.64 for pyroxenite-bearing lherzolite MP03, and 

0.80-0.96 for lherzolites (Fig. III-9b). Amphibole-rich lherzolites MP01, MP02 and MP03 have 

the highest Al2O3 and TiO2 contents. Montaut peridotites display extremely variable CaO 

(0.2 wt% for weathered sample MP07 and 6.4 wt% for pyroxenite-bearing sample MP03; Fig. 

III-9d). CaO shows no correlation to immobile elements classically used to quantify magmatic 

processes (e.g., Al2O3 and TiO2). 

 

The Turon peridotites have the lowest LOI (0-6.3 wt%), with the highest value for the 

most serpentinized sample, harzburgite TT11 (Fig. III-9a). Three groups of peridotites are 

distinguished: harzburgites (only TT11) with high Mg# (90.5) and low Al2O3/SiO2 values 

(0.04) and TiO2 contents (0.05wt%), lherzolites with Mg# values of 89.4-90, Al2O3/SiO2 of 

0.06-0.08, and TiO2 of 0.10-0.15wt%, and pyroxenite-bearing lherzolites TT5 and TT12 having 

low Mg# values (88.3-89.5), and with Al2O3/SiO2 and TiO2 higher than PM values 

(Al2O3/SiO2 = 0.10-0.11; TiO2 = 0.22-0.23wt%; Fig. III-9b-c). The same trend is observed for 

CaO (Fig. III-9d). 

 

Urdach samples have high LOI in the range of 13.7-14.7 wt% for serpentinites and 10.2-

19.1 wt% for ophicalcites (Fig. III-9a), that reflect their high and variable fractions of serpentine 

and carbonate. Ophicalcite OU1 that has the highest LOI has also the highest calcite content 

(31 wt% XRD). The variously carbonated and serpentinized Urdach samples (Fig. III-9b) 

overlap in composition with the Turon lherzolites (Al2O3/SiO2 = 0.06-0.07; Mg# = 89.1-90.7; 

TiO2 = 0.05-0.09 wt%), except for ophicalcite OU1 that has more fertile compositions 

overlapping with that of the Turon pyroxenite-bearing lherzolites (Al2O3/SiO2 = 0.09; 

Mg# = 89.3; TiO2 = 0.25 wt%; Fig. III-9b-c). We observe strong variations in calcium with 

high CaO in ophicalcites (4.20-14.28 wt%) and low CaO in serpentinites (0.04-0.64 wt%; Fig. 

III-9d).  
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Figure III-9: Bulk rock composition of the Turon, Montaut and Urdach samples reported on: a) LOI 

versus Al2O3 (wt% anhydrous) b) MgO/SiO2 versus Al2O3/SiO2 and compared to bulk silicate Earth 

“terrestrial array” (black line; Hart and Zindler, 1986; Jagoutz et al., 1979). c) TiO2 (wt% 

anhydrous), and d) CaO (wt% anhydrous) versus Al2O3 (wt% anhydrous). UB-N composition is 

from Georem (http://georem.mpch-mainz.gwdg.de). Estimated composition of the depleted mantle 

(blank star) is from Salters and Stracke (2004) and of the primitive mantle (black star) is from 

McDonough and Sun (1995). Literature data for Turon and Urdach massifs, and other Pyrenean 

peridotite massifs are after Bodinier et al. (1988) and Fabriès et al. (1998). Literature data for other 

orogenic peridotite massifs are from Bodinier et al. (1988), Gueddari et al. (1996) and Van der Wal 
and Bodinier (1996). 
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III.2.4.b.ii. Trace elements

The normalized REE and trace element patterns of the Montaut, Turon and Urdach 

peridotites and pyroxenites are presented in Figure III-10 and in Supplementary figure III-3. 

Similar to previously analyzed Pyrenean peridotites (e.g. Bodinier and Godard, 2003; Fabriès 

et al., 1998), the WP peridotites have bulk rock compositions close to PM values for heavy 

REE (HREE, e.g., YbN = 0.8 – 3; N = normalized to C1-chondrite; McDonough and Sun, 

1995). The three massifs are distinguished however by selective fractionations and enrichments 

in highly incompatible and fluid mobile elements. 

 

The Montaut lherzolites are characterized by strong enrichments in Light REE (LREE) 

relative to Heavy REE (HREE) (YbN = 0.74-3.16; (La/Yb)N = 7-23.3; Fig. III-10a) and positive 

Eu anomalies ((Eu/Eu*)  = 1.23-1.77). Their REE concentrations increase with increasing 

fraction of Cpx and amphibole: the most enriched sample being amphibole- and Cpx-rich 

lherzolite MP03. They have patterns similar to that of amphibole-bearing peridotites from the 

Eastern Pyrenees (Bodinier et al., 1988). All samples are also particularly enriched in Ba 

(Ba/Th = 1.9-18xPM; PM values from McDonough and Sun, 1995), Pb (Pb/Ce = 9-39xPM), 

and to a lesser extent in U (U/Th = 0.07-4xPM). Zr/Hf is slightly fractionated (19.3-24.7; 

PM=36.2) in contrast to Nb/Ta (64 – 115) that deviates significantly from PM values (17.4; see 

Supplementary Figure III-3). 

 

Turon lherzolites have LREE-depleted patterns typical of fertile lherzolites (YbN = 1.66-

3.08; (La/Yb)N = 0.21-0.57; Fig. III-10b), except for lherzolites TT1 and TT10 that show 

selective enrichments in LREE ((La/Nd)N = 1.50–1.59). TT11 harzburgite is HREE depleted 

compared to lherzolites and display a relatively flat pattern (YbN = 0.35; (La/Yb)N = 1.93). All 

samples are selectively enriched in Rb and Ba (Rb/Th = 1.1-42xPM; Ba/Th = 0.96-365xPM), 

Pb (Pb/Ce = 17-129xPM) and to a lesser extent in U and Sr (U/Th = 1.3-16xPM, Sr/Ce = 1.2-

4.7xPM). Zr/Hf and Nb/Ta are low to comparable to PM values (27-31.9 and 6.4-18 

respectively; see Supplementary Figure III-3).  

 

Urdach lherzolites are characterized by flat HREE segments and variable LREE 

fractionation (YbN = 1.21-2.25; (La/Yb)N = 0.06-4.2; Fig. III-10c). LREE-enriched samples 

comprise ophicalcite OU1 ((La/Yb)N = 4.2) and west quarry serpentinites ((La/Sm)N = 1.6-4). 

Serpentinites are distinguished from ophicalcites by their variable Eu anomalies (Eu/Eu* = 0.56

– 1.32). All samples show a particular enrichment in Rb and Ba (Rb/Th = 0.4 - 445xPM; Ba/Th 

= 1.6-94xPM), Pb (Pb/Ce= 2 -200xPM) and U and Sr (U/Th= 9.2-131xPM, Sr/Ce=0.2-20xPM; 

see Supplementary Figure III-3). The highest Sr values were measured in ophicalcites. Zr/Hf 

overlaps with the Turon peridotite values (20-31.9). In contrast, Nb/Ta is highly variable, with 

values close to PM in ophicalcites (14.5-18.3) and highly scattered in serpentinites (6.4-107.6).
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Figure III-10: Bulk rock REE compositions of peridotites from a) the Montaut massif, with 
pyroxenite sample pattern in purple and b) Turon massif, with harzburgite sample in brown 

and c) Urdach massif with blue patterns representing ophicalcite samples and dark blue 

representing serpentinite samples. Dark grey and light grey patterns are from other Western 

and Eastern Pyrenees massifs, respectively (data are after Bodinier et al., 1988, and Fabriès 

et al., 1998). Chondrite normalizing values are after McDonough and Sun (1995). 
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III.2.4.c. Trace element composition of serpentine phases

Results are reported in Supplementary Material Table A5. The compositions measured 

in mesh serpentine and bastite for elements commonly considered as fluid immobile (e.g., REE) 

are comparable to that of the primary minerals after which they were formed such as olivine, 

pyroxenes and probably also amphibole for the Montaut samples (e.g., Fig. III-11). The mesh 

serpentine of Turon and Urdach massifs is characterized by flat patterns with a slight depletion 

in LREE. Mesh serpentine of Montaut massif is characterized by LREE-enriched patterns, 

identical to primary minerals and amphibole patterns. Urdach bastites have intermediate 

compositions between Opx and Cpx and REE patterns similar to mesh serpentine. The 

composition of vein serpentines is generally similar to that of mesh serpentines, attesting of low 

element mobility at the sample scale during serpentinization. Only the late UV4 veins in Urdach 

ophicalcites have distinctive compositions, with low values in REE and highly to moderately 

incompatible elements (Fig. III-11f). Mesh serpentine, bastite and vein serpentine display more 

variable compositions in elements considered as fluid mobile (FME), such as Rb, Ba, Pb, Sb, 

Sr or Li, sometimes overlapping in compositions with olivine, pyroxenes and, when present, 

amphibole.  
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Figure III-11: REE patterns for serpentine phases after olivine (mesh serpentine), 

pyroxene (bastite), and in serpentine vein for a) and b) Montaut massif, c) and d) Turon 

massif and e) and f) Urdach massif. Primary minerals, i.e., olivine, amphibole, 

orthopyroxene and clinopyroxene REE patterns are represented. 
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III.2.4.d. Geothermobarometry

Results of temperature calculations are reported in Supplementary Material Table A6 

and summarized in Table 2. The equilibration pressure and temperatures of the Turon 

peridotites were calculated in two protomylonite samples. The calculated pressure is 500 ± 0.06

MPa; it is consistent with the previous estimates by Fabriès et al (1998) and Vissers et al. 

(1997). Temperatures were determined in the porphyroclast cores and in the neoblasts. The 

calculated temperatures for porphyroclasts are in the range of 911-1120°C, 921-1065° and 737-

860°C using the TREE, TCa-in-Opx and T2-Px thermometers respectively. The calculated 

temperatures for neoblasts are lower than for porphyroclast cores with values of 700-849°C and 

826-832°C using the TCa-in-Opx and T2-Px thermometers respectively. The calculated 

temperatures using the three thermometers overlap suggesting a progressive cooling of the 

Turon peridotite. The decrease of crystallization temperatures from porphyroclasts to neoblasts

is interpreted by Fabriès et al (1998) and Vissers et al. (1997) as evidence that mylonitization 

occurred during this cooling history, likely in association to tectonic exhumation.

Because of their high degree of alteration of the Montaut and Urdach samples, we used 

only the TCa-in-Opx thermometer to calculate equilibrium temperatures. Based on the results of 

Fabriès et al (1998), the equilibration pressure was set at 1 GPa for these calculations. 

Temperatures were determined on two Montaut peridotites and two Urdach ophicalcites. The 

calculated temperatures are in the range of 820-925°C for the Urdach ophicalcites and 794-

898°C for the Montaut peridotites. These values are consistent with previous temperature 

estimates from these two peridotite massifs (Fabriès et al., 1998).

Table III-2: Summary of the temperature estimates for the three massifs.

  TCa in Opx 1 (°C)  T two pyroxene 2 (°C) T in REE 3 (°C)  

 Texture # Range std 

dev.  

# Range std 

dev.  

# Range  std 

dev.  

Montaut            

MP04 Core n=9 794 - 934 42 - - - - - - 

MP05 Core n=4 798 - 898 48 - - - - - - 

Turon           

TT1  Porphyroclast 

core 

n=2 954 - 1003 35 n=2 848 - 860 8 n=2 1043 - 1120 54 

 Neoblast n=2 765 - 779 10 n=2 826 - 832 4  - - 

TT3  Porphyroclast 

core 

n=4 921 - 1065 67 n=1 737 - n=1 911  

 Neoblast  n=4 700 - 849 67 - - -  - - 

Urdach           

OU Core n=2 871 - 913  30 - - - - - - 

Oufol Core n=9 820 - 925  38 - - - - - - 

1 Brey and Kholer (1990)          

2 Wells (1977) and Brey and Kholer (1990)         

3 Liang et al. (2013)          
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III.2.5.DISCUSSION
III.2.5.a. The Western Pyrenees peridotite massifs: sampling the transition from continental 

lithosphere to mantle exhumed at a distal passive margin

The variously serpentinized peridotites from the Montaut, Turon and Urdach massifs 

preserve part of their primary petrographic and geochemical mantle signatures, thus providing 

some insights on the nature of their mantle protoliths. It should be noted however, that the high 

degree of hydrothermal alteration of the samples from the Montaut and Urdach massifs 

hindered a comprehensive study of primary textures and mineral compositions to determine 

precisely the petrogenetic processes undergone by the three massifs, in particular their 

geothermobarometric paths.  

 

The peridotites of the three massifs are lherzolites and Cpx-rich and/or pyroxenite-

bearing lherzolites, with minor harzburgite (one Turon sample). Except for fluid mobile and 

highly incompatible elements (for which there is little data for comparison), their major and 

trace element bulk and mineral compositions plot within the compositional fields defined by 

the previously analyzed WP and EP peridotites (e.g., Fig. III-9-10) (Bodinier et al., 1988; 

Fabriès et al., 1991; Fabriès et al., 1998). Available analyses, although limited, indicate that 

(Cpx-rich) lherzolites were formed by refertilization as proposed by Le Roux et al. (2007) for 

the peridotites of the Lherz massif, one of the most studied EP massifs. First, the studied suite 

of (Cpx-rich) lherzolites shows the same covariations in major, minor and trace element 

compositions as the refertilized Lherz lherzolites. Second, when it could be measured, Ti 

content of clinopyroxene was constant when Ti bulk rock compositions varied (Fig. III-12), a 

geochemical signature typical of refertilization reactions. These results are consistent with the 

hypothesis that the WP peridotites sampled the same protolith as the EP peridotites, which was 

likely a variously refertilized subcontinental lithospheric mantle (e.g., Bodinier and Godard, 

2003). However, as first emphasized by Fabriès et al (1998), the WP peridotites are 

distinguished by a predominance of fertile lithologies compared to the EP peridotites. This 

difference is interpreted as related to their two-step uplift and cooling history during Cretaceous 

extension (e.g., Fabriès et al., 1998; Lagabrielle et al., 2019a; Lagabrielle et al., 2019b). During 

the first stages of lithospheric thinning and tectonic exhumation, isothermal decompression 

favored extensive melt-rock interactions at the upward moving lithosphere-asthenosphere 

boundary (e.g., Le Roux et al., 2007). The late fast cooling episode associated to mantle uplift 

and exhumation to shallow depths (up to the seafloor) resulted in trapping of infiltrating melts 

and the development of melt impregnation textures, a common feature in peridotites from fossil 

and active OCTs (e.g., Iberian margin, Hébert et al., 2001; Australian-Antarctic OCT, 

McCarthy et al., 2020; Lower Platta, Muntener et al., 2009). These complex uplift and cooling 

processes produce variable petrogenetic pathways for peridotites, depending on their 

localization along the thinning, fractured exhumed lithospheric mantle (e.g., Fabriès et al, 

1998), as shown by the differences in structure, mineralogy and geochemistry recorded by 

Montaut, Turon and Urdach peridotites.  

101



Chapitre III : Serpentinisation des péridotites des Pyrénées Occidentales 

 

 

The Montaut peridotites display equilibration temperatures similar to those reported for 

the subcontinental mantle lithosphere in the EP and WP peridotites (~900°C ~1GPa; e.g., 

Fabriès et al., 1998; Fabriès et al., 1991).  They are distinguished by abundant mineralogical 

and geochemical evidences of fluid-rock interactions taking place over a broad range of 

temperatures. The abundance of tremolite, talc, serpentine and clays and the selective bulk 

enrichments in FME indicate that these reactions were dominantly hydrothermal to weathering 

reactions as discussed in chapter 5.2. However, these hydrothermal processes cannot account 

for the characteristic Ti- and LREE-rich compositions of the Montaut peridotites and, in 

particular, their strong Nb-Ta fractionation. These compositions are similar to those observed 

in the metasomatized EP peridotites close to high temperature amphibole dikes (e.g., typically 

Ti-pargasite, Downes et al., 1991), that reveal interactions with alkali basalts and volatile-rich 

melts during the earliest stages of continental thinning (e.g., Downes et al., 1991). These 

geochemical characteristics suggest that the Montaut peridotites underwent a similar episode 

of mantle metasomatism, previous to hydrothermal alteration and weathering.  

 

The Turon peridotites preserve evidence of high stress mylonitic deformation, occurring 

during the second stage of uplift that distinguishes the WP peridotite massifs from their EP 

counterparts. Geothermobarometry indicates cooling from more than 1000°C (protomylonites) 

down to 600°C (ultramylonites) and the presence of subsolidus plagioclase at the rim of spinels 

indicates tectonic exhumation (This study; Fabriès et al., 1998; Vissers et al., 1997). In spite of 

their equilibration at relatively shallow depths (~0.5 GPa) compared to the peridotites from the 

Montaut massif, the Turon peridotites were little to not modified by hydrothermal alteration (no 

evidence of amphibole, low degree of serpentinization). 

 

The Urdach peridotites are highly altered: they comprise mainly serpentinites and 

ophicalcites. They preserve too little relics of primary minerals to reconstruct their petrogenesis 

before hydrothermal alteration but structural reconstructions provide evidence that the massif 

Figure III-12: TiO2 concentrations in clinopyroxene versus bulk rock TiO2 of lherzolites. 

Error bars indicate the variation in clinopyroxene composition in a sample. White circles 

correspond to lherzolites data from Lherz while white squares correspond to harzburgites 

data from Lherz. 
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was exhumed onto the seafloor during the mid-Cretaceous extension before burial below syn- 

and post-rift sediments (e.g., Clerc et al., 2013; Lagabrielle et al., 2010). Serpentinites and 

ophicalcites are exposed along a complex system of extensional detachment faults inverted 

during the Pyrenean compression (Lagabrielle et al., 2019b). These structural features probably 

acted as main fluid pathways during mantle exhumation and tectonic emplacement. 

 

The contrasted structural and petrological characteristics of the Montaut, Turon and 

Urdach massifs reflect their geological environment along the passive margin during mid-

Cretaceous extension and lithosphere thinning (Lagabrielle et al., 2010), with the Urdach 

peridotites directly exposed to the seafloor in the most distal (basinward) domain whilst the 

Montaut peridotite massif remained below a 200 m-thick unit of continental upper crust 

(Devonian metasediments) and thus correspond to a more internal domain. The Turon 

peridotites, which occur directly below the Mesozoic pre-rift cover, would represent an 

intermediate domain in this extensional system. Thereafter, we combine our mineralogical 

observations on secondary minerals and our new geochemical dataset with structural 

considerations to better constrain the mechanisms driving the hydrothermal reactions 

modifying the WP peridotites and the geological environments in which they occurred. 

 

III.2.5.b. Differences in serpentinization conditions in the Western Pyrenees peridotites

i) Turon massif 

The peridotites from the Turon massif comprise mainly primary mantle minerals: they 

are the least serpentinized of the WP peridotites. They contain minor amounts of serpentine and 

no magnetite. Serpentinization is a hydration reaction and it requires the development of fluid 

pathways from the massif to the mineral scale to allow fluid access at the mineral interfaces 

(e.g., Escario et al., 2018; Godard et al., 2013; Malvoisin et al., 2012a). The Turon massif was 

emplaced along a diapiric zone of Upper Triassic Keuper facies reactivated as a thrust during 

tectonic inversion but no faults and fractures are observed to crosscut the massif thus limiting 

fluid infiltration, and therefore serpentinization. A few fine crack-filling veins, perpendicular 

to foliation and crosscutting the most serpentinized samples (Fig. III-8) are characterized by a 

fringe geometry with serpentine infilling “infiltrating” the fine-grained matrix of the vein wall 

over a few microns to mm. These fine veins likely acted as the main fluid pathways for 

serpentinizing fluids in Turon peridotites. However, serpentine has a composition influenced 

by the surrounding primary minerals (Fig. III-8) attesting of low fluid flow conditions. By 

limiting precipitation of the low-density serpentines, these low permeability conditions during 

the onset of serpentinization limited the development of reaction-driven cracking (e.g., Plümper 

et al., 2012), commonly envisaged as an important process maintaining permeability during 

serpentinization.

In spite of their limited degree of alteration, the bulk rock composition of the Turon 

peridotites is characterized by selective enrichments in FME (Li, Sb, As, Cs, Rb, Ba and Pb)

when compared to the EP peridotites (here represented by the Lherz massif, the only EP 

peridotite massif for which the trace element database is complete, Fig. III-13a) and to Depleted 

Mantle (DM) and PM values (Fig. III-14a). This chemical signature suggests interactions with 
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fluids but it differs from that of oceanic serpentinites, that is characterized by strong U

enrichments produced by interactions with oxidizing seawater-derived fluids (Deschamps et 

al., 2012; Deschamps et al., 2013; Kodolányi et al., 2012; Paulick et al., 2006; Peters et al., 

2017). The FME composition of the Turon peridotites overlaps that of neighboring 

metasediments (Li, As, Sb, Pb) or is intermediate between Primitive Mantle values and 

sediment compositions (Cs) and, except for Ba, they are mostly hosted by serpentine (Fig. III-

14a). This suggests that the FME-rich fluids triggering serpentinization in the Turon peridotites 

derived mainly from neighboring sediments or from lithologies having similar compositions.
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i) Montaut massif 

The Montaut peridotites record successive episodes of hydrothermal alteration over a 

broad range of decreasing temperatures. The first stage of the hydrothermal alteration is 

characterized by the formation of the tremolite, talc and chlorite assemblage; it is closely 

Figure III-13: Major, minor and trace element patterns of a) Turon lherzolites normalized to 

the median of Lherz lherzolites after Le Roux et al. (2007). The black solid line represents 

the median of harzburgites from Lherz normalized to the median of Lherz lherzolites. The 

grey box represents the median ± the median absolute deviation of Lherz lherzolites. b) 

Montaut lherzolites normalized to the median of Turon lherzolites. Red solid lines represent 

the associated sediments. The grey box represents the median ± the median absolute 

deviation of Turon lherzolites. c) Urdach lherzolites (i.e., serpentinites in dark blue and 

ophicalcites in light blue) normalized to the median of Turon lherzolites. The grey box 

represents the median ± the median absolute deviation of Turon lherzolites. 
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associated to the presence of serpentine and magnetite. Similar mineral assemblages are 

observed along slow spread lithosphere detachment faults (e.g., Atlantis Massif); they form as 

a result of high temperature serpentinization in fertile mantle domains (<450°C; Bach et al., 

2004; Rouméjon et al., 2018). All the Montaut samples are crosscut by successive generations 

of serpentine veins, with textures indicative of formation in extension or extensional shearing 

conditions, these features being the most prominent in the late banded veins (Andreani et al, 

2004) (Fig. III-6a-b). These veins record also changes in chemistry indicating an evolution in 

serpentinization conditions over time (temperature, fluid flow and/or composition; Fig. III-7b). 

The extensive alteration of the Montaut peridotites was probably facilitated by their proximity 

to a major fault system, the NPFT, that likely inverted an extensional detachment of the rift 

system. This fault may have acted as a major fluid pathway from the earliest stages of cooling 

during tectonic exhumation.  

 

The Montaut peridotites are characterized by strong enrichments in FME compared to 

to the EP and Turon peridotites (Fig. III-13b), and to depleted and primitive mantle values (Fig. 

III-14b), thus indicating intense hydrothermal activity (e.g., Deschamps et al., 2013). The 

Montaut peridotites overlap in composition with neighboring sediments for LREE (Fig. III-

13b) and for most FME (e.g., Li, As, Sb, Ba, Cs, Sr, Pb; Fig. III-14b). Li, Sb and U are carried 

by serpentine (Fig. III-14b). Other FME (Ba, Pb) and metals (Co, Ni, Zn, Sn) are not carried by 

serpentine and point to a possible role of sulfide and oxide microphases in the redistribution of 

these elements (Deschamps et al., 2012). Another characteristic is the occurrence of Eu positive 

anomalies in the absence of plagioclase. This anomaly typically develops in reducing conditions 

during serpentinization when triggered by low pH, high temperature (>300°C), and high 

chlorinity fluids (e.g., Paulick et al., 2006). Serpentinization likely resulted from interactions 

with fluids derived from neighboring sediments, with possible changes in salinity and pH 

associated with fluid-rock interactions.  

 

iii) Urdach massif 

The peridotites from the Urdach massif are almost completely altered to ophicalcites 

(serpentine, calcite and magnetite) and serpentinites (dominantly serpentine). Previous studies 

(Clerc et al., 2013; Lagabrielle et al., 2019b; Lagabrielle et al., 2010) have substantiated that 

the serpentinization and carbonation reactions occurred as the cooling hyperextended mantle 

was tectonically exposed at or near the seafloor. The formation of calcite veins characterizes 

the final stages of this process; it occurred in a still hot (200-230°C) environment and reveal 

chemical interactions with seawater-derived hydrothermal fluids (Corre et al., 2018; DeFelipe 

et al., 2017). The formation of submicroscopic Mg-rich - REE-depleted serpentine veins is 

commonly associated to these veins (Fig. III-6e) suggesting that serpentinization and 

carbonation reactions were contemporaneous even at low temperatures.  

 

The Urdach serpentinites and ophicalcites are enriched in FME, including U as expected 

for oceanic serpentinization (Fig. III-13c). They show also high Cs, Pb, As and Sb 

concentrations similar to that of neighboring sediments deposited above the peridotite massif, 

suggesting interactions also with sediment-derived fluids. Most of the FME are concentrated in 

serpentine and have similar compositions in serpentinites and ophicalcites, except for Li that is 
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selectively enriched in serpentinites (6-17 ppm in ophicalcites and > 25 ppm for serpentinites), 

suggesting a stronger siliciclastic component in the fluid source (Fig. III-14c). The studied 

serpentinites and ophicalcites are further distinguished by their complementary Sr and Ca 

anomalies: these elements are depleted in serpentinites and enriched in ophicalcites, reflecting 

the abundance of carbonates in the ophicalcites (Fig. III-13c-14c). The kinetics of 

serpentinization and carbonation reactions are strongly dependent on temperature, with 

serpentinization most efficient between 250°-350°C and carbonation below 200°C (e.g., 

Kelemen et al., 2011) but structural and textural evidences suggest that the Urdach serpentinites 

and ophicalcites are likely contemporaneous. The Urdach peridotite massif is associated with 

two main tectonic features, a crust-mantle detachment and a cover décollement (Lagabrielle et 

al., 2019b) that likely acted as efficient fluid pathways for seawater-derived hydrothermal fluids 

and for alkali rich fluids originating from the Paleozoic continental crust and the Triassic sole. 

Serpentinite and ophicalcite having the same lherzolite protolith, we propose that the 

development of the two lithologic domains reflect mainly heterogeneous mixing of fluids from 

these different sources, with a compositional control on reaction paths (Frost and Beard, 2007), 

as suggested by recent reactive transport experiments (e.g., Escario et al., 2018; Godard et al., 

2013; Peuble et al., 2015; Tutolo et al., 2018) serpentinization is favored in presence of Si-

bearing fluids (e.g., Tutolo et al., 2018) as expected from crust derived fluids, and carbonation 

by high pH fluids as expected from serpentine-derived fluids and mixing with seawater-derived 

fluids (e.g., Beard and Hopkinson, 2000; Schwarzenbach et al., 2021). The development of this 

complex suite of compositionally controlled reaction paths distinguish seafloor serpentinization 

at mid-ocean ridges from that observed in the Urdach peridotites. 
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Figure III-14: Plots of concentrations of selected fluid-mobile elements (Li, As, Sb, Cs, Ba, Sr, U, and 

Pb), metals (Cu, Zn, Co and Sn) and Fe/100 of peridotites and associated sediments from a) Turon, b) 

Montaut and c) Urdach. Solid lines represent primitive mantle (McDonough and Sun, 1995) and dotted 

lines represent depleted mantle (Salters and Stracke, 2004). Grey boxes represent the range of each 

fluid-mobile element measured in our serpentine phases for corresponding massifs. Light blue box in 

the Fe/100 column represents the range of Fe/100 measured in serpentine phases of Urdach 

ophicalcites while dark blue box represents the range of Fe/100 measured in serpentine phases of 
Urdach serpentinites.

108



Chapitre III : Serpentinisation des péridotites des Pyrénées Occidentales 

 

III.2.5.c. Serpentinization and partitioning of iron

Serpentinization generally leads to oxidation of the ferrous iron liberated by the 

dissolution of olivine and pyroxene into magnetite (see equation 1) and also into hydrous 

phases, serpentine and/or brucite (Klein et al., 2009; Marcaillou et al., 2011; Seyfried et al., 

2007). In the Montaut, Urdach and Turon peridotite massifs, it follows different pathways 

depending on temperature and on the renewal and composition of reacting fluids. These 

different serpentinization pathways control also the iron redistribution between hydrous phases 

and magnetite and therefore the local redox. Two groups of serpentinized peridotites are 

distinguished: (1) the Montaut serpentinized peridotites and Urdach ophicalcites have abundant 

magnetite (up to 4%) and low iron content in serpentines (< 5 wt%) and; (2) the Turon 

peridotites and Urdach serpentinites are characterized by the lack of magnetite and high iron 

content in serpentines (> 5 wt%).

 

There is abundant evidence of Fe-bearing serpentine in oceanic serpentinites (e.g., 

Andreani et al., 2013; Bach et al., 2006), but rare evidence for magnetite-depleted samples. To 

our knowledge, magnetite-poor serpentinized peridotites similar to the WP serpentinized 

peridotites have been reported only at two sites: the Mariana trench forearc and along the Iberia 

continental margin (Albers et al., 2021; Klein et al., 2013). Our understanding of 

serpentinization during retrograde metamorphism is based mainly on studies of peridotites 

sampled along (ultra-)slow spreading ridges where serpentinization is triggered at relatively 

high temperatures (250-350°C) by the infiltration of seawater-derived fluids during mantle 

exhumation (e.g., Andreani et al., 2007; Bach et al., 2004; Beard et al., 2009; Paulick et al., 

2006). This bias in sampling may have led to underestimating the development of different 

reaction paths for serpentinization characterizing different geodynamic settings (e.g., Peters et 

al., 2017). Here, we posit that the heterogeneous distribution of magnetite in the studied 

peridotites is related to differences in the serpentinization conditions recorded by the WP 

massifs.  

 

Based on theoretical and experimental studies, the lack of magnetite is primarily 

interpreted as evidence for low temperatures of serpentinization (Beard et al., 2009; Evans et 

al., 2009; Frost and Beard, 2007; Klein et al., 2013; Klein et al., 2009; Seyfried et al., 2007). 

Different serpentinization temperatures are a likely hypothesis for distinguishing the Turon and 

the Montaut massifs. The Montaut peridotites record a succession of metasomatic and alteration 

sequences indicating the continuous presence of fluids, and the onset of serpentinization likely 

occurred when the temperature conditions became favorable (<400°C; Bach et al., 2004). In 

contrast, the lack of magnetite in the serpentinized Turon peridotites is likely related to the lack 

of brittle faults providing deep fluid pathways, and thus the late penetration of fluids, when 

peridotites had cooled down to temperatures <200 °C. However, the processes controlling the 

distribution of magnetite in the Urdach massif are probably more complex. The different 

reaction paths forming the magnetite-depleted serpentinite and the magnetite-bearing 

ophicalcite were not associated with different cooling rates, and elemental transport throughout 

the peridotite basement was efficient during serpentinization and carbonation. In this context, 

local changes in fluid-rock compositions suggested by trace element distribution may have 
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impacted also the formation of magnetite (Bach et al., 2006; Frost and Beard, 2007; Klein et 

al., 2009; Syverson et al., 2017): at low pH and high silica activity, the stability of magnetite is 

limited. We posit that magnetite-poor serpentinites formed mainly after crust-derived fluids, 

whilst mixing between the resulting high pH and Ca-Sr rich fluids and seawater favored the 

coupled carbonation - serpentinization reactions forming magnetite-bearing ophicalcites along 

the massif surface. Further studies are needed to test this scenario.  

 

Our results suggest strong linkages between the development/occurrence of large trans-

lithospheric faults and serpentinization in the WP massifs: these faults acted as efficient 

pathways for the infiltration of hydrothermal fluid(s) into the cooling peridotites, thus 

controlling the onset of serpentinization and its efficiency. As a result, the little fractured Turon 

massif show almost no evidence of serpentinization whilst the Urdach and Montaut massifs, 

both associated to complex major fault systems, are characterized by high degrees of 

hydrothermal alteration. A recent publication (Lefeuvre et al., 2021) shows the occurrence of 

hydrogen gas seepages along NPFZ, close to the studied massifs, suggesting that H2-production 

continued during Pyrenean orogeny and that it is still active until today. The studied peridotite 

massifs display little evidence of these late orogenic serpentinization processes that probably 

affects deeper peridotite bodies: the latest evidences for serpentinization in our samples is the 

formation of extension veinlets (Montaut, Urdach) and low temperature alteration consists 

mostly in soil weathering and/or the formation of clays (Montaut). This large scale fault 

network is associated, and contributed, to lithospheric thinning and mantle tectonic exhumation 

during mid-Cretaceous continental extension (e.g. Lagabrielle et al., 2019). We posit that the 

differences in serpentinization pathways from one WP peridotite massif to the other are related 

mainly to their position along the progressively stretched transition from sub-continental 

(Montaut, Turon) to seafloor (Urdach) environments during this process, thus providing a 

unique overview of the mechanisms driving serpentinization derived H2-production along 

magma poor passive margins. 

  

 

III.2.6. SUMMARY AND CONCLUSIONS

We studied the petrology, mineralogy and geochemistry of 32 variably serpentinized 

peridotites from three Western Pyrenean peridotite massifs, interpreted as sampling segments 

of a fossil hyper-extended domain. They are mainly fertile peridotites, similar to the refertilized 

subcontinental mantle lithosphere exposed in the EP peridotite massifs, although the WP 

peridotites show higher degree of hydrothermal alteration than EP peridotites (Fabriès et al., 

1998). The three massifs display contrasted hydrothermal alteration with strong heterogeneities 

in the abundance and nature of secondary minerals and in the distribution of fluid mobile and 

highly incompatible elements. We highlighted three types of serpentinization associated with 

the different structural context of the three massifs: 

 

(1) The Montaut massif records a sequence of hydrothermal alteration with the formation 

of tremolite, talc and chlorite together with serpentine and magnetite. These mineral 

assemblages suggest that hydrothermal alteration occurred at temperatures ranging between 
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~450°C and 200°C (Klein et al., 2013; Rouméjon et al., 2018). It attests of the continuous 

presence of fluids during cooling probably transported through a major fault system that acted 

as an extensional detachment before its inversion as the NPFT. 

 

(2) The Turon peridotites comprise mainly mylonites. They record the localization of 

deformation during mantle extension. They are the least serpentinized of the studied WP 

peridotites. They comprise <14wt% serpentine and no magnetite. The lack of magnetite may 

result from the low degree of serpentinization or from a serpentinization temperature <200°C. 

Turon shows little evidences of brittle faulting and fractures that would have favored the 

penetration of fluids and we propose that it is the lack of such flow paths that limited 

serpentinization in this massif. 

 

(3) The Urdach massif records mantle exhumation at the seafloor along two main 

extensional detachments (later inverted as thrusts) that acted also as main fluid pathways during 

this process. It comprises magnetite-depleted serpentinites and magnetite-rich ophicalcites, the 

latter being located close to the massif surface. Previous studies indicate that hydrothermal 

alteration occurred down to 200°C. There is no evidence for different cooling history between 

the serpentinite-dominated and ophicalcite-dominated domains. Furthermore, cross-cutting 

relationships of serpentine and calcite veins and the peridotite basement support that 

serpentinization and carbonation reactions were likely contemporaneous, suggesting a 

dominant control of the availability of fluid pathways and fluid composition in the development 

of serpentinite-dominated and ophicalcite-dominated domains at Urdach. 

 

 All Western Pyrenean peridotites display selective enrichments in FME compared to EP 

peridotites as expected from their higher degree of hydrothermal alteration. The compositions 

of these elements for hydrothermally altered peridotites overlap with that of neighboring 

dominantly siliclastic sediments suggesting that serpentinizing fluids were mostly derived 

from, and/or interacted with crustal lithologies. The differences of reaction paths and 

geochemistry between oceanic serpentinization and the trends observed in the three studied 

massifs can be related to the coupling of temperature, fluid infiltration and fluid composition, 

and these parameters vary from one massif to the other, depending of their structural position 

along the fossil Pyrenean passive margin: the Montaut massifs remained below a few hundred 

of meters of continental crust and pre-rift sediments and the Turon massif was directly in 

contact with the pre-rift, while the Urdach massif was directly exposed to the seafloor. This 

structural configuration directly influences the source of hydrothermal fluids with the most 

basinward peridotites reflecting mixing with seawater and the most continent-ward peridotites 

showing sediment-derived fluids.  

 

The development of complex hydrodynamic, temperature and compositional pathways 

for serpentinization has potential consequences for the evaluation of the redox budget of 

serpentinization along passive margins when compared to oceanic serpentinites. Iron oxidation 

and redistribution in secondary minerals control the local redox with direct consequences on 

H2 production (Andreani et al., 2013; Klein et al., 2009; Marcaillou et al., 2011) and the 

formation of H2 seepages, springs and hydrothermal vents (e.g., Fruh-Green et al., 2003; 
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Gaucher, 2020; Lefeuvre et al., 2021). A better understanding of these mechanisms is required 

to estimate their potential for H2 production and assess possible differences between 

geodynamic environments. 
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Supplementary Figure III-1: Fine-grained matrix proportions versus serpentine 

content (%). Fine-grained matrix quantification is done by counting of 

porphyroclasts on a representative area of samples with Imaje J. Serpentine 

content (%) is estimated with DRX.
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Supplementary Figure III-2: XRD spectra of representative samples from the 3 studied 

massif with identification of main minerals phases.
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Supplementary Figure III-3: Comparison of bulk trace elements obtained by XRF and ICP-MS methods.
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Supplementary Figure III-4: Extended trace element patterns for samples from a) 

Montaut massif b) Turon massif and from Urdach massif. Primitive mantle 

normalizing values are after McDonough and Sun (1995).
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Supplementary Figure III-5: Extended trace element patterns for serpentine phases after 

olivine (mesh serpentine), pyroxene (bastite), and in serpentine vein for a) and b) Montaut 

massif, c) and d) Turon massif and e) and f) Urdach massif. Primary minerals, i.e., olivine, 

amphibole, orthopyroxene and clinopyroxene extended trace element patterns are 

represented. Primitive mantle normalizing values are after McDonough and Sun (1995).
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Supplementary Figure III-6: a) Lenticular layer of the Montaut massif, located along the North-

Pyrenean Frontal Thrust and b) a zoom with the location of two thin sections. c) and d) Photographs 

showing the thin sections located at the lower part of the lenticular layer and comprising talcified 

serpentinized lherzolites.

118



Chapitre III : Serpentinisation des péridotites des Pyrénées Occidentales 

 

III.3. Relation entre structure et serpentinisation : Apport des données 
EBSD

Les cartes élémentaires obtenues par EBSD sont utilisées pour calculer les cartes de 

phases, notamment la serpentine non indexée par EBSD, selon la méthode décrite dans le 

chapitre IV méthodes. Les cartes de phases ainsi obtenues sont soit :

- Quantifiées (quantification surfacique) et comparées à la quantification des phases 

obtenue par DRX (quantification en roche totale). Cette comparaison permet d’estimer 

la représentativité des zones sélectionnées en lame mince par rapport à la roche. 

- Représentées en couleurs rouge-vert-bleu (RVB). Cette carte, nommée carte RVB, 

permet de distinguer les phases de serpentine selon leur chimie, mais également 

d’étudier les relations structurelles entre la serpentine et les autres minéraux. La 

cohérence de la carte RVB est définie par comparaison avec la carte de phases EBSD.

III.3.1. Massif du Turon

Protomylonite TT4

Les cartes élémentaires (Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S et Si) présentées ci-

dessous sont utilisées pour reconstituer les phases primaires et secondaires de la lame mince 

TT4 (Fig. III-15). Le standard de l’olivine est défini à partir de sa composition en magnésium 

(et de la composition des autres éléments associé à ce pixel de magnésium), le clinopyroxène à 

partir de la carte du calcium, l’orthopyroxène à partir de la carte de la silice, le spinel et le 

plagioclase à partir des variations observées au niveau de la carte aluminium, et la serpentine à 

partir de la carte de l’oxygène. 

Figure III-15: Cartes élémentaires Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S, Si, en 

nombre de coups, de la protomylonite TT4.
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La carte de phases obtenue par EBSD (Fig. III-16a), contenant de l’olivine (en rose), de 

l’orthopyroxène (en bleu), du clinopyroxène (en vert), du spinelle (en marron) et du plagioclase 

(en rouge en bordure des spinelles), est comparée à la carte RVB (Fig. III-16b). La carte RVB,

comprend les phases olivine (en vert), orthopyroxène (en bleu) et serpentine (en rouge). La 

carte RVB est cohérente avec la carte de phases EBSD pour les phases primaires olivine et 

orthopyroxène. Une seule chimie de serpentine est mise en évidence à cette échelle. La 

serpentine est présente sous forme d’un maillage après altération des olivines. Ce maillage se 

développe à partir de veines sub-perpendiculaires à la foliation (Fig. III-16b). Les pyroxènes 

sont également traversés par les veines mais ne sont pas altérés (Fig. III-16b).

Figure III-16: (a) Carte de phases de la protomylonite TT4 obtenues par EBSD. Les phases olivine 

(rose), orthopyroxène (bleu), clinopyroxène (vert), spinelle (marron) et plagioclase (en rouge) sont 

obtenues. La serpentine et les autres potentielles phases non indexées par EBSD, apparaissent en noir. 

b) Carte de phases RVB de la protomylonite TT4. Les phases olivine (vert), orthopyroxène (bleu) et 

serpentine (rouge) sont obtenues. Les phases clinopyroxène et spinelle ne sont pas représentées et 

apparaissent en noir. 
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La quantification des phases sur roche totale obtenue par DRX est comparée à celle 

obtenue en 2D à partir de la carte RVB (Tableau III-3). Les deux méthodes donnent des résultats 

cohérents, notamment pour la phase serpentine (27.84 wt% à partir de la carte RVB et 26 wt% 

à partir de la DRX ; Tableau III-3). Les écarts les plus importants sont enregistrés pour les 

minéraux primaires d’olivine et de clinopyroxène (3 wt% d’écart entre les deux méthodes ;

Tableau III-3). Ces résultats témoignent d’une sélection en lame mince d’une zone 

représentative de la roche TT4. 

Mylonite TT6 

Les cartes élémentaires (Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S et Si) présentées ci-

dessous sont utilisées pour reconstruire les phases primaires et secondaires de la lame mince 

TT6 (Fig. III-17). Les phases olivine, orthopyroxène, clinopyroxène, spinelle, plagioclase et 

serpentine sont reconstituées selon le même procédé que TT4.

La carte de phases obtenue par EBSD (Fig. III-18a), contenant de l’olivine (en rose), de 

l’orthopyroxène (en bleu), du clinopyroxène (en vert), du spinelle (en marron) et de l’anorthite

Figure III-17: Cartes élémentaires Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S, Si, en nombre de 

coups, de la mylonite TT6.

Tableau III-1: Quantification des phases de la protomylonite TT4, à partir de la carte RVB (Calc) et de 

la DRX.
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(en violet en bordure des spinelles), est comparée à la carte RVB (Fig. III-18b). La carte RVB,

comprend les phases olivine (en vert), orthopyroxène (en bleu) et serpentine (en rouge). La 

carte RVB est cohérente avec la carte de phases EBSD pour les phases primaires olivine et 

orthopyroxène. La phase serpentine n’est pas observée sur la carte RVB car elle est présente en 

trop faible quantité (Fig. III-18b).

La quantification des phases sur roche totale obtenue par DRX est comparée à celle 

obtenue en 2D à partir de la carte RVB (Tableau III-5). Les deux méthodes donnent des résultats 

cohérents notamment pour la phase serpentine (4.62 wt% à partir de la carte RVB et 5 wt% à 

partir de la DRX ; Tableau III-5). Les écarts les plus importants sont enregistrés pour la phase 

clinopyroxène (4.3 wt% d’écart entre les deux méthodes ; Tableau III-4). Ces résultats 

Figure III-18: (a) Carte de phases de la mylonite TT6 obtenue par EBSD. Les phases olivine 

(rose), orthopyroxène (bleu), clinopyroxène (vert), spinelle (marron) et plagioclase (violet) sont 

obtenues. La serpentine et les autres potentielles phases non indexées par EBSD, apparaissent en 

noir. b) Carte de phases RVB de la mylonite TT6. Les phases olivine (vert), orthopyroxène (bleu) 

et serpentine (rouge) sont obtenues. La phase serpentine, présente en faible quantité, n’est pas 

visible sur cette carte. Les phases clinopyroxène, spinelle et plagioclase ne sont pas représentées 
et apparaissent en noir.
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témoignent d’une sélection en lame mince d’une zone représentative de la roche TT6. Ces 

résultats, comparés à ceux de TT4, montrent également des variations importantes du contenu 

en serpentine entre deux échantillons d’un même massif mais présentant des textures différentes 

(respectivement protomylonite et mylonite).

Ultramylonite TT9 

L’ultramylonite TT9 présente de nombreuses veinules de serpentine avec une texture en 

peigne (décrite dans le Chapitre I). Des cartes élémentaires (Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, 

O, S et Si) sont réalisées et centrées sur une veinule traversant la matrice à grains fins présentant 

des minéralogie différentes (voir cartes Al, Ca, Cr, Fe, Mg, Na et Si pour la composition de la 

matrice à grains fins ; Fig. III-19). Ces cartes sont utilisées pour reconstruire les phases 

primaires et secondaires de la lame mince TT9. Les phases olivine, orthopyroxène,

clinopyroxène, spinelle, plagioclase et serpentine sont ainsi reconstituées selon le même 

procédé que TT4.

Figure III-19: Cartes élémentaires Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S, Si, en nombre de 

coups, de l'ultramylonite TT9.

Tableau III-2: Quantification des phases de la mylonite TT6, à partir de la carte RVB (Calc) et de la 

DRX.
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Trois cartes RVB sont réalisées (Fig. III-20). Elles permettent de distinguer :

- La veine de serpentine en rouge (Fig. III-20).

- Le changement de composition de la veine de serpentine, marquée par un 

enrichissement en aluminium (en bleu) au niveau du banc de plagioclase (en vert ; Fig. 

III-20a).

- La propagation de la serpentine dans la matrice à grains fins au niveau des 

changements de minéralogie, ici orthopyroxène (bleu) -olivine (vert ; Fig. III-20b,c). 

Figure III-20: Cartes de phases RVB de l’ultramylonite TT9 avec a) la phase serpentine 
(rouge) et son enrichissement en aluminium (bleu) au niveau d’un banc de plagioclase 

(vert), b) les phases serpentine (rouge) et orthopyroxène (bleu) et c) les phases serpentine 

(rouge), orthopyroxène (bleu) et olivine (vert).
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Ces résultats témoignent d’un changement de composition de la phase serpentine selon la 

minéralogie traversée. Il en résulte que la composition de la serpentine, même dans les veines, 

est directement influencée par la composition des minéraux primaires adjacents, témoignant 

d’un faible renouvellement du fluide dans les veines. 

III.3.2. Massif de Montaut 

Pyroxénite MP03 

Les cartes élémentaires (Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S et Si) suivantes sont 

utilisées pour reconstruire les phases primaires et secondaires de la lame mince MP03 (Fig. III-

21). Les phases olivine, orthopyroxène, clinopyroxène, spinelle, magnétite et plusieurs 

générations de serpentines (distinguées selon leur composition chimique) sont ainsi 

reconstituées. Le standard de l’olivine est défini à partir de sa composition en magnésium (et 

de la composition des autres éléments associé à ce pixel de magnésium), le clinopyroxène et 

l’amphibole à partir des variations d’intensité observées au niveau de la carte du calcium, 

l’orthopyroxène à partir de la carte de la silice, le spinel à partir de la carte d’aluminium, la 

magnétite à partir de la carte du fer et la serpentine à partir de la carte de l’oxygène. 

La carte de phases obtenue par EBSD (Fig. III-22a), contient de l’olivine (en rose), de 

l’orthopyroxène (en bleu foncé), du clinopyroxène (en vert), de l’amphibole (en bleu clair), du 

spinelle (en marron) et de la magnétite (en bleu foncé). La carte de phase obtenue par EBSD 

Figure III-21: Cartes élémentaires Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S, Si, en nombre de 

coups, de la pyroxénite MP03.
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permet notamment d’observer l’amphibole en périphérie du clinopyroxène (bleu clair et vert ;

Fig. III-22a). La carte RVB (Fig. III-22b) qui ne contient que des minéraux secondaires 

(magnétite et serpentine), n’est pas comparée à la carte EBSD. La carte RVB témoigne d’un 

fort degré de serpentinisation de la pyroxénite, principalement au niveau de la transition 

péridotite-pyroxénite (haut de la carte ; Fig. III-22). La serpentine est présente sous forme d’un 

maillage issu de l’altération des olivines. Ce maillage se développe à partir d’un réseau de 

veines qui s’étend subperpendiculairement depuis des veines plus larges (Fig. III-22b). Les 

deux générations de veines MV1 (riche en fer) et MV2 (riche en aluminium) identifiées dans 

le chapitre I par microscopie optique et EPMA sont identifiées sur la carte RVB (MV1 en rouge 

et MV2 en bleu). MV2 réutilise le même chemin que MV1 et est associé à de la magnétite (en 

vert – Fig. III-22b).

Figure III-22: (a) Carte de phases de la pyroxénite MP03 obtenues par EBSD. Les phases olivine 

(rose), orthopyroxène (bleu), clinopyroxène (vert), amphibole (bleu clair) et spinelle (marron) sont 

obtenues. La serpentine et les autres potentielles phases non indexées par EBSD, apparaissent en 

noir. b) Carte de phases RVB de la pyroxénite MP03. Les deux générations de serpentine sont 

représentées en bleu et en rouge, tandis que la phase magnétite est représentée en vert.
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La quantification des phases sur roche totale obtenue par DRX est comparée à celle 

obtenue en 2D à partir de la carte RVB (Tableau III-5). Les deux méthodes donnent des résultats 

contrastés notamment pour la phase serpentine (40.16 wt% à partir de la carte RVB et 34 wt% 

à partir de la DRX ; Tableau III-5), la phase olivine et amphibole. Ces écarts sont issus de la 

sélection en lame mince de la transition péridotite-pyroxénite, tandis que la roche totale est 

caractérisée par la pyroxénite et l’altération du clinopyroxène en amphibole.

Lherzolite MP05

Les cartes élémentaires (Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S et Si) suivantes sont 

utilisées pour reconstruire les phases primaires et secondaires de la lame mince MP05 (Fig. III-

23). Les phases olivine, orthopyroxène, clinopyroxène, spinelle, magnétite et plusieurs 

générations de serpentines (distinguées selon leur composition chimique) sont ainsi 

reconstituées selon le même procédé que MP03.

Tableau III-3: Quantification des phases de la pyroxénite MP03, à partir de la carte RVB (Calc) et de 

la DRX.

Figure III-23: Cartes élémentaires Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S, Si, en nombre de coups, 

de la lherzolite MP05.
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La carte de phases obtenue par EBSD (Fig. III-24a), contient de l’olivine (en rose), de 

l’orthopyroxène (en bleu), peu de clinopyroxène (en vert) et d’amphibole (en bleu clair), du 

spinelle (en marron) et de la magnétite (en bleu foncé). La carte EBSD n’est pas comparée à la 

carte RVB (Fig. III-24b) qui ne contient que des minéraux secondaires (magnétite et 

serpentine). La carte RVB témoigne d’un fort degré de serpentinisation de la lherzolite. Les 

résultats obtenus pour MP05 sont identiques à ceux de MP03 pour la phase serpentine: (1) la 

serpentine se présente principalement sous forme d’un maillage issu d’un réseau de veines qui 

se développe subperpendiculairement à partir d’une veine centrale (2) deux générations de 

veines sont distinguées selon leur composition chimique et utilisent le même chemin, (3) MV2 

est associée à de la magnétite (Fig. III-24b).

La quantification des phases sur roche totale obtenue par DRX est comparée à celle 

obtenue en 2D à partir de la carte RVB (Tableau III-4). Les deux méthodes donnent des résultats 

Figure III-24: (a) Carte de phases de la lherzolite MP05 obtenues par EBSD. Les phases 

olivine (rose), orthopyroxène (bleu), clinopyroxène (vert), amphibole (bleu clair) et spinelle 

(marron) sont obtenues. La serpentine et les autres potentielles phases non indexées par 
EBSD, apparaissent en noir. b) Carte de phases de la lherzolite MP05 obtenues Les deux 

générations de serpentine sont représentées en rouge (1ère génération) et en bleu (2nde

génération), tandis que la phase magnétite est représentée en vert.
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cohérents notamment pour la phase serpentine (46.38 wt% à partir de la carte RVB et 50 wt% 

à partir de la DRX ; Tableau III-6). Les écarts les plus importants sont enregistrés pour la phase 

olivine (6.46 wt% d’écart entre les deux méthodes ; Tableau III-6) et amphibole (5.59 wt% 

d’écart entre les deux méthodes ; Tableau III-6). Ces résultats témoignent d’une sélection en 

lame mince d’une zone représentative de la roche MP05. Ces résultats montrent également des 

variations importantes du contenu en serpentine entre deux échantillons d’un même massif mais 

présentant des protolithes différents (respectivement pyroxénite et lherzolite).

III.3.3. Massif d’Urdach 

Ophicalcite OU1

Les cartes élémentaires (Al, Ni, Ca, Cr, Fe, K, Mg, Mn, Na, O, S et Si) suivantes sont 

utilisées pour reconstruire les phases primaires et secondaires de l’ophicalcite OU1 (Fig. III-

25). Les phases orthopyroxène, clinopyroxène, calcite, spinelle, et plusieurs générations de 

serpentines (distinguées selon leur composition chimique) sont ainsi reconstituées. Le standard 

de l’orthopyroxène est défini à partir de la carte de la silice, le clinopyroxène et l’amphibole à 

partir des variations d’intensité observées au niveau de la carte du calcium et du sodium, la 

calcite à partir de la carte du calcium, le spinel à partir de la carte d’aluminium, la magnétite à 

partir de la carte du fer et la serpentine à partir de la carte de l’oxygène et du magnésium. 

Tableau III-4: Quantification des phases de la lherzolite MP05, à partir de la carte RVB (Calc) et de la 

DRX.
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La carte de phases obtenue par EBSD (Fig. III-26a), contient de l’orthopyroxène (en bleu),

du clinopyroxène (en vert), de l’amphibole (en bleu clair), du spinelle (en marron), de la calcite 

(en orange) et de la magnétite (en bleu foncé). La carte EBSD n’est pas comparée à la carte 

RVB (Fig. III-26b) qui ne contient que des minéraux secondaires (magnétite et serpentine). La 

carte RVB témoigne d’un fort degré de serpentinisation de la lherzolite. Deux phases 

serpentines sont identifiées : (1) une serpentine pervasive qui affecte la péridotite (en rouge) et 

est associée à de la magnétite (en vert ; Fig. III-26b), (2) une serpentine localisée au niveau de 

la veine de calcite (en bleu ; Fig. III-26b). Ces deux veines présentent des chimies très 

contractées comme en témoigne le diagramme ternaire en Figure III-26c, issue des données 

EPMA sur la phase serpentine de l’ophicalcite. La veine qui affecte la serpentine est plus riche 

en fer et en aluminium (triangles rouges ; Fig. III-26c), que la serpentine localisée au niveau de 

la veine de calcite, principalement magnésienne (triangles bleus ; Fig. III-26c). 

Figure III-25: Cartes élémentaires Al, Ca, Cr, Fe, K, Mg, Mn, Na, O, S, Si, en nombre de coups, de 

l’ophicalcite OU1.
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La quantification des phases sur roche totale obtenue par DRX est comparée à celle 

obtenue en 2D à partir de la carte RVB (Tableau III-7). Les deux méthodes donnent des résultats 

cohérents mais des écarts sont à noter pour la phase serpentine (8.9 wt% d’écart entre les deux 

méthodes ; Tableau III-7) et clinopyroxène (7.22 wt% d’écart entre les deux méthodes ;

Tableau III-7). Ces résultats témoignent d’une sélection en lame mince d’une zone 

représentative de la roche MP05. L’écart observé au niveau de la serpentine est probablement 

issu de la sélection en lame mince zone comprenant une large veine de calcite qui recoupe la 

péridotite, tandis que la roche totale est caractérisée par moins de calcite.

Figure III-26: (a) Carte de phases de l’ophicalcite OU1 obtenue par EBSD. Les phases orthopyroxène 

(bleu), clinopyroxène (vert), amphibole (bleu clair), calcite (orange) et magnétite (bleu foncé) sont 

obtenues. La serpentine et les autres potentielles phases non indexées par EBSD, apparaissent en noir. b) 

Carte de phases RVB. Les deux générations de serpentine sont représentées en rouge (1ère génération) bleu 
(2nde génération) tandis que la magnétite est représentée en vert. c) Diagramme ternaire de la composition 

en Fe, Al, Mg des deux générations de serpentine, en rouge la première génération et en bleu la seconde. 

Tableau III-5: Quantification des phases de l’ophicalcite OU1, à partir de la carte RVB (Calc) et de la 

DRX.
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Ces résultats, obtenus à partir des cartes RVB, témoignent de :

- La chenalisation de(s) fluide(s) dans les massifs du Turon et de Montaut, mise en 

évidence par la présence d’un réseau de veines. Ces dernières, présentent des textures 

et des compositions chimiques variées, issues de mécanismes de formation différents. 

- Une serpentinisation en deux étapes pour les ophicalcites d’Urdach avec tout d’abord 

une serpentinisation majoritairement pervasive suivie de la chenalisation d’un fluide, de 

composition plus magnésienne, au niveau des veines de calcite. 

La chenalisation des fluides n’est pas observée dans les serpentinites d’Urdach, principalement 

issue d’une serpentinisation pervasive. Nous pouvons supposer que l’événement de 

serpentinisation pervasive est commun entre les ophicalcites et les serpentinites d’Urdach. En 

revanche pour les serpentinites, cette serpentinisation n’est pas associée au développement de 

magnétite, témoignant du contraste des fluides serpentinisants. 
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>%51'()*+W)Y0)/3<$'%8(8)&"()/3W(=%8&%.5)8('$(.&%.()<(8"(8:)?#8&%&(8)#.0)J5W'%/")Q(%.)32)

`'0#/")8('$(.&%.%&(@)!3.Q('8(-4)&3)&"()>()/"(<%/#-)<#$:)&"()-3U(8&)Q#-1(8)32)>(#"C>($%&'()#'()

-3/#&(0)%.)&"()?#8&%&()G)DF@lI)-%5"&)?-1()&3)5'((.)%.)>%5@)*+WY2M:)U"%-()3&"(')8('$(.&%.()&(=&1'(8)

#.0)Q(%.8)0%8$-#4)"%5")Q#-1(8)32)>(#"C>($%&'(.DF@kWF@YI)4(--3U)&3)-%5"&)'(0)%.)>%5@)*+WY2M)

E'&?5#! FG9a@! F*)&#2! $,! -.'1! 2#(-'$12! )16! )22$(')-#6! '5$1! $K'6)-'$1! 2-)-#! *)+! ,$5! *)&1#-'-#9,5##!

2)*+%#2D! B?5$1!*)22',! )L! ^9+.$-$&5)+.<! 2.$>'1&! 2#5+#1-'1#! J#'1! PRD! J#'1L! (5$229(?--'1&! -.#! ,'1#9

&5)'1#6! *)-5'K! )16! -.#! ,'1#9&5)'1#6! *)-5'K! PED"DCL! )16! +%)&'$(%)2#! O)16! P;%)&! O)16LD! B.#! )5#)!
2#%#(-#6!,$5!c9XIE!)16!c9X_8dR!)1)%<2'2!'2!%$()-#6!'1!-.#!5#6!,5)*#D!OL!E#Q!($1-#1-!'1!2#5+#1-'1#!

P>-WL!*)+!)16!(L!'5$1!$K'6)-'$1!2-)-#!*)+!$,!-.#!2#%#(-#6!)5#)!>'-.!-.#!H!+$'1-2!$,!'1-#5#2-!2#%#(-#6!

,$5!c9X_8dR!)1)%<2'2D!A56)(.!2#5+#1-'1'-#!6L!^9+.$-$&5)+.<!2.$>'1&!2#5+#1-'1#!'1!*#2.!PC#2.L!)16!

'1!O)2-'-#!-#K-?5#2!`!)16!H!P32-`!)16!HLD!B.#!)5#)!2#%#(-#6!,$5!c9XIE!)16!c9X_8dR!)1)%<2'2!'2!%$()-#6!
'1!-.#!5#6!,5)*#D!#L!E#Q!($1-#1-!'1!2#5+#1-'1#!P>-WL!*)+!)16!,L!'5$1!$K'6)-'$1!2-)-#!*)+!$,!-.#!2#%#(-#6!

)5#)!>'-.!-.#!b!+$'1-2!$,!'1-#5#2-!2#%#(-#6!,$5!c9X_8dR!)1)%<2'2D!B.#!2()%#!'16'()-#2!-.#!E#!"\E##$%&'=!

>'-.!-.#!*$5#!$K'6'N#6!)5#)!'1!5#6D
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()*+*A*'B3;21;;3/,

EFGHGMG%G'J;0K'$-+K'%.(').#<),;')$-.'31A%N)-$'$1B%$().B',A1'<,$;+,;$%0'2-<),)-.').'4%B4%#2--$

$)*,1('4%$B).<

g(/#18()32)/3.&'#8&(0)&(<$('#&1'(8)#.0)/3<$38%&%3.)32)2-1%08:)5(3-35%/#-)(.Q%'3.<(.&8)

/#.) %.2-1(./() &"() 5(3/"(<%/#-) /3<$38%&%3.) 32) 8('$(.&%.%&(8) D(@5@:)J9Q(-:) EFFHM@)The three

studied massifs display contrasted geological environments: the Urdach peridotites were 

directly exposed to the seafloor of the Albian basins in a distal position compared to the Turon 

and Montaut peridotites which remained below a unit of continental crust and pre-rift cover 

during the mid-Cretaceous extensional event (Lagabrielle et al., 2010). We study the behavior 

of iron (distribution and oxidation state) as a marker of contrasted fluid/rock interactions.  

\"()&"'(()<#88%28)8"3U)Q#'4%.5)0(5'((8)32)8('$(.&%.%f#&%3.:)&"()\1'3.)<#88%2)?(%.5)&"()

-(#8&)8('$(.&%.%f(0)D8('$(.&%.()/3.&(.&)nHE)U&mI)>%5@)*+WHM)#.0)&"()`'0#/")8('$(.&%.%&(8)?(%.5)

&"() <38&) 8('$(.&%.%f(0) D8('$(.&%.() /3.&(.&) GFF)U&mI) >%5@) *+WHM@) K('$(.&%.%f#&%3.) -(#08) &3)

3=%0#&%3.)32) &"() 2(''318) %'3.) %.&3) 2(''%/) %'3.@)The variation in the degree of serpentinization

between the massifs is also highlighted by the contrast of the >(#"C>($%&'(DgbM@) \"() $33'-4)

8('$(.&%.%f(0)8#<$-(8)2'3<)&"()\1'3.)&"18)"#Q()#)-3U)/3.&(.&)32)8(/3.0#'4)<%.('#-8)#.0)-3U)

>(#"C>($%&'(DgbM)DF@FXWF@lHI)>%5@)*+WlM@)[.)&"()3&"(')"#.0:)&"()8('$(.&%.%&(8)32)`'0#/")/3.&#%.)

(=/-18%Q(-4)8(/3.0#'4)<%.('#-8)#.0)"#Q()"%5")'#&%38)32)>(#"C>($%&'(DgbM)DF@kkI)>%5@)*+WlM@)\"()

>(#"C>($%&'(DgbM)Q#-1()32)&"()8('$(.&%.%&(8)32)`'0#/")8-%5"&-4)(P1%Q#-(.&)&3)&"()&4$%/#-)Q#-1()32)

F@L)3?8('Q(0)#?3Q()kFm)8('$(.&%.%f#&%3.) %.)3/(#.%/)$('%03&%&(8)D7.0'(#.%)(&)#-@:)EFGHM@ The

presence of tremolite and talc in association with the high degree of serpentinization (serpentine 

content > 60 wt%; Fig. IV-3) observed in the Montaut peridotites are evidences for high 

temperature hydrothermal alteration (see Appendix A1). Formation of such assemblage of 

minerals, associated to a high degree of serpentinization (Tichadou et al., in press) is evidenced 

by higher values of >(#"C>($%&'(DgbM)(0.57-0.96; Fig. IV-4) compared to serpentinites of Urdach.

\"() &"'(() <#88%28) 0%8$-#4) /3.&'#8&(0) 8(/3.0#'4) <%.('#-8) /3.&(.&:) U%&") &"() J3.&#1&)

8('$(.&%.%f(0)$('%03&%&(8)#.0)`'0#/")3$"%/#-/%&(8)0%8$-#4%.5)#?1.0#.&)<#5.(&%&() D1$) &3)lmI)

>%5@)*+WH?M)U"%-()&"()\1'3.)$('%03&%&(8)#.0)`'0#/")8('$(.&%.%&(8)#'()/"#'#/&('%f(0)?4)&"()-#/i)

32) <#5.(&%&() D>%5@) *+WH?M@) \"() $'(8(./() 32) <#5.(&%&() %8) %.&('$'(&(0) #8) '($'(8(.&#&%Q() 32)

&(<$('#&1'(8)32)8('$(.&%.%f#&%3.)o)EFF)r)!)DS-(%.)(&)#-@:)EFGHM@)[.)&"()3&"(')"#.0:)%&)%8)<3'()

/3<$-%/#&(0)&3)/3.8%0(')&(<$('#&1'(8)32)8('$(.&%.%f#&%3.)nEFF)r)!)23')<#88%28)2'(()32)<#5.(&%&(@)

*.)2#/&:)-3U)/3.&(.&)32)<#5.(&%&()/#.)#-83)?()#883/%#&(0)&3)&"()2%'8&)8&#5(8)32)8('$(.&%.%f#&%3.)

D(@5@:)VQ#.8:)EFFYI)J#'/#%--31)(&)#-@:)EFGGI)K(42'%(0)(&)#-@:)EFFLM)3')"%5")8%-%/#)#/&%Q%&4)32)&"()

2-1%0D8M)D(@5@:)>'38&)#.0)g(#'0:)EFFLI)K4Q('83.)(&)#-@:)EFGLM@)7&)&"()'3/i)8/#-()U()3?8('Q()&"#&)

&"()<#5.(&%&()/3.&(.&)%8 %.Q('8(-4)$'3$3'&%3.#-)&3)&"()%'3.)/3.&(.&)32)8('$(.&%.()<%.('#-8)#.0)

%.0($(.0(.&)32)&"(%')0(5'(()32)8('$(.&%.%f#&%3.,)&"()J3.&#1&)$('%03&%&(8)#.0)̀ '0#/")3$"%/#-/%&(8)

"#Q()%'3.W$33')8('$(.&%.(8)Dn)X)U&mI)>%5@)*+Wk":)k-M)U"%-()&"()\1'3.)$('%03&%&(8)#.0)`'0#/")

8('$(.&%.%&(8)"#Q()%'3.W'%/")8('$(.&%.(8)Do)X)U&mI)>%5@)*+Wk0:)k$M@)7&)&"()<%.('#-)8/#-(:)U"(.)

#883/%#&(0)&3)<#5.(&%&(:)8('$(.&%.(8)#'()%'3.W$33')D8(()J5WQ(%.)%.)>%5@)*+WL(M)U"%-()8('$(.&%.(8)

"#Q()#.)(P1%Q#-(.&)%'3.)/3.&(.&)&3)$'%<#'4)<%.('#-)U"(.)<#5.(&%&()%8).3&)23'<(0)D8(()?#8&%&()

%.)>%5@)*+WL(M@)\"18:)&"()$'(/%$%&#&%3.)32)<#5.(&%&()%.2-1(./(8)&"()/"(<%8&'4)32)8('$(.&%.(8@))
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\"()%'3.)3=%0#&%3.)8&#&()%.)8('$(.&%.()%8)0($(.0(.&)32)&"()0(5'(()32)8('$(.&%.%f#&%3.:)U%&")

&"()$33'-4) 8('$(.&%.%f(0)$('%03&%&(8)32)\1'3.)<#88%2)"#Q%.5) 8('$(.&%.()U%&") -3U)>(#"C>($%&'()

/3<$#'(0)&3)&"()"%5"-4)8('$(.&%.%f(0)$('%03&%&(8)32)J3.&#1&)#.0)`'0#/")<#88%28@)\"(8()'(81-&8)

#'()%.)#5'((<(.&)U%&")&"()8&104)32)J#'/#%--31)(&)#-@)DEFGGM:)#//3'0%.5)&3)U"%/")&"()2%'8&)8&#5(8)

32) 8('$(.&%.%f#&%3.) $'301/() #) >(!"W'%/") 8('$(.&%.() U"%-() &"() %./'(#8() %.) &"() 0(5'(() 32)

8('$(.&%.%f#&%3.) $'301/(8) >(#"W'%/") 8('$(.&%.(@) *.) 2#/&:) &"() 8('$(.&%.() Q(%.8) 32) &"()J3.&#1&)

<#88%2) (="%?%&) "%5"(') >(#"C>($%&'(./3<$#'(0) &3) &"() 8('$(.&%.() 32) &"()`'0#/") 8('$(.&%.%&(8@) *&)

"%5"-%5"&8)&"#&)&"()*[!)%8)"%5"(')%.)#)<3'()3$(.)(.Q%'3.<(.&:)U%&")#)"%5"(')U#&('C'3/i)'#&%3)&"#.)

01'%.5)&"()$('Q#8%Q()8('$(.&%.%f#&%3.)32)#)$('%03&%&(@))

EFGHGMG3G'E$-.'4%<<'3%0%.+1'%.('%<<-+)%,1('O!'2$-(;+,)-.

O1'%.5)&"()'(03=)'(#/&%3.:)&"()3=%0#&%3.)32)E>(!")%.&3)E>(#")/3.&'%?1&(8)&3)&"()23'<#&%3.)

32)R!@)\"()(=$('%<(.&#-)8&104)32)J#'/#%--31)(&)#-@)DEFGGM)0(<3.8&'#&(0)&"#&)&"()$'301/&%3.)32)

"40'35(.)%8)-%.(#'-4)/3''(-#&(0)&3)&"()#<31.&)32)2(''%/)%'3.@)\"18:)&"()P1#.&%2%/#&%3.)32)2(''%/)

%'3.)/3.&(.&)%.)8('$(.&%.%&(8)<#4)?()/3.8%0('(0)#8)#)$'3=4)23')"40'35(.)$'301/&%3.)01'%.5)2-1%0W

<#.&-()%.&('#/&%3.@)\"()>(#"DgbM)"#8)&3)?()/31$-(0)&3)&"()%'3.)3=%0#&%3.)#.0)'(0%8&'%?1&%3.)%.)

8(/3.0#'4) <%.('#-8) %@(@) <#5.(&%&() #.0C3') 8('$(.&%.(:) U"%/") "#8) 0%'(/&) /3.8(P1(./(8) 3.) R!)

$'301/&%3.)D7.0'(#.%)(&)#-@:)EFGHI)S-(%.)(&)#-@:)EFFTI)J#'/#%--31)(&)#-@:)EFGGM@))

g4) /3<$#'%.5) &"() $'%<#'4)<%.('#-8) /3.&(.&) ?(&U((.) $33'-4) #.0) "%5"-4) 8('$(.&%.%f(0)

$('%03&%&(8)2'3<)&"()&"'(()<#88%28:)U()(8&%<#&()&"#&)&"()#-&('#&%3.)32)3-%Q%.()%8)&"()<#%.)831'/()

32) >(#":) #8) $'(Q%318-4) 3?8('Q(0) %.) 3&"(') 5(3-35%/#-) 848&(<8) D(@5@:) J#'/#%--31) (&) #-@:) EFGGI)

J#4"(U)(&)#-@:)EFGYI)V--%83.)(&)#-@:EFEFM@)J3'(3Q(':)$4'3=(.(8)/3<<3.-4) -(88)#-&('(0) &"#.)

3-%Q%.(:)0%8$-#4)-3U(')Q#-1(8)32)>(#"C>($%&'()-(#0%.5)&3)#)-3U(')>(#")$'301/&%3.)DH@Yk)U&m)23')

8('$(.&%.()#2&(')3-%Q%.()#-&('#&%3.)#.0)E@lHWH@XG)U&m)23')8('$(.&%.()#2&(')$4'3=(.()#-&('#&%3.I)

7$$(.0%=)gEM@)\"()`'0#/")8('$(.&%.%&()#--3U)18)&3)0%8/'%<%.#&()U"(&"(')&"()R!)$'301/&%3.)%8)

'(-#&(0)&3)3'&"3$4'3=(.()3')/-%.3$4'3=(.()#-&('#&%3.@)K('$(.&%.()#2&(')/-%.3$4'3=(.()#-&('#&%3.)

D?#8&%&(GM) 0%8$-#48) -3U(') >(#"C>($%&'() /3<$#'(0) &3) 8('$(.&%.() #2&(') /-%.3$4'3=(.() #-&('#&%3.)

D?#8&%&(EM) DF@X) #.0) F@L) '(8$(/&%Q(-4:) >%5@) *+Wk0M@) K('$(.&%.() #2&(') /-%.3$4'3=(.() #-&('#&%3.)

0%8$-#48)#)"%5"(')%'3.)&"#.)8('$(.&%.()#2&(')3'&"3$4'3=(.()#-&('#&%3.@)R3U(Q(':)%'3.)/3.&(.&)%8)

.3&) "%5") (.315") &3) /3<$(.8#&() &"() Q#'%#&%3.) 32) %'3.) 3=%0#&%3.) 8&#&() #.0) 8('$(.&%.() #2&(')

3'&"3$4'3=(.() #-&('#&%3.) $'301/(8) <3'() >(#") DE@lH)U&m) 23') 8('$(.&%.() #2&(') /-%.3$4'3=(.()

#-&('#&%3.) #.0) H@FEWH@XG)U&m) 23') 8('$(.&%.() #2&(') 3'&"3$4'3=(.() #-&('#&%3.I) 7$$(.0%=) gEM@)

\"18:)#-&('#&%3.)32)3-%Q%.()%8)&"()<#%.)831'/()32)"40'35(.:)8155(8&%.5)&"#&)-"('f3-%&()#-&('#&%3.)

%8)-(88)>(#")$'301/&%Q()&"#.)"#'f?1'5%&()#&)#)5%Q(.)'#&()32)#-&('#&%3.@))

h()'(#-%f()#.)%'3.)<#88)?#-#./()D7$$(.0%=)gEM@)V=/($&)23')&"()8('$(.&%.%&()2'3<)`'0#/":)

&"()>(#")/3.&(.&)(8&%<#&(0)U%&")?1-i)'3/i)>(#"C>($%&'()%8)"%5"(')&"#.)&"()3.()(8&%<#&(0)U%&")%.)

8%&1) >(#"C>($%&'(. D7$$(.0%=) gEM@) *&) %.0%/#&(8) U() 0%0) .3&) /3.8%0(') #.) %'3.W?(#'%.5) $"#8() 3')

1.0('(8&%<#&(0)3.()%'3.W?(#'%.5)$"#8()/3.&(.&@)\"()/3.&'%?1&%3.)32)#<$"%?3-()&3)>(#")/3.&(.&)

%8)<%88%.5)%.)J3.&#1&)#.0)`'0#/")3$"%/#-/%&()8#<$-(8@)R3U(Q(':)(Q(.)%2)%'3.)%.)#<$"%?3-()%8)
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/3.8%0('(0)#8)&3&#--4)3=%0%f(0)U().(Q(')'(/3./%-()>(#")/3.&(.&)/#-/1-#&(0)U%&")?1-i)'3/i)#.0)%.)

8%&1)>(#"C>($%&'(@)h()81$$38()&"#&)&"()/3.&(.&)32)<#5.(&%&()%8)1.0('(8&%<#&(0@)

*.)&"()<#5.(&%&(W2'(()8('$(.&%.%&()2'3<)`'0#/":)>(#")%.)8('$(.&%.()'($'(8(.&8)kYm)32)&"()

&3&#-)%'3.)#.0)#//31.&)23')GFFm)32)&"()&3&#-)R!)$'301/&%3.:)(8&%<#&(0)#&)HEk)<<3-Ci5)32)'3/i@)

*.)<#5.(&%&(W?(#'%.5)#.0)"%5"-4)8('$(.&%.%f(0)8#<$-(8)DJ3.&#1&)#.0)3$"%/#-/%&()2'3<)`'0#/"M)

>(#")%.)8('$(.&%.()'($'(8(.&8)EkWHXm)32)&"()&3&#-)%'3.)#.0)#//31.&)23')lFWlYm)32)&"()&3&#-)R!)

$'301/&%3.:)(8&%<#&(0)#&)ELEWETl)<<3-Ci5)32)'3/i@)h%&"31&)&"()23'<#&%3.)32)<#5.(&%&()#&)-3UW

&(<$('#&1'(8:)R!)$'301/&%3.)%8)#881'(0)?4)&"()23'<#&%3.)32)>(#"W?(#'%.5)8('$(.&%.()D7.0'(#.%)

(&)#-@:)EFGHI)g(#'0)(&)#-@:)EFFTI)VQ#.8:)EFGFI)>'38&)#.0)g(#'0:)EFFLI)J#'/#%--31)(&)#-@:)EFGGM)

U"%-()#&)"%5"(') &(<$('#&1'(8:)<#5.(&%&() %8) &"()<#%.)>(#"W?(#'%.5)$"#8()$'301/(0@)R3U(Q(':)

/#-/1-#&%3.8)8"3U)>(#") %.)<#5.(&%&()3.-4)#//31.&8) 23')EGWEYm)32) &"() &3&#-)R!)$'301/&%3.) %.)

<#5.(&%&(W?(#'%.5)8#<$-(8@)VQ(.)%2)<#5.(&%&()/3.&#%.8)EF)&3)HF)&%<(8)<3'()%'3.)&"#.)8('$(.&%.(:)

&"(%')/-38()>(#"C>($%&'()'#&%38)#.0)&"()"%5")/3.&(.&)32)8('$(.&%.()/3<$#'(0)&3)<#5.(&%&()D%@(@)XFW

kF)U&m)#.0)GWE)U&m:)'(8$(/&%Q(-4M)%.01/()&"()>(#")/3.&'%?1&%3.)32)8('$(.&%.()&3)?()"%5"(')&"#.)

<#5.(&%&(@)*.)&"()3/(#.W<%0)'%05()J7bS)'(5%3.:)>(#")%.)8('$(.&%.()'($'(8(.&8)GXWELm)32)&"()

&3&#-) %'3.) /3.&#%.(0) %.) #.) YFmW8('$(.&%.%f(0) '3/i) #.0) #//31.&8) 23') EXm) 32) &"() &3&#-) R!)

$'301/&%3.)&"#&)%8)(8&%<#&(0)#&)HEXWHHX)<<3-Ci5)32)'3/i)D7.0'(#.%)(&)#-@:)EFGHM@)R!)$'301/&%3.)

%8)(P1%Q#-(.&)?(&U((.)/3.&%.(.&#-)#.0)3/(#.%/)8('$(.&%.%&(8)0(8$%&()0%22('(.&)8('$(.&%.%f#&%3.)

/3.0%&%3.8)-(#0%.5)&3)#)0%22('(.&%#-)8(/3.0#'4)<%.('#-8)/3.&(.&@)

()*+*C*'&/,261;3/,;

h() 8&10%(0) &"() %'3.) 0%8&'%?1&%3.) #.0) 3=%0#&%3.) 8&#&() 32) EH) Q#'%#?-4) 8('$(.&%.%f(0)

$('%03&%&(8) 2'3<) &"()\1'3.:)J3.&#1&) #.0)`'0#/")<#88%28) 32) &"()_3'&"Wh(8&('.)]4'(.((8) &3)

(8&%<#&()&"(%')R!.$'301/&%3.@)h()'(#-%f(0)jW^b>)<(#81'(<(.&8)&3)0(&('<%.()&"()0%8&'%?1&%3.)

32)%'3.)#.0)^7_VK)#.0)jW^7_VK)<(#81'(<(.&8)#&)&"()>()!W(05(8)&3)3?&#%.)$#%'(0)?1-i)#.0)

%.W8%&1) %'3.) '(03=)0#&#@)[1') '(81-&8) 8"3U)#)"%5") '#.5()32)>(#"C>($%&'() '#&%38I)U%&") &"()$33'-4)

8('$(.&%.%f(0)$('%03&%&(8)2'3<)&"()\1'3.)<#88%2)"#Q%.5)&"()-3U(')>(#"C>($%&'()'#&%38)DF@FXWF@HEM)

#.0)&"()"%5"-4)&3)&3&#--4)8('$(.&%.%f(0)$('%03&%&(8)2'3<)&"()J3.&#1&)#.0)`'0#/")<#88%28)"#Q%.5)
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!"#$%&'()*+',"-".$/"0.'1&'23"./&.4"/5'1$'6"7'89-9.'1&'29'4"2"7&':&.'%0$#&;'9<&7'239=0$/'

1$'1"9-9./'4$65%"&$%':.0"%;'6$"4'".>5%"&$%':<&%/;?''

!"#$%&' ()@+' A>>&/' 13$.' >2$"1&' 49/$%5' &.' 4&2' 4$%' 23"./&.4"/5' 1$' 6"7'

89-9.'1&'29'4"2"7&?'
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)

!"#"2"$%&'%()%*+%$2$%-$3$,$.%('%*-)*).1-)4*$1$516-%.$'(%..)4*.$

)
!/-7%&%/-.)78#-#3C.(.))
U#).(6/-7()(0$1'%(-6()(.&)2(-1().5')3()2%6'/E'1#6&(5')HIJKELM@)$/5Q#-&)#&&(%-7'()7()

"#5&(.)$'(..%/-.@)6/5$31)F)7(.)7%#2#-&.)#50)$'/$'%1&1.)/$&%?5(.)/$&%2#3(.)$/5')3#).$(6&'/.6/$%()
K#2#-:)j5#&'()O'#%-.)78/3%Q%-()7(),#-)!#'3/.@)7()O'#-53/21&'%()bSEDSS)c2@)./-&)$3#61.)7#-.)
3#)6"#29'()F)16"#-&%33/-.)#5)6/-&#6&)785-()(#5)7()&C$()(#5)7()2(')=J#5)2%33%j)k)Z#!3)PbOAU>:)
J-)6/-7%&%/-.)#&2/.$"1'%?5(.)3().%O-#3)K#2#-)7()38/3%Q%-()(.&)/9&(-5)=.$(6&'()'/5O()l)X%O:)*E
P>:)U#)2/-&1()(-)&(2$1'#&5'()(.&)$'/O'(..%Q()(&).8(<<(6&5()$#')$#3%('.)7()TSd!)$5%.)F)$#'&%')7()
DTSd!)3#)6(3353()(.&)$3#61()F)DSSIM#:)B)6"#?5()$#3%(')7()&(2$1'#&5'()5-).$(6&'()K#2#-)(.&)
/9&(-5:)4-)<350)78#m/&()6/-&%-5)(.&)2%.)(-)$3#6()(-&'()3#)6(3353()(&)3(.)/9R(6&%<.)$/5')1Q%&(')3(5')
2/-&1()(-)&(2$1'#&5'(:))
)
K1.53&#&.)
BQ(6) 3#) 2/-&1() (-) &(2$1'#&5'() 75) .C.&;2() /-) /9.('Q() 5-) 716#3#O() Q('.) 3(.) 9#..(.)

<'1?5(-6(.)7()3#)'#%()75)7%#2#-&).5$1'%(5'@)5&%3%.1)6/22()'1<1'(-6()=F)DP``)62%&'l)X%O:)*EP>:)
H-)/9.('Q()1O#3(2(-&)5-()$('&()75).%O-#3)7()38/3%Q%-()7;.)3#)2/-&1()(-)&(2$1'#&5'()=.$(6&'(.)
'/5O()(&)-/%')#5)-%Q(#5)75)m//2l)X%O:)*EP>@)&#-7%.)?5()38%-&(-.%&1)7()3#)'#%()75)7%#2#-&)7%2%-5()
</'&(2(-&)F)$#'&%')7()N`Sd!)=.$(6&'(.)-/%')(&)Q('&)l)X%O:)*EP>:)Z/5.).5$$/./-.)?5()3#)2/-&1()(-)
&(2$1'#&5'(@) 2#3O'1) 3#) $'1.(-6() 785-) <350) 78#m/&() (-) .5'<#6() $/5') '(<'/%7%') 3(.) /9R(6&%<.@)
(-&'#i-() 5-() 7%3#&#&%/-) &"('2%?5() #5) -%Q(#5) 7(.) /9R(6&%<.) 75) 2%6'/.6/$() (&) 3%2%&('#%&) 3#)
'165$1'#&%/-)75).%O-#3)(-)./'&%(:)U#)6(3353()(.&)'#2(-1()#50)6/-7%&%/-.)#&2/.$"1'%?5(.)(&) 3()
.%O-#3)7()38/3%Q%-()(.&)'165$1'1:))
))

!"#$%&'()B+'(9%"9/"0.'1&'23"./&.4"/5'1$'6"7'89-9.'1&'2302"<".&'9<&7'29'-0./5&'&.'/&-65%9/$%&?''
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I#3O'1) 38#9.(-6() 7() .%O-#3) K#2#-@) 3#) 6(3353() (.&) 2#%-&(-5() 7#-.) 3(.) 6/-7%&%/-.) 7()
$'(..%/-)(&)7()&(2$1'#&5'()=N`Sd!)(&)DSS)IM#>)75'#-&)NP)R/5'.:)4-()$('&()7()352%-/.%&1)(.&)
/9.('Q1() 7;.) 3() P()*) R/5') 78(0$1'%(-6() =X%O:) *En>:) B<%-) 7() $/5'.5%Q'() 38/9.('Q#&%/-)
2%6'/.6/$%?5()7(.)O'#%-.@)5-()3#2$()(.&)$3#61()./5.)3()7%#2#-&)%-<1'%(5')7()3#)6(3353(:))

B5) 9/5&) 7() NP) R/5'.) 78(0$1'%(-6(@) 3(.) Q#--(.) 78(-&'1() (&) 7() ./'&%() 7() 3#) 6(3353() ./-&)
7(..(''1(.)$/5')$('2(&&'() 381Q#$/'#&%/-)7() 38(#5) .#-.)$('&()7(.) 16"#-&%33/-.)7#-.)7(.) m/-(.)
2/'&(.)75)2%6'/E'1#6&(5':)B) 3#) .5%&()7() 381Q#$/'#&%/-)75) <35%7(@) 3(.)O'#%-.)78/3%Q%-() .() ./-&)
71$/.1.) .5') 3() 7%#2#-&) %-<1'%(5':) U() 7%#2#-&) %-<1'%(5') (.&) '(&%'1)l) 3(.) $"#.(.) $'1.(-&(.) F) 3#)
.5'<#6() 75) 7%#2#-&) ./-&) '165$1'1(.) .5') 75) .6/&6") 6#'9/-() (&) #-#3C.1(.) #5) IJo)
(-Q%'/--(2(-&#3)=]1/.6%(-6(.)I/-&$(33%('>:))

U(.)O'#%-.)78/3%Q%-()D)(&)N)7()3#)X%O5'()*En)./-&)/9.('Q1.)#5)IJo)=X%O:)*ET>:)U(5').5'<#6()
(.&)6/2$#'1()F)6(33()7()O'#%-.)78/3%Q%-()-/-)#3&1'1.) =X%O:)*ET#>:)U(.)O'#%-.)78/3%Q%-()D)(&)N)
$'1.(-&(-&)5-().5'<#6()#Q(6)5-)#.$(6&)7%<<5.@)7%<<1'(-&)7()3#).5'<#6()3%..()/9.('Q1().5')3(.)O'#%-.)
-/-)#3&1'1.:))

!"#$%&'()C+'DE4&%<9/"0.'9$'-"7%04706&'1&4'#%9".4'1302"<".&'6297&4'19.4'29'7F9-E%&'G'57F9./"220.4'1&'29'

7&22$2&'%&46&7/"<&-&./'G'*HIJ'&/'@'E9%4'&/'G'*KLIJ'&/'@LLL'E9%4?''

!"#$%&'()H+'M%9".4'1302"<".&'9;'.0.'92/5%54N'E;'.$-5%0'@'96%O4'92/5%9/"0.'G'*KLIJ'&/'@LLL'E9%4N'7;'.$-5%0'

*'96%O4'92/5%9/"0.'G'*KLIJ'&/'@LLL'E9%4?'
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!"#$%&'()*)+),('$(-&%-%.#&%/-)(0$1'%2(-&#3()

V(50)#5&'(.)$"#.(.)./-&)/9.('Q1(.)#5)IJo)(-Q%'/--(2(-&#3)+)
E V(.)6'%.&#50)7().(3@)%..5.)7()3#)$'16%$%&#&%/-)75)Z#!3)6/-&(-5)7#-.)3()<35%7()3/'.)7()./-
1Q#$/'#&%/-)=X%O:)*Eb#>

E V(.)2%-1'#50)7()9'56%&(@)7()</'2()"(0#O/-#3()6#'#6&1'%.&%?5(@)(&)'%6"()(-)2#O-1.%52
(&)/0CO;-()=X%O:)*Eb>:

U#) $'1.(-6() 7() 9'56%&() $('2(&) 7() 6/-<%'2(') 5-) 7195&) 7() '1#6&%/-) 7() .('$(-&%-%.#&%/-:)
!($(-7#-&@)38#9.(-6()7().$(6&'()K#2#-)#5)6/5'.)7()3#)'1#6&%/-)-()-/5.)$('2(&)$#.)7()71<%-%')
38#Q#-6(2(-&)7()3#)'1#6&%/-)7().('$(-&%-%.#&%/-)(-)</-6&%/-)7()3#)$'(..%/-:)

U#)&'/%.%;2()(0$1'%(-6()(.&)'1#3%.1()7#-.)3(.)2G2()6/-7%&%/-.)?5()3#).(6/-7(:)4-).$(6&'()
K#2#-) (.&) /9&(-5) #$';.) 5-() 7%2%-5&%/-) 7(.) 6/-7%&%/-.) 7() $'(..%/-) (&) 7() &(2$1'#&5'(:) U#)
</'2#&%/-) 785-() 9533() 3/'.) 7() 3#) '(7(.6(-&() (-) &(2$1'#&5'() 3%2%&() 38/9.('Q#&%/-) 7(.) O'#%-.)
78/3%Q%-()(&)38#6?5%.%&%/-)7().$(6&'(.)K#2#-:)U8(0$1'%(-6()(.&)#''G&1()(&)3(.)O'#%-.)-8/-&)$5)G&'()
'165$1'1.:))

B%-.%)3()6/5$3#O()2%6'/'1#6&(5')HIJKELM)a).$(6&'/.6/$%()K#2#-)-()6/-.&%&5()$#.)3()
2(%33(5') /5&%3) $/5') 1&57%(') 3#) 6%-1&%?5() 7() '1#6&%/-) 7() .('$(-&%-%.#&%/-) (-) 3%(-) #Q(6) 7(.)
6/-7%&%/-.)7()"#5&(.)$'(..%/-)(&)&(2$1'#&5'(.:)[3).('#%&)$'1<1'#93()7()'1#3%.(')7(.)(0$1'%(-6(.)F)
"#5&(.)$'(..%/-)O'p6()#5)2%6'/E'1#6&(5')HIJKELM@)F)7(.)&(2$.)7%<<1'(-&.@)$5%.)7()6#'#6&1'%.(')
7#-.)5-).(6/-7)&(2$.)3(.)$'/75%&.)7()3#)'1#6&%/-:)))

!"#$%&'()P+'M%9".4'1&'E%$7"/&'&.'#%"4'9;'94407"54'G'1&4'7%"4/9$Q'1&'4&2':&.'E29.7;'E;'

R00-'4$%'1&4'#%9".4'1&'E%$7"/&?''
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+,7,*8#'&9*%:*)$%"*$2&%/*3#4#2*&'$)";*4"*2/02$)<2"#4=*32$02"#)")>4#)%"*%:

=%?@0%$%3)#9*'=#$4<4:)(*$%(AB*)"3);6#*%"*#62*:4#2*%:*69&$%;2"

!: W%6"#7/5&+',@)I:)I5q/m&@)K:)U($'/Q/.&&@)M:)]/5m(&@)I:)43'%6"!@)I:)]/7#'7&

U%.&()$'/Q%./%'(

&)]1/.6%(-6(.)I/-&$(33%('@)4IK)TNnP@)!!bS@)4-%Q('.%&1)7()I/-&$(33%('@)M3#6()J5O;-()
o#&#%33/-@)PnSrT)I/-&$(33%(')6(7(0)T@)X'#-6()

!'4-%Q('.%&1)7(),&'#.9/5'O@)!ZK,@)[-.&%&5&)W(''()(&)J-Q%'/--(2(-&)7(),&'#.9/5'O@)4IK)eSbP@)
D)'5()o3(..%O@),&'#.9/5'O)XEbeS`n@)X'#-6(!!

!"#$%&'()(*&+,%-./+%$&''012$%&'3+.$
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!"#$%&'()*)+),('$(-&%-%.#&%/-)(0$1'%2(-&#3()

17.-(1+-$

[-) /'7(') &/) 5-7('.&#-7) &"() '(#./-.) </') &"() Q#'%#9%3%&C) /<) !L!) 6/-7%&%/-.) =%-Q('.(3C)
$'/$/'&%/-#3) &/) !H!>) f() '(#6&(7) </') #) 2#0%252) /<) PrP)7#C.) #) $//'3C) .('$(-&%-%m(7) #-7)
5-6'5."(7)$('%7/&%&()#&)NeSd!@)PS)IM#)f%&")#)"%O")fA')'#&%/)=seS>:)M'/756&.)/<)&"()'(#6&%/-@)#&)
&"() .5'<#6() #-7) &"() %--(') $#'&.) /<) &"() .#2$3(@) #'() &"(-) 6"#'#6&('%m(7) 9C)2%-('#3/O%6#3) #-7)
.$(6&'/.6/$%6).&57%(.)=X()"E(7O()YBZJ,>:))

W"().#2$3()."/f.)#-)%-6'(#.()%-).('$(-&%-()6/-&(-&)/<)n:P)f&h)#<&(')PrP)7#C.)/<)'(#6&%/-:)
[-)#../6%#&%/-)f%&").('$(-&%-(@)&"()'(#6&%/-)$'/756(.)"(2#&%&(@)%-7%6#&%-O)"%O")!H!)6/-7%&%/-.:)
W"(.()6/-7%&%/-.)'(.53&)<'/2)&"()"%O")fA')'#&%/)&"()'(O53#')(0&'#6&%/-)/<)&"()L!)$'/756(7)75'%-O)
&"()'(#6&%/-:)W"()-(f3C)</'2(7).('$(-&%-()$'(.(-&.)&f/)<(#&5'(.+)%>)%&)%.)%'/-E'%6"@)#-7)%%>)%'/-)
%.)2/'()/0%7%m(7)&"#-)%-)&"().('$(-&%-()/<)&"()$'/&/3%&":)g()#..52()&"#&)&"()%'/-)(-'%6"2(-&)/<)
.('$(-&%-(.)'(.53&.)<'/2)&"()7(.&#9%3%m#&%/-)/<)2#O-(&%&(@)5-.&#93()5-7(')"%O")!H!)6/-7%&%/-.:)
W"().#2$3()7%.$3#C.)Q#'%#&%/-)%-)!H!)6/-7%&%/-.)'(6/'7(7)9C)#)Q#'%#&%/-)/<)&"()X($#AX(-./01)'#&%/)
<'/2)&"().5'<#6()&/)&"()%--(')$#'&.:)W"().#2$3().5'<#6(@)(?5%Q#3(-&)&/)#-)/$(-).C.&(2)f%&")#)
"%O")fA')'#&%/@)(0"%9%&.)"%O")%'/-)/0%7#&%/-)Q#35(.)f"%3(@)&"()%--(')$#'&.).59R(6&(7)&/)#)3/f(')
fA') '#&%/) #-7) &/) &"() #665253#&%/-) /<) L!@) (0"%9%&.) #) 3/f(') X($#AX(-./01) '#&%/.:) LC7'/O(-) %.)
&"('(</'() -/&) /-3C) #) $'/756&) /<) &"() '(7/0) '(#6&%/-) 95&) #3./) #) $#'#2(&(')f"%6") 6/-&'/3.) &"()
'(#6&%/-:))
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!"2"#"$)*-(486+-)4*

,('$(-&%-() 2%-('#3.) #'() "C7'#&(7) IO) .%3%6#&(.) </'2(7) 9C) &"() "C7'#&%/-) /<) IOE'%6")
53&'#2#<%6)'/6t.)75'%-O).('$(-&%-%m#&%/-)'(#6&%/-:)W/)/665'@).('$(-&%-%m#&%/-)/<)53&'#2#<%6)'/6t.)
'(?5%'(.) &f/)6/-7%&%/-.+) =D>)5-.&#93()6/-7%&%/-.) </') '/6t)$'%2#'C)2%-('#3.) =%:(:@)/3%Q%-()#-7)
$C'/0(-(>)#-7).&#93()</').('$(-&%-()2%-('#3.@)2(&)9(3/f)nTSd!)#-7)TSS)IM#@)#-7)=N>)#-)#66(..)
/<)#?5(/5.)<35%7=.>)%-&/)&"()'/6t)=(:O:@)JQ#-.)(&)#3:@)NSDPl)I1Q(3@)NSSPl)HuL#-3(C@)Drrb>:)W"(.()
6/-7%&%/-.)#'()(-6/5-&('(7)%-)2#-C)O(/3/O%6#3)6/-&(0&)=#3/-O)2%7E/6(#-)'%7O(.@)2#O2#E$//')
$#..%Q()2#'O%-.@) .59756&%/-) #'(#.@) /$"%/3%&(.>@)f"('() .('$(-&%-%m#&%/-) '(#6&%/-) $'/756&.) #'()
/9.('Q(7)%:(:@)%-)Q#'C%-O)#2/5-&.@).('$(-&%-()2%-('#3.@)2#O-(&%&(@)9'56%&()#-7)"C7'/O(-)=(:O:@)
V(.6"#2$.)(&)#3:@)NSDPl)I1Q(3@)NSSPl)Z(#3)#-7),&#-O('@)Dr`Tl)K/52(R/-)(&)#3:@)NSDT>:),&57C)
/<).('$(-&%-()2%-('#3.)%-)&"%.)7%Q('.%&C)/<)(-Q%'/-2(-&.)"%O"3%O"&)&"#&)&"(C)</'2(7)5-7(')#)f%7()
'#-O() /<) &(2$('#&5'(.) =<'/2) 3/f) &(2$('#&5'(.) f%&") .59E.5'<#6() .('$(-&%-%m#&%/-) &/)
"C7'/&"('2#3)&(2$('#&5'(.l)JQ#-.)(&)#3:@)NSDPl)I1Q(3@)NSSP>:))

,('$(-&%-%m#&%/-)%.)#)"C7'#&%/-)'(#6&%/-)&"#&)'(?5%'(.)(<<(6&%Q()<35%7)%-<%3&'#&%/-)#-7)#66(..)
&/) 2%-('#3) .5'<#6(.) =(:O:@) J.6#'%/) (&) #3:@) NSD`l) ]/7#'7) (&) #3:@) NSDP>:) [-) .('$(-&%-%m#&%/-)
(-Q%'/-2(-&.@)&"()2#%-)$#&"f#C)</')<35%7=.>)%.)$'/Q%7(7)9C)'/6t)<'#6&5'%-O)=(:O:@)B-7'(#-%)(&)
#3:@)NSSel)M3v2$(')(&)#3:@)NSDNl)K/521R/-)#-7)!#--#&@)NSDn>:)W"'(()2#%-)$'/6(..(.)6#-)3(#7@)
%-) 6"'/-/3/O%6#3) /'7('@) &/) 7%<<('(-&) &C$(.) /<) <'#6&5'%-O+) %>) &"('2#3) 6/-&'#6&%/-) /<)2#O2#&%6)
2%-('#3.@) #../6%#&(7) f%&") (0"52#&%/-) &(6&/-%6.) #-7) &(2$('#&5'() 7'/$) =(:O:@) o/57%(') (&) #3:@)
NSST>@)%%>)(0&(-.%Q()&(6&/-%6)'(O%2()3(#7%-O)&/)</'2#&%/-)/<)-/'2#3)<#53&.)=o/.6"%)(&)#3:@)NSSbl)
K/521R/-)#-7)!#--#&@)NSDn>@)#-7)%%%>)'(#6&%/-)7'%Q(-)6'#6t%-O)$'/6(..)=(:O:@)[C(')(&)#3:@)NSS`l)
w(3(2(-)#-7)L%'&"@)NSDNl)I#3Q/%.%-)(&)#3:@)NSDel)M3v2$(')(&)#3:@)NSDN>:)B-7'(#-%)(&)#3:)=NSSe>)
7(.6'%9() &f/) 7%.&%-6&) $'/6(..(.) </') <35%7=.>A'/6t) %-&('#6&%/-.@) '(3#&%Q() &/+) %>) /$(-) .C.&(2)
6"#'#6&('%m(7)9C) <35%7)6/-Q(6&%/-) %-) 3/6#3%m(7)$#&"f#C.) =%:(:@) <#53&.)/') <'#6&5'(.>@) %%>)63/.(7E
7%<<5.%Q().C.&(2)f%&")$('Q#.%Q()f#&(')7%<<5.%/-)3(#7%-O)&/)&"()</'2#&%/-)/<)&"()./E6#33(7)2(.")
&(0&5'()%-).('$(-&%-%&(.:)M'(6%$%&#&%/-)/<)"C7'#&(7)IO).%3%6#&(.)&(-7.)&/)'(756()&"()'/6t)$/'/.%&C)
9C) #) '#$%7) %-<%33) /<) &"() $/'() .$#6(:) L/f(Q('@) W5&/3/) (&) #3:) =NSDb>) ."/f(7) &"#&) .('$(-&%-()
2%-('#3.)</'2)f%&")&"(%')/f-)$/'/.%&C)#33/f%-O)7%<<5.%Q()<35%7)<3/f)(Q(-)#<&(') %-<%33)/<)$/'()
.$#6()6'(#&(7)9C)6'(#&(7)9C)'/6t)<'#6&5'%-O:)

V5'%-O) .('$(-&%-%m#&%/-) '(#6&%/-.@) <(''/5.) %'/-) 6/-&#%-(7) %-) $'%2#'C)2%-('#3.) .56") #.)
/3%Q%-()#-7)$C'/0(-()/0%7%m(.)&/)<(''%6)%'/-)6/-&#%-(7)%-).(6/-7#'C)$"#.(.).56")#.).('$(-&%-()
#-7A/')2#O-(&%&(:),56")#-)/0%7#&%/-)'(#6&%/-)3(#7.)&/)&"()'(3(#.()/<)7%"C7'/O(-)O#.@)</33/f%-O)
&"().%2$3%<%(7)'(#6&%/-+)

NX(H)k)L!H)x)X(!H$)k)L!) =D>)

V($(-7%-O)/-)&"()9("#Q%/')/<)7%"C7'/O(-)%-)&"()"/.&%-O)'/6t)=(:O:@)2/'()/')3(..)(<<%6%(-&)
7'#%-#O()6/-7%&%/-.>@)Q#'%#93()!L!)2#C)/665')%-)&"().C.&(2:)[-7((7@)#66/'7%-O)&/)X'/.&)=Dr`T>)
K(#6&%/-)D)."/537)9()6/-.%7('(7)#.)#-)(-('OC)9#3#-6()'#&"(')&"#-)#)2#..)9#3#-6(@)f"%6")%2$3%(.)
&"#&) &"() !H!) %.)-/&)7%'(6&3C)6/''(3#&() &/)"C7'/O(-).&/%6"%/2(&'C:) [-)#66/'7#-6(@)#3&"/5O") &"()
2/.&) 6/22/-3C)/9.('Q(7) .(6/-7#'C)2%-('#3.) #'()X($#E9(#'%-O)$"#.(.) .56") #.)2#O-(&%&()/')
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!"#$%&'()*)+),('$(-&%-%.#&%/-)(0$1'%2(-&#3()

X($#E9(#'%-O) .('$(-&%-() =(:O:@)B-7'(#-%)(&) #3:@)NSDPl)I#'6#%33/5)(&) #3:@)NSDDl),(C<'%(7)(&) #3:@)
NSSe>@)&"()/665''(-6()/<)2(&#33%6)#33/C.).56")#.)#f#'5%&()=Z%!%$X(>)"#.)9((-)'($/'&(7)%-)$#'&%#33C)
.('$(-&%-%m(7)$('%7/&%&(.)=(:O:@)X'/.&@)Dr`T>:)H-)&"()/&"(')"#-7@)"(2#&%&()%.)#3./)</5-7)%-)-#&5'#3)
.C.&(2.l) 95&) /-3C) #../6%#&(7) &/) 3/f) !L!) #-7) 6#'9/-#&()$'(6%$%&#&%/-) =(:O:@) X'/.&@) Dr`T>:)X/')
(0#2$3() %-) &"(/'(&%6#3) .&57%(.@) "(2#&%&()f#.) </5-7)/-3C) </') Q('C) (3(Q#&(7)f#&('A'/6t) '#&%/.)
=I#3Q/%.%-@)NSDTl),(C<'%(7)(&)#3:@)NSSe>@)f"('()3/f)!L!)6/-7%&%/-.)#'()2#%-3C)6/-&'/33(7)9C)#-)
(0&('-#3)<35%7:)

[-) /'7(') &/) 5-7('.&#-7) &"() '(#./-.) </') &"() Q#'%#9%3%&C) /<) !L!) 6/-7%&%/-.) =%-Q('.(3C)
$'/$/'&%/-#3) &/) !H!>) #.) /9.('Q(7) %-) -#&5'#3) .C.&(2.@) f() $'/$/.() &/) 6/-756&) #-) #5&/63#Q()
.('$(-&%-%m#&%/-)(0$('%2(-&:)g()'(#6&(7)</')#)2#0%252)/<)PrP)7#C.)#)$//'3C).('$(-&%-%m(7)#-7)
5-6'5."(7)$('%7/&%&()#&)NeSd!)#-7)PS)IM#:)B<&(')'(#6&%/-@)f()6"#'#6&('%m()9/&"@)#'(#.)3/6#&(7)
63/.()&/)&"()'(#6&%-O).5'<#6()&"#&)%.)%-)7%'(6&)6/-&#6&)f%&")#'&%<%6%#3).(#f#&(')=#..%2%3#&(7)&/)<35%7E
7/2%-#&(7).C.&(2.>@)#-7)%--(')$#'&.)/<)&"().#2$3()&"#&)6#-)9()#..%2%3#&(7)&/)'/6tE7/2%-#&(7)
.C.&(2.:) W"() (0$('%2(-&#3) $'/756&.) #'() 6"#'#6&('%m(7) 9C) 2%-('#3/O%6#3) #-7) .$(6&'/.6/$%6)
.&57%(.).56")#.)X()"E(7O()YBZJ,)=YE'#C)#9./'$&%/-)-(#')(7O().&'56&5'(>:)['/-)'(7/0)2#$.)#'()
<%-#33C)5.(7)&/)"%O"3%O"&)6/-&'#.&(7)!H!)6/-7%&%/-.:)

!"2"2"$01-%()1/.$1*8$0%-548.

#$%&'()&)$*!%(+*),$*-.%(/*'$*01*-23(.4%$*+155&!*67(%),89$5)$%/*#:%$/$$5;*<%1/3$=*

g()5.()#)$'/&/2C3/-%&()=%:(:@)_TSh)/<)<%-(EO'#%-(7)2#&'%0>)/<)$('%7/&%&()<'/2)&"()W5'/-)
7()3#)W16/5;'()2#..%<)=Z/'&"Eg(.&('-)MC'(-((.)a)X'#-6(>:)W"()$'/&/2C3/-%&()%.)$//'3C)#3&('(7)
#-7)6/-&#%-.)T`)f&h)/<)</'.&('%&(@)D`)f&h)/<)(-.&#&%&(@)DD)f&h)/<)7%/$.%7(@)P)f&h)/<).$%-(3@)P)
f&h)/<)#-/'&"%&()#-7)e)f&h)/<).('$(-&%-()=W%6"#7/5)(&)#3:@)%-)$'(..>:),#2$3(.)#'()$'($#'(7)#.)
7'%33)6/'(.)/<)&"()$'/&/2C3/-%&(@)f%&")/-()7'%33)6/'()/<)P22)7%#2(&(')</')2#0%252)b22)"(%O"&)
#-7)</5')7'%33)6/'(.)/<)b)22)7%#2(&(')</')2#0%252)DS22)"(%O"&:))

>?@$%&+$/)10*+$),('*

J0$('%2(-&)%.)6/-756&(7)%-)#)&%&#-%52)#5&/63#Q()f%&"/5&)#O%&#&%/-@)'(<(''(7)&/)#.)y.&#&%6)
9#&6")'(#6&/'z)=,5$$3(2(-&#'C)X%O5'()*ED>:)W/)3%2%&)/0CO(-)6/-6(-&'#&%/-)%-&/)&"()#5&/63#Q(@)
#)Q#6552)%.)6#''%(7)5.%-O)#)Q#6552)$52$:),#2$3(.)=%:(:@)PE)#-7)b)22)6/'(.>)#'()'(#6&(7)f%&"%-)
&"().#2()(0$('%2(-&)f%&")NSS)2U)/<)#'&%<%6%#3).(#f#&(')=S:b)I)Z#!3>)#&)PS)IM#@)NeSd!)#-7)#)
f#&('A'/6t)=fA'>)'#&%/)/<)eS:)W"()b)22)6/'(.)#'()'(#6&(7)</')&%2()75'#&%/-)/<)``@)NSn@)PDb)#-7)
PrP)7#C.@) f"%3() &"() P)22) 6/'() %.) '(#6&(7) </') &%2() 75'#&%/-) /<) PrP)7#C.) f%&"%-) &"() .#2()
(0$('%2(-&:)W"()/5&$5&)/<)&"()b)22)6/'(.)#<&(')``@)NSn)#-7)PDb)7#C.)/<)'(#6&%/-)'(?5%'(.)&"()
'(&5'-) &/) #&2/.$"('%6) 6/-7%&%/-.) =NT)d!) #-7) S:D)IM#>) &/) /$(-) &"() #5&/63#Q(:) B<&(') &"()
(0$('%2(-&@) &"()b)22)6/'(.)#'()65&) %-) &f/)$%(6(.@)#-7)$'($#'(7)#.)$/3%."(7) &"%-).(6&%/-.)#&)
]1/.6%(-6(.) I/-&$(33%(':) W"() P)22) 6/'() %.) $'(E@) #-7) $/.&E6"#'#6&('%m(7) 9C) YE'#C)
2%6'/6/2$5&(7)&/2/O'#$"C)#&)U#9/'#&/%'()7(.)X35%7(.)!/2$3(0(.)(&)3(5'.)K1.('Q/%'.)=4MMB@)
M#5>)&/)Q%.5#3%m()&"()Q(%-.)-(&f/'t:)
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!"#$%&'()*)+),('$(-&%-%.#&%/-)(0$1'%2(-&#3()
)

>0$3)%(/*A13B531))$%$'*'&!!%13)&(/*6>CDE=*

W"()2%-('#3/OC)#-7)6"(2%.&'C)/<) &"()$'(E) #-7)$/.&E#3&('(7) .#2$3(.) #'() #-#3Cm(7)f%&")
(3(6&'/-)9#6t.6#&&('(7)7%<<'#6&%/-)=Jo,V>)5.%-O)#)!#2,6#-)!'C.&#3M'/9()YTSSXJ),6#--%-O)
J3(6&'/-) I%6'/.6/$(@) =.('Q%6() 7() I%6'/.6/$%() {3(6&'/-%?5() (&) B-#3C&%?5(@) 4-%Q('.%&C) /<)
I/-&$(33%('@)X'#-6(>)/-)$/3%."(7)&"%-).(6&%/-.:)B-#3C.%.)6/-7%&%/-.)#'(+)#-)#66(3('#&()Q/3&#O()
/<)NSt*@)#)9(#2)65''(-&)/<)#9/5&)T-B@)#)f/'t%-O)7%.&#-6()/<)#9/5&)NT22)5-7(')6/-&'/33(7)
Q#6552)6/-7%&%/-.@)#).&($).%m()9(&f((-)P)#-7)T)c2)#-7)#-)(0$/.5'()&%2()/<)Dn2.:)!/33(6&(7)
6"(2%6#3) 2#$.) =,5$$3(2(-&#'C) X%O5'() *EN>) #'() &"(-) 5.(7) &/) 6#3653#&() $"#.(.) 2#$.)
=,5$$3(2(-&#'C)X%O5'()*EP>)#66/'7%-O)&/)#)3%-(#')6/29%-#&%/-)$'/6(75'()7(.6'%9(7)9C)I5q/m)
(&)#3:)=NSS`>@)#-7)<5'&"(')%335.&'#&(7)%-)43'%6")(&)#3:)=NSDn>)#-7)I5q/m)(&)#3:)=NSDr>:)g%&")$"#.()
2#$.)f()6#3653#&()&"()$'%2#'C)#-7).(6/-7#'C)2%-('#3.)6/-&(-&)/-)NV)$"#.()2#$.)&/)(Q#35#&()
&"(%')(Q/35&%/-)75'%-O)&"()(0$('%2(-&:))

)
D:/3,%()%(/*F8%1:*1A5(%@)&(/*/$1%*$'G$*5)%.3).%$*6FH7>D=*1/'*F8%1:*!0.(%$53$/3$*6FI<=*

V#&#)#'()6/33(6&(7)#&),HUJ[U@)/-)&"()U4![B)9(#23%-(@)6"#'#6&('%m(7)9C)&"()$'/756&%/-)
/<)#)2%6'/</65.(7)9(#2)%-)&"()S:`E`)t(*)(-('OC)'#-O(:)W"().&/'#O()'%-O)/$('#&%-O)6/-7%&%/-.)
f('()N:n)](*)#-7)nTS)2B)%-)&"()yW/$E5$z)%-R(6&%/-)2/7(:)W"()./5'6()%.)#-)5-753#&/')L4TN)
yB$$3()[[z)&C$(@)</33/f(7)9C)#).('%(.)/<)2%''/'.)&/)</6#3%m()&"()9(#2)/')#6&%-O)#.)3/fE$#..)<%3&(':)
B) ,%=PDD>) 2/-/6"'/2#&/') %.) 5.(7) &/) $'/Q%7() #) <350) /-) &"() .#2$3() f%&") #) 9(#2E.%m() /<)
P:T|P:T)}2)#-7)#-)(-('OC)'(./35&%/-)/<)D:n)(*)#&)&"()X()"E(7O(:)W"()%-6%7(-&)9(#2)%-&(-.%&C)
%.)2(#.5'(7)5.%-O)#)y3/fE-/%.(z)%/-)6"#29(')<%33(7)f%&")L(EO#.:)Z!E6'C/.&#&)%.)5.(7)&/)$'(Q(-&)
%''#7%#&%/-)7#2#O()/-)&"().#2$3(.:)

)
W/) Q%.5#3%m() &"() (Q/35&%/-) /<) X($#AX(-./01' %-) .('$(-&%-() 9(&f((-) &"() $'(E) #-7) PrP)7#C.)

'(#6&(7) $'/&/2C3/-%&(@) f() '(#3%m() X(E'(7/0) 2#$.) =%:(:@) 2#$.) ."/f%-O) &"() 7%.&'%95&%/-) /<)
X($#AX(-./01l) .(()I5q/m) (&) #3:) =NSSb>:) X/') &"#&) $5'$/.(@) &f/)2#$.) #'() 6/33(6&(7) #&) 7%<<('(-&)
(-('O%(.)</')#).%-O3()'(O%/-+)%>)/-()2#$)#&)eDNN:T)(*)=#&)&"()(7O(ER52$>@)#-7)%%>)#-/&"(')/-()#&)
eNTS)(*)=%-)&"()$/.&E(7O()'(O%/->:)X(E'(7/0)2#$)'(.53&.)<'/2)&"()7%Q%.%/-)/<)&"()<%'.&)9C)&"()
.(6/-7) &/) /Q('6/2() &"() "(&('/O(-(%&%(.) /<) %'/-) 6/-&(-&.:) X(E'(7/0) 2#$.) #'() &"(-) 3%-(#'3C)
?5#-&%<%(7)&"#-t.)&/)&"()6/33(6&%/-)/<).(Q('#3)$/%-&)%-)&"()2#$$(7)'(O%/-.)/<)cEYBZJ,)#-#3C.(.@)
6/33(6&(7)#&)&"()X()"E(7O(@)9(&f((-)eSTS)#-7)ePSS)(*@)%-)&"()<35/'(.6(-6()2/7(:)W"()$'(E(7O()
$(#t.)#'()<%&&(7)&/)7('%Q()%-</'2#&%/-)#9/5&)&"().$(6%#&%/-)/<)%'/-@)#66/'7%-O)&/)&"()$'/&/6/3)/<)
g%3t()(&)#3:)=NSSD>)#-7)7(.6'%9(7)%-)W%6"#7/5)(&)#3:)=%-)$'(..>:)U/6#&%/-)/<)&"()X(E'(7/0)2#$.)
/<)&"()'(#6&(7)$'/&/2C3/-%&()%.)O%Q(-)%-)X%O5'()*Ee#)=#'(#)D)#-7)#'(#)N>:)

)
)

!"2"3"$(%.6/-.$

JKLKMK1K*>N&'$/3$5*1/'*@%('.3)5*(!*5$%@$/)&/&O1)&(/**

)
W"()'(#6&(7)b)22)6/'(.)#'()6"#'#6&('%m(7)9C)#)$'(7/2%-#-6()/<)$'%2#'C)2%-('#3.)=%:(:@)

/3%Q%-()#-7)$C'/0(-(>:)W"(C)#'()$'(.(-&)#.)$/'$"C'/63#.&.)/')%-).2#33)O'#%-.)%-)&"()<%-(EO'#%-(7)
2#.&(') =X:]:Il) X%O:) *Ee#@) e9>:) W"() 6/-&(-&) /<) $'%2#'C) 2%-('#3.@) -/&) '($'(.(-&(7@) %.)
"(&('/O(-/5.) 9(6#5.() /<) #) .#2$3() 9%#.) 75'%-O) 6/'() $'($#'#&%/-:) g%&") &"() $'/O'(..) /<) &"()
'(#6&%/-@)Q5O.)#-7)9'/f-%.")Q(%-.)7(Q(3/$)/-)&"().5'<#6()/<)&"().#2$3(.)=Q5O.)#-7)Q(%-)%-)X%O:)
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*Ee#>:)W"(C)9/&")#$$(#')#<&(')NSn)7#C.)/<)'(#6&%/-)=.(()&"()NSn)7#C.)&"%-).(6&%/-)</')9'/f-%."
Q(%-.l)X%O:)*Ee#>:)W"()9'/f-%.")Q(%-.)#'()<%'.&)3/6#&(7)#&)&"()9/&&/2)/<)&"().#2$3()&"(-@)#<&('
PDb)7#C.)/<)'(#6&%/-@)&"(C)#'()$'(.(-&)&"'/5O"/5&)&"().#2$3()=.(()&"()NSn)#-7)PDb)7#C.)&"%-
.(6&%/-) </') 9'/f-%.") Q(%-.l) X%O:) *Ee#>:) [-) 6/--(6&%/-) f%&") &"() 7(Q(3/$2(-&) /<) Q(%-.@) &"(
.('$(-&%-()6/-&(-&)%-6'(#.(.)<'/2)NSn)7#C.)/<)'(#6&%/-)=e)f&h)#&)S)#-7)``)7#C.)#-7)`)f&h)#&
NSn)7#C.l) X%O:)*Ee9>) #-7) '(#6"(.) #)2#0%252)/<) DD:P)f&h)#<&(') PrP) 7#C.) /<) '(#6&%/-:)W"(
.#2$3()."/f.)#-)%-6'(#.()%-).('$(-&%-()6/-&(-&)/<)n:P)f&h)#<&(')PrP)7#C.)/<)'(#6&%/-:

X%O5'()*E`)."/f.)/$&%6#3)%2#O(.)/<).('$(-&%-()Q(%-.)%-)&"()$'/&/3%&")=X%O:)*E`#E6>@)#-7)
&"()PrP)7#C.)'(#6&(7).#2$3()=#'(#)D)%-)X%O:)*E`7E<)#-7)#'(#)N)%-)X%O:)*E`OE%>:)W"()Q(%-.)/<)&"()
$'/&/3%&")"#Q()#)2#0%252)&"%6t-(..)/<)NS)}2)=X%O:)*E`6>:),('$(-&%-()Q(%-.)6'/..E65&)/3%Q%-()
$'%2#'C)2%-('#3)=H3>)#-7)(0&(-7)&/)&"()<%-(EO'#%-(7)2#&'%0)=X:]:Il)X%O:)*E`#@)9>:)[-)$'%2#'C)
/3%Q%-(@).('$(-&%-()%.)#3./)7(Q(3/$%-O)3#&('#33C@)#.)(Q%7(-6(7)9C).59E$('$(-7%653#')Q(%-.)=X%O:)
*E`6>:)Z/&()&"#&).('$(-&%-()Q(%-.)#'()#../6%#&(7)&/)./2()2#O-(&%&()O'#%-.)=X%O:)N6>@)"/f(Q('
&"()&/&#3)#2/5-&)/<)2#O-(&%&()%-)&"()W5'/-)$('%7/&%&()%.)-(O3%O(#93().%-6()%&)f#.)-(Q(')%7(-&%<%(7
%-)YKV)$#&&('-.)=W%6"#7/5)(&)#3:@)%-)$'(..>:

W"()<%'.&)#'(#).(3(6&(7)%-)&"()PrP)7#C.)'(#6&(7).#2$3()=<5'&"(')6#33(7)PrPE.#2$3(>)7%.$3#C.)
#)-(&f/'t)/<).('$(-&%-()Q(%-.)=,:Q(%->)&"#&)6'/..E65&.)/3%Q%-()$'%2#'C)2%-('#3)=H3>)#-7)(0&(-7.)
&/)&"()<%-(EO'#%-(7)2#&'%0)=X:]:Il)X%O:)*E`7@(>@)f"%3()&"().(6/-7)#'(#)7%.$3#C.)#).('$(-&%-()
Q(%-)=,:Q(%->)&"#&)6'/..E65&.)/'&"/$C'/0(-()$'%2#'C)2%-('#3.)=H$0>)#-7)&"()<%-(EO'#%-(7)2#&'%0)
=X:]:Il)X%O:)*E`O@">:)Three features distinguish the 393-sample from the protolith: i) thicker

serpentine veins ='(.$(6&%Q(3C)PSETS)c2)#-7)NS)c2l)X%O:)*E`>@) %%>) &"()#9.(-6()/<)2#O-(&%&()
#../6%#&(7) &/) &"() .('$(-&%-() Q(%-.) #-7) %%%>) #) 7%../35&%/-) <'/-&@) $'(.(-&) /-) &"() .5'<#6() /<) &"()
.#2$3()=V%..)X:l)X%O:)*E`<@)N%>:)W"()7%../35&%/-)<'/-&)%.)#-)%''(O53#').&'56&5'()f"%6")(0&(-&)5$)

!"#$%&'()S+'9;'P--'70%&4'0>'6%0/0-T20."/&N'9.1'94407"9/&1'/F".'4&7/"0.4N'/F9/'%&97/&1'>0%'/"-&'1$%9/"0.'

0>' KKN' *LCN' B@P' 9.1'BUB'19T4?' E;'(9%"9/"0.4'V"/F' %&97/"0.' /"-&'0>' 6%"-9%T'-".&%924' 9.1' 4&%6&./".&'
70./&./?'
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!"#$%&'()*)+),('$(-&%-%.#&%/-)(0$1'%2(-&#3()

&/)PSETS)c2)f%&"%-)&"().#2$3(:)W"()O'(#&(.&)&"%6t-(..)/<)&"()<'/-&)%.)/9.('Q(7)#&)&"()3(Q(3)/<)
&"()$C'/0(-()63(#Q#O(.)=X%O:)*E`%>:)B.)/9.('Q(7)%-)&"()m//2)/<)&"()X%O5'()*E`%@)&"()7%../35&%/-)
<'/-&)%.)6"#'#6&('%m(7)9C)#)"%O")6/-&(-&)/<).%3%6#:)[&)#3./)#$$(#'.)&"#&).('$(-&%-()Q(%-.)</'2)#)
6/-&%-5%&C)f%&")&"()7%../35&%/-)<'/-&:))

W"()Q(%-)-(&f/'t)%.)/9.('Q(7)/-)&"()P)22)6/'()9(</'()#-7)#<&(')PrP)7#C.)/<)'(#6&%/-)f%&")
cE&/2/O'#$"C:) B) Q('&%6#3) .3%6() =<'/2) &"() &/$) &/) &"() 9/&&/2>) %.) $'(.(-&(7) =X%O:) *Er#>:)
H9.('Q#&%/-.)</65.)/-)#).('$(-&%-()Q(%-)$'(.(-&.)<'/2)&"().5'<#6()&/)&"()%-.%7()/<)&"().#2$3()
='(7)<'#2()X%O:)*Er#>:)~//2.)/<)&"()Q(%-)9(</'()#-7)#<&(')&"()(0$('%2(-&)#'()'(.$(6&%Q(3C)O%Q(-)
%-)X%O5'()*Er9)#-7)*Er6:)W"()Q(%-)#<&(')'(#6&%/-)%.)."#'$(')#-7)&"%6t(')=f"%&()#''/f)%-)X%O:)*E
r6>:)U#&('#3)Q(%-.)7(Q(3/$%-O)<'/2)&"()2#%-).('$(-&%-()Q(%-)#'()#3./)&"%6t(')#<&(')&"()(0$('%2(-&)

!"#$%&'()K+'DE4&%<9/"0.'0>'/F&'6%0/02"/F'".'9;'6029%"R&1N'E;'7%044&1)6029%"R&1'9.1'7;'%&>2&7/&1'06/"792'

"-9#&4N'4F0V".#'4&%6&./".&'<&".4' :W?<&".;'7%044)7$//".#' /F&' >".&)#%9".&1'-9/%"Q' :!?M?X;'9.1'02"<".&'

-".&%92':D2;?'Y00-'".'/F&'%"#F/'06/"792'"-9#&'0>'-9#.&/"/&'#%9".4':X9#;'".'4&%6&./".&'<&".4?'DE4&%<9/"0.'
0>'/F&'>"%4/'9%&9'".'/F&'BUB)49-62&'".'1;'6029%"R&1N'&;'7%044&1)6029%"R&1'9.1'>;'%&>2&7/&1'06/"792'"-9#&4N'

4F0V".#' 4&%6&./".&' <&".4' :W?<&".;' 7%044)7$//".#' 02"<".&' -".&%92' :D2;' 9.1' /F&' >".&)#%9".&1' -9/%"Q'
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Supplementary Material A1: Analytical methods 

XRD analyses were performed on powders with a Malvern Panalytical X-Pert PRO 

diffractometer at the Charles Gerhardt institute at the RRXG (Réseau des Rayonnements X et 

Gamma; University of Montpellier, France). A large X-ray beam was emitted by a Cu- K-alpha 

beam with 45 kV accelerating voltage and 30 mA current. XRD data were processed with 

PROFEX software, a graphical user interface working with BGMN program (Doebelin & 

Kleeberg, 2015). We used PROFEX for a qualitative and quantitative phase analysis. Mineral 

phases are first identified with the search-match software. The phase quantification is then 

realized by Rietveld refinement, taking into account primary minerals such as olivine, 

clinopyroxene, orthopyroxene, amphiboles and spinels, secondary minerals such as serpentine, 

talc and magnetite, and weathering minerals such as clays (Supplementary Material Table A2). 

Raman spectroscopy was performed at the Charles Coulomb laboratory (University of 

Montpellier, France) using a Renishaw Invia spectrometer operating with a wavelength of 

532 nm and a power of 15 mW, coupled to an open microscope equipped with 50x objective or 

100x objective lens (Leica N Plan), which give a spatial resolution of approximately 1-2 μm. 

One spectrum corresponds to three accumulations of 10 s. The spectral region investigated was 

from 100 to 3800 cm-1. The Raman spectrometer was calibrated using the Si peak at 520 cm-

1 prior to analysis. Raman spectral data were corrected for baseline and artefacts using Wire 

software. Spectral data were identified by comparison to the RRUFF spectral database 

(Lafuente et al., 2016). 

EPMA analyses were performed at Géosciences Montpellier (University of Montpellier, 

France), using a CAMECA SX100 equipped with five wavelength-dispersive X-ray 

spectrometers (WDS). Point analyses were performed with 20 kV accelerating potential, 10 mA 

beam current, and 30 s counting times. Elementary maps (Si, Al, Mg, Fe, Ni, Cr, Ca) were 

performed on thin section of sample TT9 from Turon with the same parameters than point 

analyses and a dwell time of 50 ms and a step of 3 µm. Standards used for calibration are:

wollastonite for Si and Ca, Al2O3 for Al, TiO2 for Ti, forsterite for Mg, hematite for Fe, orthose 

for K, albite for Na, apatite for P, metals for Ni, Mn and Cu, barytine for S and Ba, fluorite for 

F and chloroapatite for Cl. Results, standard deviation and detection limit are reported in 

Supplementary Material Table A3. 

Bulk major element compositions of peridotites and sediments were measured by XRF 

at Geoscience Laboratories (Ontario Geological Survey; Canada). The samples were first run 

for Loss On Ignition (LOI; 105°C (N atmosphere) then 1000°C). The ignited samples were then 

fused with a borate flux to produce the glass beads for analysis. Results are reported in 

Supplementary Material Table A4. 

Bulk trace element concentrations (Li, Sc, Ti, V, Mn, Co, Ni, Cu, Zn, Ga, As, Rb, Sr, 

Y, Zr, Nb, Sn, Sb, Cs, Ba, Hf, Ta, Pb, Th, U and Rare Earth Elements (REE: La, Ce, Pr, Nd, 

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) were determined at Géosciences Montpellier AETE-
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ISO platform (University of Montpellier, France) using an Agilent 7700X quadrupole ICP-MS. 

Powdered samples were prepared following the HF/HClO4 procedure described in Ionov et al. 

(1992) and Godard et al. (2000). The samples were analysed after a dilution of 2000 for 

peridotites and 8000 for sediments. Element concentrations were measured by external 

calibration, except for Nb and Ta that are calibrated by using Zr and Hf, respectively, as internal 

standards. This technique is an adaptation to ICP-MS analysis of the method described by 

Jochum et al. (1990) and aims at avoiding memory effects due to the introduction of 

concentrated Nb-Ta solutions in the instrument. The Helium cell gas mode of the Agilent 

7700X was used to measure Sc, Ti, V, Mn, Co, Ni, Cu, Zn, Ga, As, Sn, Sb, while removing 

polyatomic interferences. The external precision and accuracy of the analyses were assessed by 

measuring, as “unknown” samples, serpentinite UB-N, dunite DTS-2b and peridotite JP-1 for 

peridotites and serpentinite UB-N, slate OU-6 and carbonatite COQ-1 for sediments. Our 

results show good agreement between measured values and expected values for the 

international standards, and reproducibility is generally better than 10% at concentrations 

> 1 µg/g; it is within 2-15% for concentrations of 10-1000 ng/g, and 5-20% for concentrations 

less than 10 ng/g. Results with standard deviations, procedural blanks and standards are 

reported in Supplementary Material Table A4. 

 

In-situ trace element concentrations (Li, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Rb, Sr, Y, 

Zr, Nb, Sb, Ba, REE, Hf, Ta, Pb, Th and U) were determined in olivine, orthopyroxene, 

clinopyroxene, amphibole and serpentine by LA-ICP-MS, using a Element2 XR ICP-MS 

coupled to a Geolas automated platform with a 193 nm Excimer G2 at Geosciences Montpellier 

(AETE-ISO, OSU OREME) and an Element XR ICP-MS coupled to a 193 nm Resonetics M50 

Excimer Ar/F at Laboratoire Magmas et Volcans (LMV, University of Clermont-Ferrand). A 

mixture of helium and argon was used as gas carrier. At Geosciences Montpellier, data were 

collected in time resolved acquisition mode, with 110 s dedicated to background signal 

followed by 40 s of sample ablation. The laser energy density was set to 5.5 J/cm2 at a 

frequency of 10 Hz. Analyzed spots were first pre-ablated at 130 µm then measured with a spot 

of 110 µm. At LMV, data were collected in time resolved acquisition mode, with 60 s dedicated 

to background signal followed by 90 s of sample ablation. The laser energy density was set to 

2.8 J/cm2 at a frequency of 7 Hz. Analyzed spots were first pre-ablated at 130 µm then 

measured with a spot of 107 µm. Data were reduced using the Glitter software (Griffin et al., 

2008) and the linear fit to ratio method. Internal standardization relative to EPMA data was 

done using 29Si for serpentine and olivine and 43Ca for orthopyroxene, clinopyroxene and 

amphibole. The concentrations were calibrated using the NIST 612 standard (Pearce et al., 

1997). Detection limits were < 5 ppb for most incompatible elements and (REE) except for Sr 

(< 0.1 ppm). They were < 0.1 ppm Li, V, Sc, Mn, Cu, Co, Zn, < 0.2 ppm for Ti, < 0.3 ppm for 

Cr, and < 0.3 ppm for Ni. At Geosciences Montpellier, repeated analyses of international 

reference material basalt BIR 1-G were used to assess the reproducibility and accuracy. At 

LMV, repeated analyses of international reference material basalt BIR 1-G and BCR-2G were 

used to assess the reproducibility and accuracy. Results, NIST 612 glass measurements and 

instrument sensitivity, and analyses of international reference materials BIR 1-G, and BCR-2G 

are reported in Supplementary Material Table A5.
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Supplementary Material Table A3: Major element composition of olivine in spinel-lherzolite

Massif

Name

Point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

SiO2 40.95      40.77      40.85      41.04       41.01       41.16       41.29       40.95       40.76       40.70       40.07       40.29       40.19       39.95       40.17       40.17       

TiO2 -         0.02        0.01        -         -         0.00         -         -         -         0.03         -         -         0.05         0.00         0.03         0.04         

Al2O3 0.01        0.00        0.08        -         0.01         0.01         0.01         -         0.00         0.00         0.00         0.02         0.00         -         0.01         -         

MgO 49.33      49.06      49.52      49.32       49.32       49.32       49.19       49.52       49.22       49.48       49.92       50.03       49.46       49.95       49.85       49.48       

FeO 10.06      10.02      10.14      9.99         10.29       9.83         10.21       10.06       10.64       10.14       10.22       9.44         10.01       10.13       10.01       10.53       

MnO 0.16        0.11        0.14        0.10         0.14         0.14         0.13         0.14         0.18         0.13         0.11         0.14         0.11         0.15         0.16         0.13         

CaO 0.03        0.01        0.00        0.00         0.01         0.01         0.01         0.02         0.02         0.02         -         0.01         -         0.01         0.00         0.03         

Na2O -         0.02        0.04        -         -         -         0.00         0.01         0.05         0.03         0.02         0.01         0.02         0.01         0.00         0.01         

K2O -         0.00        0.01        -         -         0.01         0.01         0.01         0.00         -         -         -         0.00         0.01         0.00         -         

NiO 0.32        0.35        0.36        0.35         0.40         0.37         0.35         0.40         0.37         0.38         0.38         0.42         0.35         0.42         0.37         0.40         

Cr2O3 0.03        -         0.00        -         0.02         0.00         -         0.04         0.01         -         -         -         0.02         0.01         -         0.01         

SO2 0.02        0.02        0.00        0.05         0.03         -         -         -         -         -         -         0.01         0.00         0.01         0.02         0.01         

Cl 0.01        0.00        0.00        0.00         0.00         -         -         0.01         0.09         0.02         0.01         -         -         -         -         0.01         

Total 100.92    100.39    101.17    100.85     101.24     100.84     101.21     101.15     101.35     100.93     100.72     100.37     100.23     100.66     100.63     100.81     

Numbers of ions on the basis of 4O

Si 1.00        0.99        0.99        1.00         1.00         1.00         1.00         1.00         0.99         0.99         0.98         0.98         0.98         0.97         0.98         0.98         

Ti -         0.00        0.00        -         -         0.00         -         -         -         0.00         -         -         0.00         0.00         0.00         0.00         

Al 0.00        0.00        0.00        -         0.00         0.00         0.00         -         0.00         0.00         0.00         0.00         0.00         -         0.00         -         

Mg 1.79        1.78        1.80        1.79         1.79         1.79         1.78         1.80         1.79         1.80         1.81         1.82         1.79         1.81         1.81         1.80         

Fe 0.20        0.20        0.21        0.20         0.21         0.20         0.21         0.20         0.22         0.21         0.21         0.19         0.20         0.21         0.20         0.21         

Mn 0.00        0.00        0.00        0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         

Ca 0.00        0.00        0.00        0.00         0.00         0.00         0.00         0.00         0.00         0.00         -         0.00         -         0.00         0.00         0.00         

Na -         0.00        0.00        -         -         -         0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         0.00         

K -         0.00        0.00        -         -         0.00         0.00         0.00         0.00         -         -         -         0.00         0.00         0.00         -         

Ni 0.01        0.01        0.01        0.01         0.01         0.01         0.01         0.01         0.01         0.01         0.01         0.01         0.01         0.01         0.01         0.01         

Cr 0.00        -         0.00        -         0.00         0.00         -         0.00         0.00         -         -         -         0.00         0.00         -         0.00         

S 0.00        0.00        0.00        0.00         0.00         -         -         -         -         -         -         0.00         0.00         0.00         0.00         0.00         

Cl 0.00        0.00        0.00        0.00         0.00         -         -         0.00         0.00         0.00         0.00         -         -         -         -         0.00         

Mg# 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.90 0.89 0.90 0.90 0.90 0.90 0.90 0.90 0.89

Total 3.00        2.99        3.01        3.00         3.01         3.00         3.01         3.01         3.01         3.01         3.01         3.00         2.99         3.00         3.00         3.00         
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Supplementary Material Table A3: Major element composition of olivine in spinel-lherzolite

Massif

Name

Point 1 2 3 4 5 6 7

SiO2 40.31       40.41       40.44       40.20       39.99       39.83       40.31       

TiO2 -         0.03         0.02         -         -         -         0.01         

Al2O3 -         -         -         0.01         -         -         -         

MgO 49.68       50.15       49.83       49.76       49.80       49.62       49.60       

FeO 9.94         10.00       9.42         9.84         10.04       10.14       9.89         

MnO 0.16         0.14         0.14         0.12         0.15         0.14         0.13         

CaO 0.03         0.00         0.01         0.01         0.01         0.01         0.01         

Na2O 0.02         0.01         0.02         -         -         -         -         

K2O 0.01         0.00         0.01         -         0.00         -         -         

NiO 0.41         0.39         0.39         0.36         0.31         0.41         0.37         

Cr2O3 0.02         0.01         0.01         0.01         -         0.00         -         

SO2 0.00         -         0.03         -         -         0.03         -         

Cl 0.01         -         0.00         0.00         -         0.00         0.01         

Total 100.58     101.15     100.31     100.30     100.30     100.19     100.33     

Numbers of ions on the basis of 4O

Si 0.98         0.98         0.98         0.98         0.97         0.97         0.98         

Ti -         0.00         0.00         -         -         -         0.00         

Al -         -         -         0.00         -         -         -         

Mg 1.80         1.82         1.81         1.81         1.81         1.80         1.80         

Fe 0.20         0.20         0.19         0.20         0.20         0.21         0.20         

Mn 0.00         0.00         0.00         0.00         0.00         0.00         0.00         

Ca 0.00         0.00         0.00         0.00         0.00         0.00         0.00         

Na 0.00         0.00         0.00         -         -         -         -         

K 0.00         0.00         0.00         -         0.00         -         -         

Ni 0.01         0.01         0.01         0.01         0.01         0.01         0.01         

Cr 0.00         0.00         0.00         0.00         -         0.00         -         

S 0.00         -         0.00         -         -         0.00         -         

Cl 0.00         -         0.00         0.00         -         0.00         0.00         

Mg# 0.90 0.90 0.90 0.90 0.90 0.90 0.90

Total 3.00         3.02         3.00         2.99         2.99         2.99         2.99         
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Supplementary Material Table A3: Major element composition of olivine in spinel-lherzolite

Massif

Name

Point 1 2 3 4 1 2 3 4 5 6 7

SiO2 40.30      41.27      40.87      40.97      40.63      40.65      40.63      41.42      40.77      40.27      43.32      

TiO2 -           0.03        0.03        -           0.00        0.01        -           0.05        0.00        -           0.12        

Al2O3 -           0.00        0.00        -           -           0.03        0.01        0.04        -           0.02        1.34        

MgO 48.01      48.64      48.38      48.81      47.13      47.06      47.54      48.29      47.73      47.76      45.48      

FeO 10.83      10.23      10.36      10.12      10.56      10.36      10.72      9.88        9.85        9.57        9.22        

MnO 0.17        0.16        0.15        0.16        0.20        0.15        0.14        0.15        0.16        0.14        0.15        

CaO 0.02        0.01        0.04        0.01        0.05        0.01        -           0.04        0.02        0.04        0.22        

Na2O 0.00        0.01        -           -           -           0.01        0.02        0.01        -           -           0.56        

K2O -           -           -           -           -           -           -           -           -           -           -           

NiO 0.40        0.43        0.39        0.43        0.41        0.41        0.40        0.42        0.45        0.40        0.36        

Cr2O3 0.05        -           0.02        0.02        0.05        -           0.08        0.09        0.16        0.25        0.10        

SO2 0.02        -           0.00        0.01        0.01        0.00        0.02        0.03        -           0.03        -           

Cl

Total 99.81      100.78    100.25    100.54    99.04      98.69      99.56      100.42    99.13      98.48      100.88    

Numbers of ions on the basis of 4O

Si 1.00        1.01        1.00        1.00        1.01        1.01        1.01        1.01        1.01        1.00        1.04        

Ti -           0.00        0.00        -           0.00        0.00        -           0.00        0.00        -           0.00        

Al -           0.00        0.00        -           -           0.00        0.00        0.00        -           0.00        0.04        

Mg 1.77        1.77        1.77        1.78        1.75        1.75        1.75        1.76        1.76        1.77        1.63        

Fe 0.22        0.21        0.21        0.21        0.22        0.22        0.22        0.20        0.20        0.20        0.19        

Mn 0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Ca 0.00        0.00        0.00        0.00        0.00        0.00        -           0.00        0.00        0.00        0.01        

Na 0.00        0.00        -           -           -           0.00        0.00        0.00        -           -           0.03        

K -           -           -           -           -           -           -           -           -           -           -           

Ni 0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        

Cr 0.00        -           0.00        0.00        0.00        0.00        0.00        0.00        -           0.00        -           

S 0.00        -           0.00        0.00        0.00        0.00        0.00        0.00        -           0.00        -           

Cl -           -           -           -           -           -           -           -           -           -           -           

Mg# 0.89 0.89 0.89 0.90 0.89 0.89 0.89 0.90 0.90 0.90 0.90

Total 3.00        2.99        3.00        3.00        2.99        2.99        2.99        2.99        2.99        2.99        2.95        

TT3 TT4

TURON

Supplementary Material Table A3: Major element composition of olivine in spinel-lherzolite

Massif

Name

Point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

SiO2 41.53      41.01      40.81      41.31      41.24      40.96      40.69      40.79      39.98      45.12      41.65      47.64      42.18      42.16      47.73      41.52      43.47      40.70      40.97      41.44      40.73      39.95      48.00      41.64      

TiO2 0.01        0.04        0.05        -           0.05        0.02        0.05        -           0.01        0.47        0.05        0.05        0.05        0.05        0.06        0.02        0.02        0.00        0.03        0.02        0.01        0.03        0.03        0.01        

Al2O3 0.02        0.00        0.16        0.01        0.03        0.01        0.01        0.14        0.78        0.23        0.17        0.42        0.12        0.19        0.37        0.04        0.07        0.03        0.08        1.08        -           0.11        0.28        0.06        

MgO 47.32      47.23      48.10      47.47      47.06      47.67      47.69      47.36      46.99      43.13      44.58      41.18      46.57      46.28      41.58      47.17      45.55      47.93      47.56      45.18      47.77      47.75      41.50      46.77      

FeO 10.06      10.01      10.15      9.98        9.80        10.15      10.00      9.88        10.11      9.50        9.23        8.89        9.76        9.80        8.87        9.87        9.47        10.01      10.03      9.74        10.03      9.88        9.01        9.97        

MnO 0.13        0.18        0.14        0.14        0.16        0.14        0.14        0.15        0.14        0.16        0.13        0.19        0.18        0.16        0.19        0.13        0.16        0.15        0.16        0.16        0.17        0.16        0.15        0.15        

CaO 0.34        0.05        0.32        0.02        1.19        0.07        0.01        0.04        0.07        0.10        2.57        0.53        0.03        0.12        0.09        0.04        0.04        -           0.08        0.21        0.00        0.01        0.13        0.03        

Na2O 0.00        0.03        0.02        -           -           0.02        0.01        -           0.02        -           0.04        0.03        0.02        -           0.01        0.02        0.01        -           0.01        0.17        0.00        -           0.02        -           

K2O

NiO 0.38        0.34        0.40        0.37        0.36        0.41        0.45        0.41        0.41        0.31        0.36        0.22        0.40        0.37        0.25        0.37        0.34        0.41        0.45        0.35        0.40        0.42        0.27        0.42        

Cr2O3 0.03        0.03        0.17        0.01        0.03        0.03        0.08        0.22        0.47        0.07        0.21        0.15        0.05        0.27        0.15        -           0.15        -           0.06        0.54        0.09        0.06        0.07        0.08        

SO2 0.01        -           -           0.01        0.02        -           0.01        -           0.00        0.00        -           0.02        -           0.02        0.01        -           -           0.01        -           0.00        0.00        0.00        -           0.00        

Cl

Total 99.84      98.93      100.33    99.31      99.94      99.48      99.13      99.00      98.97      99.11      99.01      99.33      99.35      99.42      99.29      99.16      99.30      99.25      99.43      98.90      99.20      98.35      99.47      99.12      

Numbers of ions on the basis of 4O

Si 1.02        1.02        1.00        1.02        1.01        1.01        1.01        1.01        0.99        1.10        1.03        1.15        1.04        1.04        1.15        1.02        1.06        1.01        1.01        1.02        1.01        1.00        1.15        1.03        

Ti 0.00        0.00        0.00        -           0.00        0.00        0.00        -           0.00        0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Al 0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.02        0.01        0.01        0.01        0.00        0.01        0.01        0.00        0.00        0.00        0.00        0.03        -           0.00        0.01        0.00        

Mg 1.73        1.74        1.76        1.74        1.72        1.75        1.76        1.75        1.74        1.57        1.65        1.48        1.71        1.69        1.49        1.73        1.66        1.77        1.75        1.67        1.76        1.78        1.49        1.72        

Fe 0.21        0.21        0.21        0.21        0.20        0.21        0.21        0.20        0.21        0.19        0.19        0.18        0.20        0.20        0.18        0.20        0.19        0.21        0.21        0.20        0.21        0.21        0.18        0.21        

Mn 0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Ca 0.01        0.00        0.01        0.00        0.03        0.00        0.00        0.00        0.00        0.00        0.07        0.01        0.00        0.00        0.00        0.00        0.00        -           0.00        0.01        0.00        0.00        0.00        0.00        

Na 0.00        0.00        0.00        -           -           0.00        0.00        -           0.00        -           0.00        0.00        0.00        -           0.00        0.00        0.00        -           0.00        0.01        0.00        -           0.00        -           

K -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           

Ni 0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.00        0.01        0.01        0.00        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        

Cr 0.00        -           -           0.00        0.00        -           0.00        -           0.00        0.00        -           0.00        -           0.00        0.00        -           -           0.00        -           0.00        0.00        0.00        -           0.00        

S 0.00        -           -           0.00        0.00        -           0.00        -           0.00        0.00        -           0.00        -           0.00        0.00        -           -           0.00        -           0.00        0.00        0.00        -           0.00        

Cl -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           -           

Mg# 0.89 0.89 0.89 0.89 0.90 0.89 0.89 0.90 0.89 0.89 0.90 0.89 0.89 0.89 0.89 0.89 0.90 0.90 0.89 0.89 0.89 0.90 0.89 0.89

Total 2.98        2.98        2.99        2.98        2.98        2.99        2.99        2.98        2.98        2.89        2.96        2.84        2.96        2.95        2.84        2.98        2.93        2.99        2.99        2.95        2.99        3.00        2.84        2.97        

TT6

TURON
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Supplementary Material Table A3: Major element composition of orthopyroxene in spinel-lherzolite

Massif

Name

Texture

Point 1 2 3 4 5 6 7 8 9 1 2 3 4

SiO2 54.86          54.53          54.45          54.32          54.47          54.58          54.25          54.61          55.17          54.87          54.56          54.29          54.52          

TiO2 0.10            0.12            0.11            0.12            0.13            0.14            0.09            0.11            0.10            0.09            0.10            0.10            0.08            

Al2O3 2.90            3.20            3.33            2.96            3.23            3.34            3.38            3.49            3.07            3.07            3.65            3.57            3.25            

MgO 33.61          33.43          33.33          33.95          33.63          33.37          33.93          33.20          33.63          33.95          33.50          33.48          33.81          

FeO 7.04            7.16            6.90            7.17            7.06            6.99            6.89            6.94            7.02            6.91            6.95            6.94            6.98            

MnO 0.17            0.18            0.15            0.15            0.13            0.18            0.18            0.14            0.18            0.20            0.14            0.17            0.12            

CaO 0.32            0.40            0.66            0.36            0.36            0.41            0.50            0.49            0.40            0.33            0.48            0.56            0.35            

Na2O 0.04            0.00            0.04            0.02            0.01            0.01            0.05            0.02            - 0.05            0.01            0.04            0.00            

K2O - 0.02            0.04            0.01            - - - - 0.01            0.01            - 0.00            0.01            

NiO 0.03            0.04            0.09            0.10            0.12            0.05            0.07            0.05            0.06            0.07            0.10            0.10            0.08            

Cr2O3 0.28            0.27            0.30            0.29            0.32            0.38            0.38            0.42            0.30            0.26            0.31            0.37            0.28            

SO2 0.02            0.08            - 0.02            0.01            0.00            0.03            - - - 0.03            - 0.01            

Cl 0.00            0.02            0.02            - 0.01            - - - 0.02            0.01            - 0.00            - 

Total 99.39          99.45          99.44          99.46          99.50          99.45          99.75          99.46          99.96          99.84          99.83          99.64          99.50          

Numbers of ions on the basis of 6O

Si 1.91            1.90            1.90            1.90            1.90            1.90            1.89            1.90            1.91            1.91            1.90            1.89            1.90            

Ti 0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            

Al 0.12            0.13            0.14            0.12            0.13            0.14            0.14            0.14            0.13            0.13            0.15            0.15            0.13            

Mg 1.75            1.74            1.74            1.77            1.75            1.74            1.76            1.73            1.74            1.76            1.74            1.74            1.76            

Fe 0.21            0.21            0.20            0.21            0.21            0.20            0.20            0.20            0.20            0.20            0.20            0.20            0.20            

Mn 0.01            0.01            0.00            0.00            0.00            0.01            0.01            0.00            0.01            0.01            0.00            0.01            0.00            

Ca 0.01            0.01            0.02            0.01            0.01            0.02            0.02            0.02            0.01            0.01            0.02            0.02            0.01            

Na 0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            - 0.00            0.00            0.00            0.00            

K - 0.00            0.00            0.00            - - - - 0.00            0.00            - 0.00            0.00            

Ni 0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            0.00            

Cr 0.01            0.01            0.01            0.01            0.01            0.01            0.01            0.01            0.01            0.01            0.01            0.01            0.01            

S 0.00            0.00            - 0.00            0.00            0.00            0.00            - - - 0.00            - 0.00            

Cl 0.00            0.00            0.00            - 0.00            - - - 0.00            0.00            - 0.00            - 

Mg# 0.89            0.89            0.90            0.89            0.89            0.89            0.90            0.90            0.90            0.90            0.90            0.90            0.90            

Total 4.02            4.02            4.03            4.03            4.02            4.02            4.03            4.02            4.02            4.03            4.02            4.03            4.03            

MONTAUT
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Supplementary Material Table A3: Major element composition of orthopyroxene in spinel-lherzolite

Massif

Name

Texture

Point 1 2 1 2 3 4 5 6 7 8 9

SiO2 54.22     55.00          54.23      53.78      53.41  53.63      54.15      56.13      55.27      54.35      54.62      

TiO2 0.22       0.20            0.11        0.13        0.12  0.12        0.13        0.12        0.09        0.17        0.15        

Al2O3 4.70       5.60            4.30        4.42        4.60  4.72        4.13        4.07        4.82        3.23        3.46        

MgO 32.10     33.40          32.15      33.01      32.73  32.58      32.76      32.81      32.36      33.08      33.11      

FeO 6.68       6.14            6.65        6.70        6.74  6.84        6.80        6.70        6.71        6.74        6.68        

MnO 0.15       0.16            0.13        0.15        0.12  0.15        0.14        0.16        0.17        0.18        0.16        

CaO 0.60       0.50            0.40        0.46        0.59  0.40        0.48        0.31        0.39        0.37        0.63        

Na2O 0.16       0.02            0.02        0.01        0.01  0.03        0.09        0.04        0.03        0.02        0.04        

K2O - - -         -         0.00  0.01        0.00        0.00        -         0.00        0.00        

NiO 0.05       0.14            0.07        0.13        0.09  0.09        0.07        0.07        0.07        0.06        0.07        

Cr2O3 0.33       0.40            0.51        0.55        0.54  0.57        0.36        0.42        0.47        0.32        0.36        

SO2 - - 0.02        0.02        0.01  -         -         -         0.03        -         0.03        

Cl - - 0.01        -         - -         0.01        0.01        -         0.01        0.01        

Total 99.21     101.56        98.61      99.36      98.97  99.14      99.11      100.83    100.40    98.54      99.31      

Numbers of ions on the basis of 6O

Si 1.89       1.87            1.90        1.88        1.87  1.88        1.89        1.92        1.90        1.91        1.91        

Ti 0.01       0.01            0.00        0.00        0.00  0.00        0.00        0.00        0.00        0.00        0.00        

Al 0.19       0.22            0.18        0.18        0.19  0.19        0.17        0.16        0.20        0.13        0.14        

Mg 1.67       1.69            1.68        1.72        1.71  1.70        1.71        1.68        1.66        1.73        1.72        

Fe 0.20       0.17            0.20        0.20        0.20  0.20        0.20        0.19        0.19        0.20        0.20        

Mn 0.00       0.00            0.00        0.00        0.00  0.00        0.00        0.00        0.00        0.01        0.00        

Ca 0.02       0.02            0.02        0.02        0.02  0.02        0.02        0.01        0.01        0.01        0.02        

Na 0.01       0.00            0.00        0.00        0.00  0.00        0.01        0.00        0.00        0.00        0.00        

K -        - -         -         0.00  0.00        0.00        0.00        -         0.00        0.00        

Ni 0.00       0.00            0.00        0.00        0.00  0.00        0.00        0.00        0.00        0.00        0.00        

Cr 0.01       0.01            0.01        0.02        0.02  0.02        0.01        0.01        0.01        0.01        0.01        

S -        - 0.00        0.00        0.00  -         -         -         0.00        -         0.00        

Cl -        - 0.00        -         - -         0.00        0.00        -         0.00        0.00        

Mg# 0.90       0.91            0.90        0.90        0.90  0.89        0.90        0.90        0.90        0.90        0.90        

Total 4.01       4.01            4.00        4.02        4.02  4.02        4.02        3.99        3.99        4.01        4.01        

URDACH
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Supplementary Material Table A3: Major element composition of orthopyroxene in spinel-lherzolite

Massif

Name

Texture

Point 1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 12

SiO2 52.85      54.19      53.66      56.67      54.04      54.16      53.94      53.70      55.40      54.21      55.74      55.03      56.83 56.16 55.68 55.74

TiO2 0.05        0.10        0.17        0.12        0.14        0.20        0.21        0.21        0.13        0.18        0.15        0.12        0.08 0.08 0.06 0.10

Al2O3 4.67        3.16        2.70        0.75        5.23        4.71        5.24        5.38        4.14        4.50        3.33        3.28        0.49 0.50 1.13 0.59

MgO 31.72      32.30      33.10      32.90      32.21      32.31      32.68      32.23      32.51      32.40      33.38      33.44      33.58 34.49 34.09 34.60

FeO 7.09        6.70        7.10        7.30        6.73        6.64        6.87        6.54        6.55        6.71        7.04        6.72        7.26 7.57 7.63 7.52

MnO 0.17        0.14        0.19        0.16        0.17        0.20        0.16        0.15        0.14        0.14        0.18        0.16        0.23 0.21 0.16 0.19

CaO 0.98        0.80        0.30        0.33        0.56        1.27        0.32        0.75        0.56        1.04        0.39        0.38        0.26 0.49 0.40 0.20

Na2O 0.97        0.01        0.02        0.01        0.06        0.08        0.01        0.05        0.06        0.07        0.02        0.02        0.02 0.00 0.22 0.01

K2O 0.02        0.00        0.00        0.00        0.00        0.02        -           0.01        -           -           0.00        0.00        0.01 0.00 0.01 0.00

NiO 0.14        0.08        0.08        0.09        0.10        0.14        0.07        0.05        0.05        0.10        0.10        0.09        0.07 0.08 0.11 0.08

Cr2O3 0.58        1.24        0.92        0.12        0.49        0.48        0.38        0.51        0.35        0.42        0.20        0.16        0.22 0.15 0.22 0.22

SO2 0.00        0.00        0.00        0.00        -           0.00        0.04        -           0.00        -           0.01        -           0.00 0.00 0.00 0.01

Cl 0.00        0.00        0.00        0.00        0.00        0.00        0.01        -           0.00        -           0.00        0.01        0.00 0.01 0.01 0.00

Total 99.24      98.72      98.24      98.45      99.75      100.20    99.93      99.58      99.91      99.76      100.55    99.42      99.05      99.75      99.72      99.27      

Numbers of ions on the basis of 6O

Si 1.86        1.91        1.90        1.99        1.88        1.88        1.87        1.87        1.92        1.89        1.92        1.92        1.87        1.96        1.94        1.95        

Ti 0.00        0.00        0.00        0.00        0.00        0.01        0.01        0.01        0.00        0.00        0.00        0.00        0.01        0.00        0.00        0.00        

Al 0.19        0.13        0.11        0.03        0.21        0.19        0.21        0.22        0.17        0.18        0.14        0.13        0.22        0.02        0.05        0.02        

Mg 1.67        1.70        1.75        1.72        1.67        1.67        1.69        1.67        1.68        1.68        1.71        1.74        1.67        1.79        1.77        1.81        

Fe 0.21        0.20        0.21        0.21        0.20        0.19        0.20        0.19        0.19        0.20        0.20        0.20        0.19        0.22        0.22        0.22        

Mn 0.01        0.00        0.01        0.00        0.00        0.01        0.00        0.00        0.00        0.00        0.01        0.00        0.00        0.01        0.00        0.01        

Ca 0.04        0.03        0.01        0.01        0.02        0.05        0.01        0.03        0.02        0.04        0.01        0.01        0.03        0.02        0.02        0.01        

Na 0.07        0.00        0.00        0.00        0.00        0.01        0.00        0.00        0.00        0.01        0.00        0.00        0.00        -           0.01        0.00        

K 0.00        0.00        0.00        0.00        0.00        0.00        -           0.00        -           -           0.00        0.00        0.00        -           0.00        -           

Ni 0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Cr 0.02        0.03        0.03        0.00        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.00        0.01        0.00        0.01        0.01        

S 0.00        0.00        0.00        0.00        -           0.00        0.00        -           0.00        -           0.00        -           -           -           -           0.00        

Cl 0.00        0.00        0.00        0.00        0.00        0.00        0.00        -           0.00        -           0.00        0.00        -           0.00        0.00        -           

Mg# 0.89        0.90        0.89        0.89        0.90        0.90        0.89        0.90        0.90        0.90        0.89        0.90        0.90        0.89        0.89        0.89        

Total 4.06        4.01        4.03        3.99        4.01        4.02        4.01        4.01        3.99        4.01        4.01        4.01        4.01        4.03        4.04        4.03        

Porph. Core Neoblast NeoblastPorph. RimPorph. Core
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Supplementary material Table A3: Major element composition of clinopyroxene in spinel-lherzolite

Massif

Name

Texture

Point 1 2 3 1 2 3 4 1 2 3 4

SiO2 50.58      50.24      50.24      49.83      50.26      50.29      50.32      50.42      51.10      51.53      50.42      

TiO2 0.47        0.50        0.50        1.50        1.14        1.13        1.09        0.57        0.50        0.58        0.46        

Al2O3 4.76        4.76        5.16        7.92        7.39        7.48        7.46        6.19        6.82        6.84        7.36        

MgO 15.10      15.37      15.01      13.34      13.73      13.78      13.52      14.85      13.39      13.78      18.31      

FeO 2.69        2.70        2.63        2.03        2.50        2.28        2.43        2.63        2.40        2.32        3.89        

MnO 0.06        0.05        0.07        0.07        0.09        0.08        0.10        0.09        0.11        0.10        0.10        

CaO 22.75      22.54      22.54      21.39      21.07      21.45      21.18      23.62      23.55      23.85      18.75      

Na2O 1.10        1.17        1.15        1.84        1.87        1.72        1.76        1.79        1.80        1.83        1.29        

K2O 0.00        -         0.01        0.00        0.01        -         0.01        -         -         0.01        0.00        

NiO 0.03        0.06        0.03        0.03        0.01        0.01        0.06        0.04        0.00        0.02        0.10        

Cr2O3 0.72        0.69        0.81        0.75        0.79        0.77        0.76        0.93        1.02        1.12        1.23        

SO2 0.01        0.02        0.04        0.01        -         0.01        -         0.01        -         -         0.02        

Cl 0.00        0.00        0.00        -         -         -         0.01        -         -         -         0.01        

Total 98.27      98.11      98.17      98.71      98.86      99.02      98.70      101.13    100.70    101.99    101.93    

Numbers of ions on the basis of 6O

Si 1.88        1.87        1.87        1.83        1.85        1.84        1.85        1.83        1.86        1.85        1.80        

Ti 0.01        0.01        0.01        0.04        0.03        0.03        0.03        0.02        0.01        0.02        0.01        

Al 0.21        0.21        0.23        0.34        0.32        0.32        0.32        0.26        0.29        0.29        0.31        

Mg 0.84        0.85        0.83        0.73        0.75        0.75        0.74        0.80        0.73        0.74        0.97        

Fe 0.08        0.08        0.08        0.06        0.08        0.07        0.07        0.08        0.07        0.07        0.12        

Mn 0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        

Ca 0.91        0.90        0.90        0.84        0.83        0.84        0.84        0.92        0.92        0.92        0.72        

Na 0.08        0.08        0.08        0.13        0.13        0.12        0.13        0.13        0.13        0.13        0.09        

K 0.00        -         0.00        0.00        0.00        -         0.00        -         -         0.00        0.00        

Ni 0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Cr 0.02        0.02        0.02        0.02        0.02        0.02        0.02        0.03        0.03        0.03        0.03        

S 0.00        0.00        0.00        0.00        -         0.00        -         0.00        -         -         0.00        

Cl 0.00        0.00        0.00        -         -         -         0.00        -         -         -         0.00        

En 0.46        0.46        0.46        0.45        0.45        0.45        0.45        0.45        0.42        0.43        0.54        

Wo 0.50        0.49        0.50        0.52        0.50        0.51        0.51        0.51        0.53        0.53        0.40        

Fs 0.05        0.05        0.05        0.04        0.05        0.04        0.05        0.04        0.04        0.04        0.06        

Mg# 0.91        0.91        0.91        0.92        0.91        0.91        0.91        0.91        0.91        0.91        0.89        

Total 4.03        4.04        4.04        4.01        4.02        4.02        4.01        4.07        4.04        4.04        4.06        

MONTAUT URDACH

MP04 OU1 Oufol
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Supplementary material Table A3: Major element composition of clinopyroxene in spinel-lherzolite

Massif

Name

Texture

Point 1 2 3 4 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

SiO2 49.78     50.69     50.34     50.25     49.78     50.69     51.61     50.97     48.03     50.67     51.41     50.34      50.25      51.65      51.54      50.86 51.43 50.87 51.51 51.99

TiO2 0.79       0.77       0.79       0.78       0.79       0.77       0.76       0.64       1.24       0.70       0.71       0.79        0.78        0.71        0.74        0.67 1.28 0.77 1.03 1.13

Al2O3 7.33       7.28       6.74       7.01       7.33       7.28       7.54       7.55       8.96       7.31       7.34       6.74        7.01        7.26        7.11        2.96 3.35 4.27 2.43 2.50

MgO 13.46     13.56     14.27     14.03     13.46     13.56     13.34     13.49     14.98     14.07     13.61     14.27      14.03      13.71      13.34      14.97 16.78 13.88 15.80 15.98

FeO 3.41       3.34       3.29       3.42       3.41       3.34       2.59       2.65       3.28       2.32       2.36       3.29        3.42        2.51        2.36        3.01 2.80 2.60 2.66 2.51

MnO 0.08       0.08       0.07       0.09       0.08       0.08       0.07       0.11       0.09       0.09       0.11       0.07        0.09        0.08        0.06        0.10 0.08 0.09 0.07 0.09

CaO 20.73     20.21     21.42     21.85     20.73     20.21     23.21     23.01     20.77     22.80     23.39     21.42      21.85      23.42      23.38      24.13 21.90 21.81 23.43 23.42

Na2O 1.61       2.07       1.36       1.26       1.61       2.07       2.10       2.15       2.29       2.13       2.10       1.36        1.26        2.16        1.98        0.78 0.99 1.86 0.88 0.82

K2O -       -       -       0.01       0.00       -       -       0.00       0.01       -       -       0.00        0.01        0.00        0.01        0.00 0.00 1.14 0.00 0.00

NiO 0.06       -       0.06       -       0.06       0.00       0.02       0.01       0.06       0.03       0.02       0.06        -         0.07        0.05        0.03 0.04 0.03 0.05 0.03

Cr2O3 0.64       0.90       0.54       0.59       0.64       0.90       0.86       0.88       0.96       0.92       0.85       0.54        0.59        0.82        0.85        2.49 2.35 2.12 1.53 1.29

SO2 -       -       -       -       -       0.03       0.02       0.02       -       0.04       0.00       0.01        0.02        -         0.02        0.01 0.00 0.01 0.00 0.01

Cl -       -       -       -       0.01       0.01       -       -       0.00       -       -       0.01        0.01        0.00        0.01        0.02 0.01 0.00 0.00 0.02

Total 97.89     98.90     98.88     99.29     97.89     98.94     102.12   101.49   100.66   101.08   101.90   98.91      99.32      102.40    101.45    100.02 101.00 99.45 99.39 99.78

Numbers of ions on the basis of 6O

Si 1.85       1.86       1.86       1.85       1.85       1.86       1.85       1.84       1.75       1.83       1.84       1.85        1.85        1.84        1.85        1.88          1.87        1.89        1.90        1.91        

Ti 0.02       0.02       0.02       0.02       0.02       0.02       0.02       0.02       0.03       0.02       0.02       0.02        0.02        0.02        0.02        0.02          0.03        0.02        0.03        0.03        

Al 0.32       0.32       0.29       0.30       0.32       0.32       0.32       0.32       0.39       0.31       0.31       0.29        0.30        0.31        0.30        0.13          0.14        0.19        0.11        0.11        

Mg 0.75       0.74       0.78       0.77       0.75       0.74       0.71       0.72       0.81       0.76       0.73       0.78        0.77        0.73        0.72        0.82          0.91        0.77        0.87        0.87        

Fe 0.11       0.10       0.10       0.11       0.11       0.10       0.08       0.08       0.10       0.07       0.07       0.10        0.11        0.07        0.07        0.09          0.08        0.08        0.08        0.08        

Mn 0.01       0.01       0.01       0.01       0.01       0.01       0.01       0.01       0.01       0.01       0.01       0.01        0.01        0.01        0.01        0.01          0.01        0.01        0.01        0.01        

Ca 0.83       0.80       0.85       0.86       0.83       0.80       0.89       0.89       0.81       0.88       0.90       0.85        0.86        0.90        0.90        0.95          0.85        0.87        0.93        0.92        

Na 0.12       0.15       0.10       0.09       0.12       0.15       0.15       0.15       0.16       0.15       0.15       0.10        0.09        0.15        0.14        0.06          0.07        0.13        0.06        0.06        

K -       -       -       0.00       0.00       -       -       0.00       0.00       -       -       0.00        0.00        0.00        0.00        -           0.00        0.05        0.00        0.00        

Ni 0.00       -       0.00       -       0.00       0.00       0.00       0.00       0.00       0.00       0.00       0.00        -         0.00        0.00        0.00          0.00        0.00        0.00        0.00        

Cr 0.02       0.03       0.02       0.02       0.02       0.03       0.02       0.03       0.03       0.03       0.02       0.02        0.02        0.02        0.02        0.07          0.07        0.06        0.04        0.04        

S -       -       -       -       -       0.00       0.00       0.00       -       0.00       0.00       0.00        0.00        -         0.00        0.00          0.00        0.00        -         0.00        

Cl -       -       -       -       0.00       0.00       -       -       0.00       -       -       0.00        0.00        0.00        0.00        0.00          0.00        0.00        -         0.00        

En 0.44       0.45       0.45       0.44       0.44       0.45       0.42       0.43       0.47       0.44       0.43       0.45        0.44        0.43        0.42        0.44          0.49        0.45        0.46        0.47        

Wo 0.49       0.48       0.49       0.50       0.49       0.48       0.53       0.52       0.47       0.52       0.53       0.49        0.50        0.53        0.53        0.51          0.46        0.51        0.49        0.49        

Fs 0.06       0.06       0.06       0.06       0.06       0.06       0.05       0.05       0.06       0.04       0.04       0.06        0.06        0.04        0.04        0.05          0.05        0.05        0.04        0.04        

Mg# 0.88       0.88       0.89       0.88       0.88       0.88       0.90       0.90       0.89       0.92       0.91       0.89        0.88        0.91        0.91        0.90          0.91        0.90        0.91        0.92        

Total 4.02       4.02       4.02       4.02       4.02       4.02       4.04       4.05       4.09       4.06       4.05       4.02        4.02        4.05        4.03        4.03          4.03        4.06        4.03        4.02        

Neoblast 

TURON

Porph core Neoblast Porph rim

TT1 TT3

Porph core
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Supplementary Material Table A3: Major element composition of spinel and magnetite in spinel-lherzolite

Massif 

Name

Mineral

Point 1 2 3 4 5 6 7 1 2 1 2 1 2 1 2 3 1 2

SiO2 0.05 0.05 0.07 0.05 0.05 0.04 0.11 0.35        0.40        0.05 0.06 0.95        1.71        0.02 0.07 0.02 0.09        0.06        

TiO2 0.02 0.03 0.01 0.05 0.05 0.01 0.03 -           -           0.04 0.02 0.10        0.05        0.07 0.01 0.12 -           -           

Al2O3 54.94 50.89 54.27 52.25 53.02 44.25 39.16 0.01        0.00        57.48 57.20 -           0.08        37.02 36.36 39.01 0.04        -           

MgO 18.23 16.77 17.78 17.15 17.36 14.42 12.81 1.20        5.05        13.19 13.19 0.59        0.57        21.24 20.73 20.79 0.04        0.01        

FeO 14.75 17.43 15.65 16.94 16.04 21.26 23.98 89.36      74.01      19.46 19.58 90.92      89.26      13.28 13.23 14.21 45.54      51.37      

MnO 0.33 0.39 0.34 0.38 0.38 0.57 0.73 0.28        4.55        0.01 0.02 0.08        -           0.11 0.12 0.12 -           -           

CaO 0.01 0.00 0.01 0.01 0.01 0.03 0.01 0.02        0.03        0.28 0.25 0.05        0.10        0.00 0.07 0.01 0.03        0.03        

Na2O 0.02 0.01 0.00 0.00 0.00 0.02 0.00 0.22        0.26        0.00 0.02 0.05        0.04        0.02 0.02 0.06 0.06        0.07        

K2O -           -           -           -           2.94 0.00 0.01 -           -           

NiO 0.37 0.30 0.34 0.38 0.32 0.24 0.22 0.23        0.10        0.00        0.00        0.45 0.44 0.37 37.43      35.29      

Cr2O3 11.82 14.06 11.09 12.61 12.39 18.50 21.44 -           0.01        9.24 9.12 0.01        0.15        21.89 25.69 22.37 0.02        0.02        

SO2 -           -           -           -           0.01 0.01 0.02 -           -           

Cl 0.01 0.00 0.01 0.01 0.01 0.00 0.01 -           -           0.03 0.01 -           -           0.01 0.00 0.01 -           -           

Total 100.56 99.92 99.56 99.85 99.64 99.34 98.49 91.67      84.43      99.79 99.46 92.75      91.97      97.06 96.76 97.11 83.25      86.84      

Numbers of ions on the basis of 4O

Si 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02        0.02        0.00         0.00         0.05        0.09        0.00         0.00         0.00         0.01        0.00        

Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -           -           0.00         0.00         0.00        0.00        0.00         0.00         0.00         -           -           

Al 1.71 1.63 1.71 1.67 1.68 1.49 1.37 0.00        0.00        1.82         1.82         -           0.00        1.28         1.25         1.32         0.00        -           

Mg 0.72 0.68 0.71 0.69 0.70 0.61 0.57 0.09        0.40        0.53         0.53         0.04        0.04        0.93         0.90         0.89         0.00        0.00        

Fe 0.33 0.40 0.35 0.38 0.36 0.51 0.59 3.84        3.32        0.44         0.44         3.84        3.76        0.32         0.32         0.34         2.22        2.40        

Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01        0.21        0.00         0.00         0.00        -           0.00         0.00         0.00         -           -           

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00        0.00        0.01         0.01         0.00        0.01        0.00         0.00         0.00         0.00        0.00        

Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02        0.03        -            0.00         0.00        0.00        0.00         0.00         0.00         0.01        0.01        

K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -           -           -            -            -           -           0.11         0.00         0.00         -           -           

Ni 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01        0.00        -            -            0.00        0.00        0.01         0.01         0.01         1.76        1.59        

Cr 0.25 0.30 0.23 0.27 0.26 0.42 0.50 -           0.00        0.20         0.19         0.00        0.01        0.51         0.59         0.51         0.00        0.00        

S 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -           -           -            -            -           -           0.00         0.00         0.00         -           -           

Cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -           -           0.00         0.00         -           -           0.00         -            0.00         -           -           

Mg# 0.69 0.63 0.67 0.64 0.66 0.55 0.49 0.55 0.55 0.74 0.74 0.72

Cr# 0.13 0.16 0.12 0.14 0.14 0.22 0.27 0.10 0.10 0.28 0.32 0.28

Total 3.02 3.03 3.02 3.03 3.02 3.05 3.06 3.99        3.99        2.99         2.99         3.95        3.91        3.16         3.08         3.08         4.00        4.00        

TT1

TURON

TU2

Magnetite

OU1

URDACH

MP05

MONTAUT

Spinel (core) Spinel (rim) Magnetite Spinel (core) MagnetiteSpinel (core)
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Massif

Name

Mineral

Point 1 2

SiO2 53.40      52.38      

TiO2 0.05        0.07        

Al2O3 27.90      28.03      

MgO 5.87        0.39        

FeO 1.62        0.43        

MnO 0.00        0.01        

CaO 7.35        10.15      

Na2O 5.75        5.89        

K2O 0.04        0.10        

NiO 0.05        0.00        

Cr2O3 0.14        0.43        

SO2 0.01        -           

Cl 0 0

Total 102.17    97.88      

Numbers of ions on the basis of 8O

Si 2.37        2.43        

Ti 0.00        0.00        

Al 1.46        1.53        

Mg 0.39        0.03        

Fe 0.06        0.02        

Mn 0.00        0.00        

Ca 0.35        0.50        

Na 0.50        0.53        

K 0.00        0.01        

Ni 0.00        0.00        

Cl -           -           

Cr 0.00        0.02        

S 0.00        -           

ab 0.59        0.51        

an 0.41        0.49        

Total 5.14        5.06        

TURON

TT3

Plg

Supplementary Material Table A3: 

Major element composition of 

plagioclase in spinel-lherzolite
Massif MONTAUT

Name MP01

Mineral Amp

Point 1 1 2 3

SiO2 51.57 43.85 48.2 42.1

TiO2 1.90 1.04 0.58 4.2

Al2O3 7.89 11.71 8.87 13.39

MgO 17.70 18.15 20.14 16.57

FeO 3.30 5.62 4.71 4.38

MnO 0.09 0.06 0.08 0.08

CaO 11.42 11.85 11.63 11.79

Na2O 2.82 2.23 1.62 3.02

K2O 0.00 0.23 0.12 0.09

NiO 0.00 0.09 0.09 0.1

Cr2O3 0.71 0.96 0.38 0.71

SO2 0.00 0.07 0.04 0.01

Cl 0.03 0.39 0.18 0.01

Total 97.43 96.25 96.64 96.45

Numbers of ions on the basis of 23O

Si 7.19 6.38 6.86 6.08

Ti 0.20 0.11 0.06 0.46

Al 1.30 2.01 1.49 2.28

Mg 3.68 3.94 4.27 3.57

Fe 0.38 0.68 0.56 0.53

Mn 0.01 0.01 0.01 0.01

Ca 1.71 1.85 1.77 1.83

Na 0.76 0.63 0.45 0.85

K 0.00 0.04 0.02 0.02

Ni 0.00 0.01 0.01 0.01

Cr 0.08 0.11 0.04 0.08

S 0.00 0.01 0.01 0.00

Cl 0.01 0.10 0.04 0.00

Total 15.31 15.87 15.59 15.71

URDACH

OU1

Amp

Supplementary Material Table A3: Major element composition of 

amphibole in spinel-lherzolite
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 Supplementary Material Table A3: Major element composition of calcite in spinel-lherzolite

Massif

Name

Point 1 2 3 1 2 3 4 5 6 7 8

SiO2 0.36        0.11        0.05        0.14        0.05        0.55        0.02        -           0.37        0.01        0.00        

TiO2 -           -           -           0.05        0.03        -           0.04        -           -           0.02        -           

Al2O3 -           0.01        -           -           -           -           -           -           -           -           -           

MgO 0.85        1.12        1.68        0.26        0.26        0.31        0.18        -           0.36        0.27        0.74        

FeO 0.15        0.01        0.02        0.01        0.00        -           -           0.01        0.02        0.02        -           

MnO 0.03        -           0.03        0.17        0.11        0.12        0.05        0.06        0.06        0.05        0.00        

CaO 56.92      53.65      53.70      57.13      56.24      55.02      59.02      59.39      57.01      58.49      56.57      

Na2O -           -           0.04        -           -           -           -           -           -           -           -           

K2O 0.00        0.00        -           -           -           -           -           -           -           -           -           

NiO -           0.03        -           -           -           -           0.03        -           0.12        -           -           

Cr2O3 -           -           0.01        0.03        0.01        0.01        -           0.01        -           0.02        0.01        

SO2 0.07        0.14        0.07        -           -           -           -           -           -           -           -           

Cl 0.06        0.01        0.01        -           -           -           -           -           -           -           -           

Total 58.45      55.08      55.58      57.79      56.70      56.01      59.36      59.47      57.93      58.89      57.32      

Numbers of ions on the basis of 3O

Si 0.02        0.01        0.00        0.01        0.00        0.03        0.00        -           0.02        0.00        0.00        

Ti -           -           -           0.00        0.00        -           0.00        -           -           0.00        -           

Al -           0.00        -           -           -           -           -           -           -           -           -           

Mg 0.06        0.08        0.12        0.02        0.02        0.02        0.01        -           0.03        0.02        0.05        

Fe 0.01        0.00        0.00        0.00        0.00        -           -           0.00        0.00        0.00        -           

Mn 0.00        -           0.00        0.01        0.00        0.01        0.00        0.00        0.00        0.00        0.00        

Ca 2.89        2.89        2.86        2.96        2.97        2.92        2.98        3.00        2.93        2.97        2.95        

Na -           -           0.00        -           -           -           -           -           -           -           -           

K 0.00        0.00        -           -           -           -           -           -           -           -           -           

Ni -           0.00        -           -           -           -           0.00        -           0.00        -           -           

Cr -           -           0.00        0.00        0.00        0.00        -           0.00        -           0.00        0.00        

S 0.00        0.01        0.00        -           -           -           -           -           -           -           -           

Cl 0.00        0.00        0.00        -           -           -           -           -           -           -           -           

Total 2.98        2.99        3.00        2.99        3.00        2.97        3.00        3.00        2.98        3.00        3.00        
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Supplementary Material Table A3: Major element composition of serpentine in spinel-lherzolite

Massif

Name

Texture

Point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25

SiO2 45.30   46.53   44.88   44.48   44.44   44.13   42.94   43.51   44.03   44.73   45.02   42.58   44.46   44.04   44.54   44.42   45.21   44.92   43.97   43.89   44.69   44.96   43.53   42.48   42.37   

TiO2 0.01     0.02     0.01     0.03     0.03     0.03     0.04     0.00     0.04     0.07     0.04     0.07     0.03     0.04     0.03     0.06     0.01     0.02     0.04     0.00     0.04     0.06     0.06     0.09     0.02     

Al2O3 0.18     0.47     2.36     1.65     1.72     2.80     0.85     1.18     0.28     0.28     0.65     0.44     0.46     0.28     0.63     0.68     0.64     0.26     0.68     0.63     0.65     0.67     0.63     0.49     0.63     

MgO 39.64   38.11   39.23   39.15   38.95   39.08   39.64   39.19   39.46   39.57   39.91   39.82   39.67   37.23   40.81   40.58   40.91   40.81   40.45   40.59   40.37   40.39   40.26   40.43   40.06   

FeO 2.21     2.51     1.77     1.77     1.71     1.64     2.05     2.23     1.74     1.91     1.75     1.75     1.69     4.65     1.51     1.63     1.62     1.57     1.61     1.58     1.59     1.63     1.62     1.28     1.50     

MnO 0.07     0.10     0.11     0.09     0.06     0.07     0.10     0.07     0.04     0.01     0.05     0.04     0.04     0.31     0.02     0.06     0.02     0.05     0.03     0.05     0.04     0.01     0.05     0.02     0.01     

CaO 0.04     0.04     0.01     0.05     0.05     0.03     0.02     0.07     0.04     0.02     0.13     0.05     0.02     0.06     0.04     0.03     0.03     0.06     0.02     0.03     0.03     0.03     0.05     0.03     0.06     

Na2O -        0.01     0.00     0.02     0.02     0.01     0.02     0.01     0.01     0.02     0.02     0.02     -        0.10     0.03     0.03     0.02     0.01     0.02     0.03     0.03     0.02     0.02     0.01     0.00     

K2O 0.00     0.01     -        0.01     0.01     0.01     0.01     0.00     -        0.00     0.01     -        0.00     0.02     0.01     0.01     0.01     0.00     -        0.00     -        0.01     0.01     -        0.01     

NiO 0.10     0.04     0.05     0.25     0.16     0.05     0.04     0.06     0.14     0.16     0.02     0.17     0.04     0.08     0.20     0.21     0.20     0.15     0.28     0.18     0.15     0.17     0.18     0.15     0.13     

Cr2O3 0.05     0.01     0.03     0.16     0.09     0.12     -        0.04     -        -        0.02     0.03     0.02     0.00     0.01     0.03     0.02     -        0.01     0.09     0.04     0.03     0.03     0.04     0.01     

SO2 0.08     0.10     0.07     0.07     0.07     0.08     0.13     0.13     0.08     0.08     0.10     0.07     0.05     0.07     0.06     0.05     0.06     0.07     0.07     0.06     0.06     0.06     0.08     0.06     0.05     

Cl 87.67   87.94   88.52   87.73   87.31   88.06   85.84   86.49   85.86   86.86   87.71   85.04   86.48   86.89   87.88   87.80   88.75   87.92   87.19   87.13   87.71   88.04   86.52   85.08   84.85   

Numbers of ions on the basis of 7O

Si 2.08     2.13     2.04     !"#$ 2.05     2.02     2.03     2.04     2.07     2.08     2.07     2.03     2.07     2.08     2.04     2.04     2.05     2.06     2.04     2.03     2.05     2.06     2.03     2.02     2.02     

Ti 0.00     0.00     0.00     #"## 0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     

Al 0.01     0.03     0.13     #"#% 0.09     0.15     0.05     0.06     0.02     0.02     0.04     0.02     0.03     0.02     0.03     0.04     0.03     0.01     0.04     0.03     0.04     0.04     0.03     0.03     0.04     

Mg 2.72     2.60     2.66     !"&' 2.68     2.66     2.79     2.73     2.76     2.74     2.73     2.82     2.75     2.62     2.79     2.78     2.77     2.79     2.79     2.80     2.76     2.75     2.80     2.86     2.84     

Fe 0.09     0.10     0.07     #"#( 0.07     0.06     0.08     0.09     0.07     0.07     0.07     0.07     0.07     0.18     0.06     0.06     0.06     0.06     0.06     0.06     0.06     0.06     0.06     0.05     0.06     

Mn 0.00     0.00     0.00     #"## 0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.01     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     

Ca 0.00     0.00     0.00     #"## 0.00     0.00     0.00     0.00     0.00     0.00     0.01     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     

Na -        0.00     0.00     #"## 0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     -        0.01     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     0.00     

K 0.00     0.00     -        #"## 0.00     0.00     0.00     0.00     -        0.00     0.00     -        0.00     0.00     0.00     0.00     0.00     0.00     -        0.00     -        0.00     0.00     -        0.00     

Ni 0.00     0.00     0.00     #"#) 0.01     0.00     0.00     0.00     0.01     0.01     0.00     0.01     0.00     0.00     0.01     0.01     0.01     0.01     0.01     0.01     0.01     0.01     0.01     0.01     0.00     

Cr 0.00     0.00     0.00     #"#) 0.00     0.00     -        0.00     -        -        0.00     0.00     0.00     0.00     0.00     0.00     0.00     -        0.00     0.00     0.00     0.00     0.00     0.00     0.00     

Cl 0.01     0.01     0.01     #"#) 0.01     0.01     0.01     0.01     0.01     0.01     0.01     0.01     0.00     0.01     0.00     0.00     0.00     0.01     0.01     0.00     0.00     0.01     0.01     0.00     0.00     

Mg# 0.97     0.96     0.98     0.98     0.98     0.98     0.97     0.97     0.98     0.97     0.98     0.98     0.98     0.93     0.98     0.98     0.98     0.98     0.98     0.98     0.98     0.98     0.98     0.98     0.98     

Total 4.92     4.87     4.90     $"%) 4.91     4.91     4.96     4.94     4.93     4.92     4.92     4.97     4.92     4.93     4.94     4.94     4.94     4.94     4.95     4.95     4.93     4.93     4.96     4.97     4.97     

Mesh Bastite Vein MV1 Vein MV2

MP01

Vein MV3

MONTAUT
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Supplementary Material Table A3: Major element composition of serpentine in spinel-lherzolite

Massif

Name

Texture

Point 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11

SiO2 42.39       40.91       39.73       43.15          39.97          40.66       41.42      41.96      43.44      44.27      42.73      43.88      41.06      41.97      45.03      42.27          42.37      45.13      43.54      43.14      43.86      41.65      44.40      

TiO2 0.01         -          0.02         0.01            0.06            0.08         0.03        0.06        0.01        0.03        0.01        0.03        0.06        0.01        0.05        0.05            0.05        0.07        0.01        0.03        0.01        0.00        0.02        

Al2O3 0.01         0.01         0.00         1.95            1.36            2.80         0.92        0.16        0.14        0.13        0.28        0.45        1.19        3.99        2.75        2.84            0.62        0.92        0.21        0.21        0.26        0.05        0.52        

MgO 40.83       39.86       40.87       39.69          41.06          38.31       38.83      39.66      40.50      39.58      40.53      39.76      38.82      39.10      37.45      36.94          39.10      39.65      39.69      40.08      39.90      39.77      39.81      

FeO 2.42         3.88         6.50         2.21            2.67            3.00         3.31        2.89        2.21        2.84        2.07        1.76        4.03        2.19        1.75        2.78            2.57        1.26        2.32        2.00        2.03        2.95        1.81        

MnO 0.04         0.03         0.09         0.11            0.06            0.11         0.14        0.06        0.03        0.07        0.02        0.07        0.12        0.11        0.07        0.12            0.10        0.06        0.08        0.10        0.06        0.11        0.08        

CaO 0.00         0.02         0.01         0.02            0.01            0.05         0.04        0.02        0.03        0.03        0.01        0.02        0.02        0.06        0.02        0.38            0.04        0.04        0.03        0.01        0.02        0.02        0.03        

Na2O 0.01         -          -          0.00            0.02            0.01         0.03        0.04        0.01        0.02        -         0.03        0.01        0.02        0.07        0.05            0.02        -         0.01        0.01        -         0.02        -         

K2O -          0.00         0.01         - - 0.01         0.01        -         0.00        -         -         0.01        0.00        -         0.00        0.01            0.00        0.02        0.01        0.00        0.00        0.01        -         

NiO 0.30         0.25         0.18         0.01            0.05            0.04         0.48        0.06        0.03        0.10        0.05        0.02        0.07        0.07        0.05        - 0.06        0.04        0.07        0.03        0.02        0.20        0.02        

Cr2O3 0.01         -          0.01         0.04            0.14            0.32         0.09        -         -         -         0.03        0.03        0.10        0.19        0.23        0.25            0.01        0.05        0.03        -         0.02        -         -         

SO2 0.28         0.33         0.15         0.04            0.19            0.17         0.19        0.17        0.10        0.17        0.09        0.11        0.29        0.19        0.09        0.13            0.26        0.10        0.13        0.09        0.10        0.31        0.08        

Cl 86.31       85.29       87.58       87.24          85.60          85.56       85.47      85.09      86.49      87.22      85.82      86.15      85.76      87.90      87.54      85.82          85.21      87.34      86.13      85.69      86.29      85.09      86.77      

Numbers of ions on the basis of 7O

Si 2.00         1.98         1.90         2.00            1.91            1.94         1.99        2.01        2.03        2.06        2.02        2.05        1.97        1.94        2.06        2.00            2.02        2.07        2.05        2.04        2.05        2.00        2.06        

Ti 0.00         -          0.00         0.00            0.00            0.00         0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00            0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Al 0.00         0.00         0.00         0.11            0.08            0.16         0.05        0.01        0.01        0.01        0.02        0.03        0.07        0.22        0.15        0.16            0.03        0.05        0.01        0.01        0.01        0.00        0.03        

Mg 2.88         2.87         2.92         2.74            2.93            2.73         2.78        2.83        2.83        2.75        2.85        2.78        2.78        2.69        2.56        2.61            2.78        2.72        2.78        2.82        2.78        2.85        2.76        

Fe 0.10         0.16         0.26         0.09            0.11            0.12         0.13        0.12        0.09        0.11        0.08        0.07        0.16        0.08        0.07        0.11            0.10        0.05        0.09        0.08        0.08        0.12        0.07        

Mn 0.00         0.00         0.00         0.00            0.00            0.00         0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00            0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Ca 0.00         0.00         0.00         0.00            0.00            0.00         0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.02            0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Na 0.00         -          -          0.00            0.00            0.00         0.00        0.00        0.00        0.00        -         0.00        0.00        0.00        0.01        0.00            0.00        -         0.00        0.00        -         0.00        -         

K -          0.00         0.00         - - 0.00         0.00        -         0.00        -         -         0.00        0.00        -         0.00        0.00            0.00        0.00        0.00        0.00        0.00        0.00        -         

Ni 0.01         0.01         0.01         0.00            0.00            0.00         0.02        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        - 0.00        0.00        0.00        0.00        0.00        0.01        0.00        

Cr 0.00         -          0.00         0.00            0.01            0.01         0.00        -         -         -         0.00        0.00        0.00        0.01        0.01        0.01            0.00        0.00        0.00        -         0.00        -         -         

Cl 0.02         0.03         0.01         0.00            0.02            0.01         0.02        0.01        0.01        0.01        0.01        0.01        0.02        0.02        0.01        0.01            0.02        0.01        0.01        0.01        0.01        0.02        0.01        

Mg# 0.97         0.95         0.92         0.97            0.96            0.96         0.95        0.96        0.97        0.96        0.97        0.98        0.95        0.97        0.97        0.96            0.96        0.98        0.97        0.97        0.97        0.96        0.98        

Total 5.02         5.05         5.11         4.95            5.06            4.99         5.00        5.00        4.97        4.95        4.98        4.94        5.02        4.97        4.87        4.93            4.98        4.91        4.96        4.96        4.95        5.02        4.93        

MONTAUT

MP04 MP05

Mesh Vein MV1 Vein MV3 Bastite Vein MV1 Vein MV2
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Supplementary Material Table A3: Major element composition of serpentine in spinel-lherzolite

Massif

Name

Texture

Point 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5

SiO2 39.91      40.88      42.62      36.96      37.15      39.71      38.04      38.80      37.16      35.57      42.65      42.44      42.78      43.33      43.29      

TiO2 0.04        0.02        0.07        0.31        0.14        0.02        0.13        0.06        0.47        0.70        0.06        0.07        0.07        0.02        -           

Al2O3 1.06        2.07        2.14        6.21        4.75        2.41        3.48        5.11        6.52        7.85        4.46        4.61        3.19        0.68        0.69        

MgO 37.81      35.98      35.49      35.69      35.66      39.38      37.00      34.97      34.94      34.31      33.35      33.35      34.03      38.71      38.95      

FeO 8.00        6.95        6.69        7.68        8.12        5.44        7.81        7.72        7.83        8.28        5.64        5.66        5.68        2.94        2.97        

MnO 0.09        0.13        0.12        0.11        0.10        0.08        0.09        0.07        0.08        0.13        0.14        0.13        0.11        0.04        0.02        

CaO 0.05        0.13        0.14        0.03        0.05        0.05        0.03        0.07        0.07        0.02        0.22        0.29        0.25        0.07        0.06        

Na2O 0.05        0.01        0.03        0.00        0.02        0.10        0.13        0.10        0.01        -           0.04        0.04        0.05        0.04        0.03        

K2O -           -           0.01        -           0.01        0.02        0.00        0.03        0.00        -           0.05        0.06        0.03        0.01        0.01        

NiO 0.23        0.35        0.38        0.36        0.18        0.06        0.12        0.26        0.18        0.08        0.03        0.05        0.06        0.02        0.03        

Cr2O3 0.01        -           0.07        0.47        0.49        0.03        0.47        0.38        0.87        1.11        0.30        0.36        0.30        0.03        -           

SO2 0.10        0.11        0.13        0.03        0.20        0.09        0.27        0.13        0.03        0.03        0.03        0.02        0.03        0.01        0.03        

Cl 87.35      86.61      87.88      87.85      86.86      87.39      87.56      87.69      88.18      88.06      86.99      87.10      86.57      85.91      86.07      

Numbers of ions on the basis of 7O

Si 1.92        1.97        2.01        1.77        1.81        1.89        1.84        1.86        1.78        1.71        !"#$%%%%%%%%%%%%%% !"##%%%%%%%%%%%%%% !"#&%%%%%%%%%%%%%% !"#'%%%%%%%%%%%%%% !"#(%%%%%%%%%%%%%%

Ti 0.00        0.00        0.00        0.01        0.01        0.00        0.00        0.00        0.02        0.03        #"##%%%%%%%%%%%%%% #"##%%%%%%%%%%%%%% #"##%%%%%%%%%%%%%% #"##%%%%%%%%%%%%%% ) %%%%%%%%%%%%%%%%%

Al 0.06        0.12        0.12        0.35        0.27        0.13        0.20        0.29        0.37        0.44        #"!'%%%%%%%%%%%%%% #"!*%%%%%%%%%%%%%% #"$+%%%%%%%%%%%%%% #"#(%%%%%%%%%%%%%% #"#(%%%%%%%%%%%%%%

Mg 2.72        2.58        2.50        2.55        2.59        2.79        2.66        2.50        2.49        2.46        !"&(%%%%%%%%%%%%%% !"&(%%%%%%%%%%%%%% !"($%%%%%%%%%%%%%% !",!%%%%%%%%%%%%%% !",(%%%%%%%%%%%%%%

Fe 0.32        0.28        0.26        0.31        0.33        0.22        0.32        0.31        0.31        0.33        0.22        0.22        0.23        0.12        0.12        

Mn 0.00        0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.01        0.01        0.01        0.00        0.00        0.00        

Ca 0.00        0.01        0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.01        0.01        0.01        0.00        0.00        

Na 0.00        0.00        0.00        0.00        0.00        0.01        0.01        0.01        0.00        -           #"##%%%%%%%%%%%%%% #"##%%%%%%%%%%%%%% #"##%%%%%%%%%%%%%% #"##%%%%%%%%%%%%%% #"##%%%%%%%%%%%%%%

K -           -           0.00        -           0.00        0.00        0.00        0.00        0.00        -           0.00        0.00        0.00        0.00        0.00        

Ni 0.01        0.01        0.01        0.01        0.01        0.00        0.00        0.01        0.01        0.00        0.00        0.00        0.00        0.00        0.00        

Cr 0.00        -           0.00        0.02        0.02        0.00        0.02        0.01        0.03        0.04        0.01        0.01        0.01        0.00        -           

Cl 0.01        0.01        0.01        0.00        0.02        0.01        0.02        0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Mg# 0.89        0.90        0.90        0.89        0.89        0.93        0.89        0.89        0.89        0.88        0.91        0.91        0.91        0.96        0.96        

Total 5.05        4.98        4.94        5.03        5.06        5.06        5.08        5.00        5.01        5.02        4.86        4.87        4.88        4.94        4.94        

URDACH 

OU1

Mesh Bastite Mesh
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Supplementary Material Table A3: Major element composition of serpentine in spinel-lherzolite

Massif

Name

Texture Vein UV4

Point 6 7 8 9 10 11 12 13 14 15 16 17 18 19 1 2 3 4

SiO2 40.50      40.71      39.96      42.65      43.84      42.44      43.28      43.79      42.78      41.52      42.87      42.19      42.59      42.67      39.60      39.37      39.60      42.23          

TiO2 0.17        0.01        0.03        0.06        0.05        0.07        0.07        0.02        0.07        0.02        -         0.03        0.01        0.03        1.45        0.02        1.45        0.01  

Al2O3 3.88        4.21        3.57        4.46        1.87        4.61        2.05        2.12        3.19        0.65        0.64        0.63        0.60        0.67        5.56        5.49        5.56        0.68  

MgO 35.73      36.85      37.33      33.35      33.80      33.35      35.01      34.42      34.03      42.43      42.02      42.87      42.92      41.70      32.17      38.21      32.17      42.55          

FeO 5.59        4.98        5.82        5.64        6.16        5.66        6.13        5.75        5.68        2.56        2.82        2.38        2.06        2.62        6.88        4.50        6.88        2.47  

MnO 0.12        0.08        0.12        0.14        0.14        0.13        0.09        0.11        0.11        0.04        0.05        0.04        0.06        0.04        0.32        0.07        0.32        0.04  

CaO 0.27        0.27        0.19        0.22        0.19        0.29        0.29        0.29        0.25        0.06        0.03        0.03        0.05        0.08        0.23        0.13        0.23        0.05  

Na2O 0.00        0.01        0.00        0.04        0.04        0.04        -         0.03        0.05        0.02        0.04        0.01        0.03        0.02        0.06        0.01        0.06        0.03  

K2O 0.02        0.03        0.01        0.05        0.04        0.06        0.02        0.02        0.03        -         0.01        0.02        0.01        0.01        0.08        0.00        0.08        0.00  

NiO 0.07        0.06        0.09        0.03        0.03        0.05        0.26        0.21        0.06        -         -         0.03        0.02        0.01        0.06        0.03        0.06        0.03  

Cr2O3 0.38        -         0.01        0.30        0.08        0.36        -         0.02        0.30        -         -         0.01        0.02        -         0.34        0.00        0.34        - 

SO2 0.06        0.04        0.12        0.03        0.02        0.02        0.04        0.04        0.03        0.01        0.03        0.00        0.00        0.01        0.02        0.03        0.02        0.01  

Cl 86.78      87.25      87.24      86.99      86.26      87.10      87.24      86.81      86.57      87.32      88.50      88.24      88.37      87.84      86.77      87.86      86.77      88.11          

Numbers of ions on the basis of 7O

Si 1.93        1.92        1.90        2.01        2.09        2.00        2.04        2.07        2.03        1.94        1.97        1.95        1.96        1.98        !"#$%%%%%%%%%%%%%% 1.84        1.90        1.95  

Ti 0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        -         0.00        0.00        0.00        $"$&%%%%%%%%%%%%%% 0.00        0.05        0.00  

Al 0.22        0.23        0.20        0.25        0.10        0.26        0.11        0.12        0.18        0.04        0.03        0.03        0.03        0.04        $"'!%%%%%%%%%%%%%% 0.30        0.31        0.04  

Mg 2.54        2.59        2.65        2.34        2.40        2.34        2.46        2.43        2.41        2.96        2.89        2.95        2.94        2.88        ("'$%%%%%%%%%%%%%% 2.67        2.30        2.93  

Fe 0.22        0.20        0.23        0.22        0.25        0.22        0.24        0.23        0.23        0.10        0.11        0.09        0.08        0.10        0.28        0.18        0.28        0.10  

Mn 0.01        0.00        0.00        0.01        0.01        0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.01        0.00        0.01        0.00  

Ca 0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.00        0.00        0.00        0.00        0.00        0.01        0.01        0.01        0.00  

Na 0.00        0.00        0.00        0.00        0.00        0.00        -         0.00        0.00        0.00        0.00        0.00        0.00        0.00        $"$!%%%%%%%%%%%%%% 0.00        0.01        0.00  

K 0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        -         0.00        0.00        0.00        0.00        0.01        0.00        0.01        0.00  

Ni 0.00        0.00        0.00        0.00        0.00        0.00        0.01        0.01        0.00        -         -         0.00        0.00        0.00        0.00        0.00        0.00        0.00  

Cr 0.01        -         0.00        0.01        0.00        0.01        -         0.00        0.01        -         -         0.00        0.00        -         0.01        0.00        0.01        - 

Cl 0.00        0.00        0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00  

Mg# 0.92        0.93        0.92        0.91        0.91        0.91        0.91        0.91        0.91        0.97        0.96        0.97        0.97        0.97        0.89        0.94        0.89        0.97  

Total 4.95        4.97        5.01        4.86        4.86        4.87        4.90        4.88        4.88        5.04        5.01        5.03        5.02        5.01        4.89        5.01        4.89        5.03  
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Supplementary Material Table A3: Major element composition of serpentine in spinel-lherzolite

Massif

Name

Texture

Point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

SiO2 40.62      42.27      40.72      39.00      41.38      40.61      40.45      41.63      40.78      41.25      39.12      40.10      42.26      41.45      41.46      42.62      

TiO2 0.07        0.01        -           0.03        0.02        -           0.02        -           -           0.02        0.03        -           0.05        0.04        0.06        0.05        

Al2O3 0.43        0.05        0.19        0.00        0.09        0.01        0.02        0.03        0.05        0.25        0.01        0.01        1.85        1.44        1.34        1.76        

MgO 38.00      38.47      37.39      39.29      38.48      39.48      38.06      37.97      38.33      37.87      39.56      37.67      34.99      37.07      36.92      35.24      

FeO 7.24        5.55        7.61        7.48        6.30        7.06        7.07        6.44        7.47        6.08        6.86        7.11        6.68        6.82        6.60        6.07        

MnO 0.05        0.04        0.06        0.07        0.09        0.06        0.03        0.07        0.04        0.04        0.06        0.06        0.08        0.06        0.05        0.06        

CaO 0.06        0.06        0.09        0.03        0.10        0.05        0.02        0.08        0.03        0.09        0.04        0.05        0.19        0.13        0.16        0.22        

Na2O 0.05        0.06        0.05        0.03        0.08        0.02        0.03        0.04        0.07        0.07        0.01        0.03        0.03        0.03        0.13        0.24        

K2O 0.00        0.01        -           0.01        0.01        -           0.00        -           0.00        0.02        0.01        -           0.02        0.01        0.02        0.04        

NiO 0.28        0.21        0.37        0.35        0.26        0.35        0.34        0.31        0.44        0.31        0.27        0.30        0.39        0.29        0.34        0.45        

Cr2O3 0.04        0.03        -           0.01        0.01        -           0.02        0.01        0.02        0.01        -           0.03        0.18        0.01        -           0.02        

SO2 0.11        0.10        0.07        0.10        0.10        0.06        0.09        0.09        0.08        0.14        0.11        0.09        0.09        0.10        0.06        0.06        

Cl 86.95      86.85      86.56      86.41      86.92      87.71      86.15      86.65      87.32      86.16      86.06      85.43      86.80      87.45      87.14      86.82      

Numbers of ions on the basis of 7O

Si 1.96        2.01        1.97        1.90        1.98        1.94        1.97        2.00        1.96        1.99        1.91        1.97        2.02        1.97        1.98        2.03        

Ti 0.00        0.00        -           0.00        0.00        -           0.00        -           -           0.00        0.00        -           0.00        0.00        0.00        0.00        

Al 0.02        0.00        0.01        0.00        0.01        0.00        0.00        0.00        0.00        0.01        0.00        0.00        0.10        0.08        0.08        0.10        

Mg 2.73        2.73        2.70        2.86        2.75        2.81        2.76        2.72        2.75        2.73        2.88        2.75        2.49        2.63        2.63        2.50        

Fe 0.29        0.22        0.31        0.31        0.25        0.28        0.29        0.26        0.30        0.25        0.28        0.29        0.27        0.27        0.26        0.24        

Mn 0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.00        

Ca 0.00        0.00        0.00        0.00        0.01        0.00        0.00        0.00        0.00        0.00        0.00        0.00        0.01        0.01        0.01        0.01        

Na 0.00        0.01        0.01        0.00        0.01        0.00        0.00        0.00        0.01        0.01        0.00        0.00        0.00        0.00        0.01        0.02        

K 0.00        0.00        -           0.00        0.00        -           0.00        -           0.00        0.00        0.00        -           0.00        0.00        0.00        0.00        

Ni 0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.02        0.01        0.01        0.01        0.01        0.01        0.01        0.02        

Cr 0.00        0.00        -           0.00        0.00        -           0.00        0.00        0.00        0.00        -           0.00        0.01        0.00        -           0.00        

Cl 0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.01        0.00        0.01        

Mg# 0.90        0.93        0.90        0.90        0.92        0.91        0.91        0.91        0.90        0.92        0.91        0.90        0.90        0.91        0.91        0.91        

Total 5.04        5.00        5.03        5.10        5.03        5.06        5.04        5.01        5.05        5.02        5.10        5.04        4.93        4.99        4.99        4.94        
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-FKJ 2JMJN KMJ@ @M@N @2MOG PMQO KMJQ JMOO KMJ2 KMK@ KM@2 KMK? JMJQ JKMP2 JKKMQ QGM?

-FK? 2JM?2 KMJJ ?MOP @@MJO PMNG KM?G ?M2Q KMJK KMK2 KM@G KMKJ ?M@O J?MJP JKJMQ QGM?

-FK@ 2GMQQ KMJG @MPO ?QMG? NMJ? KMJN GMQP KM@Q KMKO KM?N KMKJ KMO2 PM2O JKKMN Q2M@

-FK2 2KM2? KMJK JMNG @PMNQ QMKP KMJ2 JMQ@ KMJ2 KMKG KM?N KMKJ KMO@ QM?2 JKKMN Q2M?

-FKG 2KM2N KMKO ?M?N @NM2? OMOJ KMJO JMNP KMJP KMKG KM@@ KMKJ KMGQ OMJG JKKM@ Q2M2

-FKP 2KM?2 KMKO ?M2P @GMJ@ NMO@ KMJQ JMGQ KMKN KMK2 KM@G KMKJ JMJJ JJMGK JKKMP Q2MN

-FKN @PMPG KMKP JM@N @GM@? J?MGJ KMJP KMJP KMKK KMKJ KM?? KMK? JMP? J?MQG JKJMK QJMQ

'&("#

//J 22MP2 KMJ@ @M@J @QM?K QM?? KMJ@ ?MOK KMJQ KMK? KM@2 KMKJ KM?2 KMPG JKKMQ Q2M2

//? 22M2K KMJ@ @M2P @NMOG OMG2 KMJ@ ?M2O KM?J KMK? KM@N KMKJ KM2O @MKK JKJMJ Q2MN

//@ 2@MJO KMJK ?MO? @OM2G OMGO KMJ@ ?M@@ KMJK KMK@ KM@P KMKJ KMNN 2M2P JKJM@ Q2MN

//2 2@MNN KMJG @MO2 @GMQP OMGO KMJ@ ?MOG KM?J KMK@ KM@N KMKJ KMNO 2MP@ JKJM@ Q2M2

//G 2GMOK KM?@ 2MOK @PMGG OMGO KMJ2 @MGO KM?N KMK@ KM@O KMKJ KMJG KM@2 JKKMQ Q2MG

//P 2GMKK KMJ@ @M2N @OM2? OMQ2 KMJ2 @M?G KM?J KMK? KM@2 KMKJ KM?O KMGJ JKKMN Q2MG

//N 22MGG KMJ2 @M@2 @OM?N OMQ2 KMJ@ @M@K KM@K KMK? KM@J KMKJ KM@P JMPQ JKJM2 Q2MG

//O 22MOO KMJ? @M?N @QMPJ OMQN KMJ@ ?MOK KM?? KMKJ KM@O KMKJ KMJ@ KM?J JKKMN Q2MP

//Q 22MQN KMJ2 @MG2 @OMPG QMKK KMJ2 @MJK KM?2 KMK? KM@P KMKJ KMJG KMK? JKKM@ Q2MG

//JK 2@MKQ KMJ@ @M@2 @NMO@ QMJ? KMJ2 ?MGN KM?K KMKQ KM@O KMKJ KMNN @M2O JKJM? Q2M@

//JJ 2JMQN KMKG JMGP 2KMKK OM@N KMJ? KMOJ RKMK? KMKJ KM@N KMKJ JMK? PM@? JKKMP QGMK

//J? 2GMK? KM?? 2MPN @PM@O QMP2 KMJ2 @MPJ KM2K KMK? KM@2 KMKJ KM?O KMJQ JKKMQ Q@MO

)(*%+,

>SJ @JMQ@ KM?G ?MQP ?GMKQ PMKK KMJ? J2M?O KM?J KMK2 KM?Q KMK? JM@Q JQMKN JKJMN Q2M2

>SB>H @OMGJ KMKO ?M@2 @@MQG NMQG KMJK GMQN KMKQ KMK@ KM@K KMKJ KMNQ JJM?@ JKJM@ Q2MG

SH @OMO2 KMKG ?MGG @GM@O NM@O KMJJ KMP2 RKMK? KMKJ KM?Q KMKK JMPJ J2MK@ JKKMQ QGMK

/S? @QMJJ KMKG ?M?2 @2M?N OM@O KMKN KM@P RKMK? KMKJ KM@2 KMKK @MKO J2M2@ JK?M2 Q2M?

/S@ @QMKQ KMKQ ?MOO @2MQN NM@Q KMJK KMKP RKMK? KMKJ KM@? KMKK ?MGG J2MN@ JK?M? QGMK

/SP @QM?O KMKQ ?MQ? @GMKN NMOP KMJJ KMKG RKMK? KMKJ KM@P KMKK JMO2 J2M@? JKJMQ Q2MN

/SQ @QM@? KMJJ ?MOJ @GM?K NMNP KMJK KMK2 RKMK? KMKJ KM@J KMKK JMGK J@MPN JKKMO Q2MO

/S> @QMG? KMKN ?M@J @GM?N OM?@ KMKQ 2M?K KMKO KMK? KM@J KMKJ KMP2 JKM?? JKJMK Q2MG
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DEFGH DIFJ2 GH2 GJFK DHLG DKEFL DI22 DMIFJ D2JFG LFIH DFKI KFKI KF2ME

>(=,=%N KFKG KFKI L KFJ J KF2 MD DFK KFI KFK2 KFKM KFKL KFKDK

DJFL2 MLFKK I2K DKKFI DJJM DMKFH MLEK MMFJ DMKFJ MFJH DFLG KFDD DFKMJ

>(=,=%N KFE2 KFKE D KFL M KFH DD KFL KFI KFKE KFKJ KFKL KFKDD

DIFGE LHFEJ DK2K DLMFJ DLEH EGFH DLEE LGFL E2FH LFGM DFKL KFMD KFMDI

>(=,=%N KFHM KFMJ DD DFM DL KFL I KFH KFJ KFKL KFKL KFKL KFKKI

HFHM DEFML EKE ILFH DKJM DKDFJ MMKK JFL IMFL DFJH DFK2 KFDH KFKGJ

>(=,=%N KFKH KFM2 G KFL J KFJ LD KF2 KFG KFK2 KFKM KFKL KFKKJ

EFJH DMFE2 2IL ELFJ D22E DKLFE MMDH DHFH JDFG MFMK KFID KFKI KFKI2

>(=,=%N KFKH KFKE M KF2 J KF2 DL KF2 KFI KFK2 KFKM KFKL KFKK2

JF2G D2FDL HDE ELFK D22D GGFK DGMG EKFK DL2FE LFKG KFEM KFKJ KFDHL

>(=,=%N KFKG KFMK D KFI DE KF2 DG KFE DFK KFKE KFKD KFKL KFKK2

GFL2 DMFIE LIG HLFJ DMLI DK2FD DGJ2 DM2FE DL2FM DFGI DFMK KFK2 KFLIK

>(=,=%N KFKJ KFKJ M KF2 DM KFH DI KFJ DF2 KFKE KFKL KFKL KFKML

'&("#

MFM2 DEFMG G2E I2FI DKKE DK2FL MKDK MDFL 22FM MFIG KFDM KFDKI KFKKI

>(=,=%N KFKD KFMK I KFH DD KFG DM KFL KFI KFKH KFKD KFKDK KFKKD

MFGG DHFGG IEJ IMFE JDE JKFH DIMI DLFJ 2MFH MFE2 KFDM KFDMM KFKKG

>(=,=%N KFK2 KFKI J KFE J KFL DI KFD KFI KFKL KFKD KFKKE KFKKD

2FM2 D2FKK EHM ELFD GGG JIFD DJMM DFJ 2JFE MFLJ KFDG KFKIL KFKDL

>(=,=%N KFKH KFKD E KFM 2 KFD DJ KFD KF2 KFK2 KFKD KFKKE KFKKD

HFII DIF2H JDI GDFM JHG JDFD DIKG JFE HDFJ LFDM KF2L KFDG2 KFKDIK

>(=,=%N KFK2 KFDI L KFE D DFM I KFD KFH KFKG KFKL KFKKI KFKKKL

2FGJ DGFGM DLHH JHFK J2G GJFK DEHG EHFL HDFL LFGG KFML KFD2K KFKMM

>(=,=%N KFKM KFMG DK KFI J KFM I KFG KFH KFDM KFKM KFKDK KFKKD

2FHH DEFEL IGE IEFI JHD JIF2 DG2E LMFG 2GFM MFJG KFHL KFKGM KFKLL

>(=,=%N KFKH KFDI D KF2 2 KFH G KF2 KF2 KFKE KFKH KFKKH KFKKM

LFJE DIFMI GED IHF2 J2J JHFM DGME LDFI 2DFH MFEL KFDD KFKGJ KFKK2

>(=,=%N KFK2 KFKI J KFE J KFL DI KFD KFI KFKL KFKD KFKKE KFKKD

MFKM DEFIM GGK IIFD J2I JGFK DJGL MIFG 2IFM MFJH KFKG KFKJI KFKKI

>(=,=%N KFKH KFKD H KFM 2 KFD DJ KFD KF2 KFK2 KFKD KFKKE KFKKD

DFIK DLFJJ EEG EEFE JKE JGFM DGGK MLF2 2HFM MFE2 KFKI KFDKG KFKKG

>(=,=%N KFK2 KFDI DK KFE D DFM I KFD KFH KFKG KFKL KFKKI KFKKK

EFDG DLFJG IHH EIF2 JLJ JEFD DJLK DFL HMFG MFGJ KFD2 KFD22 KFKLK

>(=,=%N KFKM KFMG E KFI J KFM I KFG KFH KFDM KFKM KFKDK KFKKD

LFDK GFLJ LLH 2DF2 G2G JJFJ M2KK DFL 2KFG DF2M KFDG KFDJK KFKLK

>(=,=%N KFKH KFDI L KF2 2 KFH G KF2 KF2 KFKE KFKH KFKKH KFKKM

DFJE DJFMI DLDL JHF2 JEM JLFK DELL M2FH HMFI 2FHM KFDEE KFD2K KFKKE

>(=,=%N KFKL KFML H KF2 H KFE DH KFL KFH KFK2 KFKKH KFKK2 KFKKD

)(*%+,

DEFI2 DHFIJ DJDI IIFI DKEG GDFD DHGM LHFD JIFM LFLK KFEH KFD2E KFKGG

>(=,=%N KFKG KFDG MD DFM DM DFD MM KFL DFK KFKM KFKI KFKDH KFKKH

IFM2 DLFIM HMK HGFJ EGG GGFG DI2D EF2 LGFM MFK2 KFMK KFKEJ KFKLH

>(=,=%N KFDL KFDL H KFG DG DFK MK KFD KFM KFDD KFKD KFKK2 KFKKD

MIFKE D2FDL LJJ HJFH IJM JKFE DIHG DEF2 LIFG MFMI KF2D KFKLH KFKEM

>(=,=%N KFDH KFD2 L KFL I KFG ML KFD KF2 KFKH KFKM KFKK2 KFKKD

2DFDE DLFLL HKJ HEFM HD2 GKFI MDJH HFM LKFG MFLI KFHL KFKEG KFK2K

>(=,=%N KFLI KFDD E KF2 M KFI H KFK KFH KFK2 KFKM KFKKE KFKK2

LGFEL DMFGE 2KH HLFJ HGJ IMFG M222 LFM 22FG MFHH KFHD KFKIK KFKLK

>(=,=%N KFMG KFDG L KF2 L KFH ML KFD KFL KFKI KFKL KFKKI KFKKM

MGFJH D2FLH HIH EHFM GMK GJFJ MKHL LFK 2IFK MFEL KFMJ KFKHD KFK2M

>(=,=%N KFMM KFDK E KFI I DFD MD KFD KFE KFKL KFKL KFKKI KFKKL

2MF2D DHFHJ EM2 EEFG EGH EEF2 M2HI 2FE EDFD MFEG KFLL KFKIJ KFK2L

>(=,=%N KFLL KFKL DK KFE DK KFE LG KFD DFM KFKL KFKD KFKKE KFKKL

M2FGI DHFKD EKL EKFE GLJ G2FH DJEL 2FL 2GFJ DFJE KF2G KFK2H KFDKI

>(=,=%N KFD2 KFLH L KFM 2 DFM MD KFK KFH KFKH KFKD KFKKG KFKK2

LLFLJ DHFKL EMH EIFH G2G JMFH DIJM KF2 E2FG MFLI MFGD KFKHG KFKML

>(=,=%N KFDE KFDH D KFL L KFI DK KFK KFH KFK2 KFK2 KFKKI KFKKL

IJFJI D2FG2 EGM EIFM EL2 JKFK DIEL KFI 2KFJ MFIM KFDJ KFKGL KFKMJ

>(=,=%N KFLE KFKE L KFH E KFH G KFK KFD KFKM KFKD KFKKE KFKKD

IDFIE DLFIK EJI E2F2 ELG IIFG D2HM JJFE HLFD LFMK KFML KFDI2 KFKLD

>(=,=%N KFGH KFKH E KFE H KFI E KFL KFL KFKE KFKM KFKKH KFKK2

IKF2H DHFK2 EGM EHFE EEG IEFG DH2I LFK EMF2 MFHK KFMI KFKHI KFKMD

>(=,=%N KFGH KFDK MH KFM H KFM J KFD DFK KFKL KFKM KFKKG KFKKD

EFMK D2FLG HKI EDFE EEE JHF2 DGHM MDFE LEF2 MFKG KFMD KFKIJ KFKEDL

>(=,=%N KFK2 KFDI G KFI 2 DF2 E KFM KF2 KFKL KFKD KFKKI KFKKKL

/OJ

/OP

/OG

/OI

/O2

/OH

/OE

/OL

/OD

/OM

O?

POQP?

//E

//H

//2

//L
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//DD

//DK

//J

//G
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FGHI IJGIH JGKLM 2GIJN FGIHN FGNO2 IING2 JGLO KGLI FGKOK IGKJ FGJNK FGI2H

>(=,=%P FGFI FGFM FGFFL FGFFN FGFFJ FGFFJ IGF FGFJ FGFI FGFFJ FGFJ FGFFM FGFFI

FGMF LGOO JGHHM JGO2M FGJKH FGLOM 2MGL 2GMN MGLI FGMNH JG2H FG2HH FGIL2

>(=,=%P FGFI FGFO FGFJO FGFIN FGFFM FGFI2 FGH FGF2 FGFM FGFIF FGF2 FGFFO FGFF2

IGIN K2GML 2GO2F MGNFK IGJKF IGJON LHGL NGL2 IHGII IGMFK HGMK FGLHJ FG2OF

>(=,=%P FGFJ FGKF FGFJM FGFJF FGFIM FGFFN FGK FGFH FGFH FGFFL FGFK FGFFN FGFFK

FGJJ IOGFK IGLNL JGKJO FGKIM FGJKI HKGJ KGIK HGNN FGMNI JG2O FG2KJ FGJ2I

>(=,=%P FGFI FGIM FGFFH FGFFL FGFFM FGFFL FGK FGFI FGFH FGFFH FGFI FGFIJ FGFFJ

FGJK IMGLK IGHLK JGI2F FGIJF FGINN H2GM JG2N KGOF FGKKO IGFNM FGJIF FGIJL

>(=,=%P FGFI FGIJ FGFFM FGFFK FGFFK FGFFK FGK FGFJ FGFI FGFF2 FGFFJ FGFFK FGFFJ

FG2I IIGLH IGMJO JGFOJ FGJM2 FG22O 2KGI KGJH 2G2K FGKOH IGIM FGJIM FGIJM

>(=,=%P FGFI FGIN FGFIF FGFIH FGFFK FGFFM FGK FGFJ FGFJ FGFFK FGFI FGFFH FGFFI

FGJJ KGIO IGFIM JGFJN FG2FF FG2JI KFGN 2GFL 2GHM FGKHH IGFL FGIOL FGIIF

>(=,=%P FGFI FGF2 FGFFL FGFFN FGFFH FGFF2 FGI FGFK FGFK FGFFK FGFI FGFFJ FGFFJ

'&("#

FGJFM I2G2O KGKJH HGMKF FGFMOF FGFKK KGHJ FG2MJ FGOJN FGIFL FGMI FGJKI FGIFM

>(=,=%P FGFFK FGFM FGFIN FGFKN FGFFFJ FGFFJ FGFI FGFFJ FGFF2 FGFFI FGFI FGFFH FGFFJ

FGJL LGJL KGF2I HGFFI FGFIF2 FGFH2 NGM FGFNN FGKH2 FGFOO FG2N FGJFH FGFLH

>(=,=%P FGFI FGFK FGFJK FGFJF FGFFFJ FGFFI FGI FGFFI FGFFJ FGFFJ FGFI FGFFK FGFFF

FGKL IJGON JGNOJ HGOIJ FGFKJL FGFOK INGM FGI2J FG22F FGFNI2 FG2L FGILL FGFLJ

>(=,=%P FGFI FGFL FGFKO FGFH2 FGFFFJ FGFFJ FGJ FGFFI FGFFM FGFFFK FGFI FGFFH FGFFJ

FGHM JFGLF KGNMM OGFOM FGFINO FGIKI KKGF FGKFF FGHLK FGIIF FGMO FGJO2 FGIJO

>(=,=%P FGFI FGIL FGFJK FGFKH FGFFFJ FGFFI FGJ FGFFJ FGFF2 FGFFI FGFJ FGFFI FGFFI

FGKH 2LGHO 2GNOM NGLIF FGIJLM FGFNI OFGN FGKII IGF2I FGILH IGIK FG2FK FGINI

>(=,=%P FGFI FG2O FGFIL FGFKN FGFFFJ FGFFK FGK FGFFI FGFFH FGFFK FGFI FGFFL FGFFK

FGKI J2GMI KGHFL HGNNO FGFKHH FGFHN I2GN FGIJL FG22J FGFNL FGHH FGJKM FGIFL

>(=,=%P FGFF FGJM FGFIF FGFJK FGFFFJ FGFFI FGF FGFFI FGFFK FGFFI FGFI FGFFJ FGFFI

FGJK INGMO KGLFL MGLIO FGFMHF FGFKF I2GF FGIML FGHKF FGIFM FGMH FGJMO FGIJO

>(=,=%P FGFI FGFK FGFJK FGFJF FGFFFJ FGFFI FGI FGFFI FGFFJ FGFFJ FGFI FGFFK FGFFF

FGJF IIGFJ KGNLJ OGIIF FGKMIO FGFFN JGL FGKFJ FGOJN FGIJLL FGOI FGJOH FGIJ2

>(=,=%P FGFI FGFL FGFKO FGFH2 FGFFFJ FGFFJ FGJ FGFFI FGFFM FGFFFK FGFI FGFFH FGFFJ

FGII IFGFN JGN2O HGJOK FGF2JI FGFFK FGM FGIHO FG2MO FGFNO FGHI FGJFJ FGFLK

>(=,=%P FGFI FGIL FGFJK FGFKH FGFFFJ FGFFI FGJ FGFFJ FGFF2 FGFFI FGFJ FGFFI FGFFI

FGKN 22GIF KGIIM MGHIJ FGOFIL FGFLK KJGL FGOLO IGOFI FGJIM FGLL FGJNJ FGIKK

>(=,=%P FGFI FG2O FGFIL FGFKN FGFFFJ FGFFK FGK FGFFI FGFFH FGFFK FGFI FGFFL FGFFK

FGIMF LGIO FGMIO JGFFO FGIFOF FGFLI NGM FGIMF FGKJH FGF2O FGJK FGFNF FGFK2

>(=,=%P FGFF2 FGJM FGFIF FGFJK FGFFFJ FGFFI FGF FGFFI FGFFK FGFFI FGFI FGFFJ FGFFI

FGIK IOGKL HGION IFGINH FGF2MF FGFIJ HGK FGKJ2 FGN22 FGIHL FGLH FGKL2 FGION

>(=,=%P FGFI FGJI FGFIO FGFJL FGFFFJ FGFFJ FGI FGFFK FGFFN FGFFI FGFI FGFFH FGFFJ

)(*%+,

IGL2 LHG2H 2GKJH IKGHIN FGNKHH KGFOI JKGM JGJKK KGMKI FGKMO IGHO FG2OM FGILI

>(=,=%P FGFJ FGNJ FGFFN FGFJ2 FGFFFJ FGFFL FGJ FGFF2 FGFFO FGFFJ FGFI FGFFN FGFFI

IGIFO JKGKH JG2MI JGIF2 FGFFJJ FGNHN JGH FGFJF FGFLO FGFKK FGJMK FGI2J FGFMN

>(=,=%P FGFF2 FGIM FGFMM FGFKN FGFFFJ FGFIM FGI FGFFF FGFFJ FGFFI FGFFJ FGFFF FGFFI

FGIM2 2GNL JGJOH IGKHL FGFIOH FGKIJ HGM FGMNF FGNLL FGFMO FGJO2 FGIIF FGFJL

>(=,=%P FGFFK FGFJ FGFF2 FGFFJ FGFFFK FGFFK FGI FGFFH FGFJL FGFFI FGFFK FGFFJ FGFFF

FGIM 2GMK JGNM2 JGOIH FGFIHI FGKIK IJGF FGNHL FGNLF FGII2 FGHHI FGINN FGFO2

>(=,=%P FGFI FGFK FGFJN FGFFO FGFFFJ FGFFO FGI FGFII FGFF2 FGFFI FGFFK FGFFK FGFFJ

FGIJ 2GFJ JGFMF JGJFI FGFMFJ FGIOH NGFJ FGHOJ FGNHJ FGFNO FGKOM FGI2H FGFMF

>(=,=%P FGFI FGFM FGFFN FGFI2 FGFFFJ FGFFM FGFI FGFFH FGFFH FGFFI FGFF2 FGFFK FGFFI

FGI2 KGNF JGOOM JGJOM FGFI22 IGIJK IFGM FGKLH FGKNI FGF2L FGKI FGIHK FGFNK

>(=,=%P FGFI FGF2 FGFKF FGFJF FGFFFJ FGFIK FGI FGFF2 FGFFK FGFFI FGFI FGFFO FGFFJ

FGIKN JGNN JG2OF JGHFF FGFILL FG2IK OGOO FGMIN FGJMH FGIJI FGH2 FGJFL FGFNF

>(=,=%P FGFFH FGF2 FGFJH FGFJN FGFFFJ FGFIF FGF2 FGFFN FGFFK FGFFI FGFI FGFFK FGFFK

FG2H MGFF JGMHM JGOON FGFFM2 JGHFK I2GMJ FGNMI FGHN2 FGFMF FGK2 FGIH2 FGFNO

>(=,=%P FGFI FGF2 FGFFM FGFFM FGFFFJ FGFF2 FGFJ FGFF2 FGFFJ FGFFI FGFI FGFFK FGFFJ

FGMFO MGHK JGHHM KGM22 FGFFIO IGMI2 JGOF FGIFO FGJ2N FGFHIK FGK2 FGIMF FGFLK

>(=,=%P FGFF2 FGFM FGFIK FGFKM FGFFFJ FGFFH FGFJ FGFFJ FGFFJ FGFFFH FGFI FGFFJ FGFFI

FGOI 2GFK KG2IK JGNFK FGFFJO JGKJM IGFH FG2OM FGMHO FGFOM FG2J FGJFF FGFLN

>(=,=%P FGFI FGFH FGFIJ FGFJK FGFFFJ FGFJF FGFF FGFFH FGFFK FGFFI FGFI FGFFJ FGFFJ

FGLM KGHL KGO2K HGIHF FGIO2O JGOIK KGML FGKLK FGLMJ FGIMK FGLF FGKJJ FGFNI

>(=,=%P FGFI FGFO FGFIM FGF2J FGFFFJ FGFFH FGFI FGFFJ FGFII FGFFK FGFI FGFFK FGFFI

FGNO 2GKM KGKFI KGLMJ FGFFML KGJIN 2GLJ FGJLM FGNFN FGIHK FGLF FGJNN FGIFN

>(=,=%P FGFJ FGFH FGFIO FGFKN FGFFFJ FGFIO FGF2 FGFF2 FGFFM FGFFI FGFJ FGFFM FGFFJ

IGIKI I2GOO JG2FH JGHKK FGFJI2 FGMFF JG2N FGF2H FGIOF FGF2IK FGJNO FGI2F FGFM2

>(=,=%P FGFF2 FGIM FGFIF FGFJM FGFFFJ FGFFI FGFI FGFFI FGFFI FGFFFK FGFFJ FGFFH FGFFI

/QL
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GHIJK GHGLJG GH2MN GHNGL GHOK2 GHG22K GHOKK GHG2LJ GHNJP GHGGNIJ 2HJG GHGMJJ GHGMMI

>(=,=%Q GHGGN GHGGGI GHGGL GHGGO GHGGP GHGGGO GHGGP GHGGGO GHGGO GHGGGNO GHGP GHGGNJ GHGGNO

GHPGM GHGJOI GHP2L GHNNP GHIN2 GHG2P2 GHIGI GHG2LN GHN2O GHGGIIL KHGI GHGJJ2 GHGMNN

>(=,=%Q GHGGJ GHGGNG GHGGP GHGGN GHGGM GHGGGI GHGGI GHGGNG GHGGN GHGGGNJ GHGJ GHGGNL GHGGIO

GHKMN GHN2KK GHKLL GHOGL GHPPM GHGJOK GHPIJ GHGMK2 GHIGO GHGNJ2G NJHMJ GHPKIJ GHNLO2

>(=,=%Q GHGGP GHGGOG GHGGP GHGGI GHGGI GHGGGJ GHGGI GHGGNP GHGGP GHGGG2I GHNO GHGGIK GHGGGG

GH2PM GHGLKG GH2IP GHGKG GHOIM GHGI2J GHOON GHGIII GHNNG GHGG22K PHOO GHON2G GHGK2I

>(=,=%Q GHGGI GHGGG2 GHGG2 GHGGO GHGGO GHGGGM GHGGO GHGGGP GHGGN GHGGGNI GHGP GHGGGI GHGGOM

GHOMN GHG2LM GHIOI GHGMO GHOGP GHGIGK GHONI GHGIOL GHGKL GHGGNG2 KHGN GHGJJI GHGM22

>(=,=%Q GHGGL GHGGGM GHGG2 GHGGN GHGGO GHGGGN GHGGN GHGGGO GHGGO GHGGGNO GHGL GHGGGM GHGGG2

GHOLJ GHG2MM GHIOM GHGM2 GHONG GHGIOG GHON2 GHGIIJ GHGKP GHGGIMP NIHNO GHNMKO GHGJNP

>(=,=%Q GHGGO GHGGGP GHGG2 GHGGN GHGGI GHGGGI GHGG2 GHGGNG GHGGI GHGGGOL GHGJ GHGGGI GHGGOG

GHOGN GHGIIO GHONP GHG2L GHNOM GHGNJL GHNOL GHGNKM GHGJO GHGGLOP NMHJO GHNLGM GHGPLP

>(=,=%Q GHGGP GHGGG2 GHGG2 GHGGN GHGGO GHGGGP GHGGO GHGGGL GHGGN GHGGGOM GHGL GHGGN2 GHGGGM

'&("#

GHIJJ GHGM2G GHPOG GHNNJ GHINN GHG2LJ GHIOI GHG2KO GHNJG GHGGMKJ GHN2 GHGGLP GHGOJJ

>(=,=%Q GHGGL GHGGG2 GHGGP GHGGN GHGGO GHGGN2 GHGGM GHGGGP GHGG2 GHGGGGO GHGN GHGGGN GHGGG2

GHILG GHGLLG GH2JI GHNGJ GHOKO GHG2PP GHIGJ GHG2JJ GHNM2I GHGGN2K GHP2 GHGGN2 GHGGGM

>(=,=%Q GHGGI GHGGNL GHGG2 GHGGO GHGGL GHGGNG GHGGL GHGGNO GHGGGP GHGGGGO GHGN GHGGGN GHGGGN

GHI2P GHGL2J GH2LM GHNG2 GHOMM GHG2NL GHOJO GHG2OL GHNJG GHGGIOK GH2L GHGGPP GHGGOM

>(=,=%Q GHGGL GHGGGK GHGGJ GHGGO GHGGI GHGGNN GHGGI GHGGNL GHGG2 GHGGGGO GHGN GHGGGO GHGGGN

GH2MG GHGJJG GHLIN GHNIJ GHIMM GHGPMN GHIJM GHGPJJ GHOII GHGGOKO GHJJ GHGGNJ GHGGNO

>(=,=%Q GHGGM GHGGNI GHGGI GHGGN GHGGO GHGGGO GHGGK GHGGGP GHGGN GHGGGGO GHGN GHGGGI GHGGGN

GHL2I GHNNLL GHJNG GHNMK GH2MO GHGMGK GH2JL GHGM2K GHINK GHGNJKP NH22 GHGNGI GHGGIL

>(=,=%Q GHGG2 GHGGNI GHGGM GHGGN GHGG2 GHGGOG GHGGL GHGGG2 GHGGO GHGGGGO GHGN GHGGGL GHGGGN

GH2NM GHGMKJ GHPLI GHNOK GHI2O GHGPOP GHIP2 GHGP2K GHNKP GHGGIPJ GH2N GHGGIG GHGGNI

>(=,=%Q GHGNO GHGGGK GHGG2 GHGGN GHGGM GHGGGK GHGGJ GHGGG2 GHGGI GHGGGGO GHGN GHGGGG GHGGGO

GH2MI GHGJJO GHLIL GHN22 GHIJ2 GHGPMK GHIKO GHGLN2 GHOOI GHGG2JP GHIL GHGGMK GHGGOL

>(=,=%Q GHGGI GHGGNL GHGG2 GHGGO GHGGL GHGGNG GHGGL GHGGNO GHGGG GHGGGGO GHGN GHGGGN GHGGGN

GH2LK GHGJKO GHLII GHN2I GHIJG GHGPMP GHIJG GHGPKM GHOIO GHGIJPM GHNP GHGNKO GHGGLJ

>(=,=%Q GHGGL GHGGGK GHGGJ GHGGO GHGGI GHGGNN GHGGI GHGGNL GHGG2 GHGGGGO GHGN GHGGGO GHGGGN

GHIPJ GHGLMN GH2MK GHNGM GHOJJ GHG2IJ GHOKL GHG2L2 GHNMP GHGGIJN GHNP GHGGMG GHGGOL

>(=,=%Q GHGGM GHGGNI GHGGI GHGGN GHGGO GHGGGO GHGGK GHGGGP GHGGN GHGGGGO GHGN GHGGGI GHGGGN

GH2IN GHGMLG GHPI2 GHNNM GHIGN GHG2PP GHIGL GHG2MP GHOG2 GHGIJLO NHKL GHGOLM GHGNOP

>(=,=%Q GHGG2 GHGGNI GHGGM GHGGN GHGG2 GHGGOG GHGGL GHGGG2 GHGGO GHGGGGO GHGN GHGGGL GHGGGN

GHNOI GHGNKG GHNOG GHGOI GHGPJ GHGGJL GHGLG GHGGKP GHGM2 GHGNIJJ 2HON GHGNGP GHGGPL

>(=,=%Q GHGNO GHGGGK GHGG2 GHGGN GHGGM GHGGGK GHGGJ GHGGG2 GHGGI GHGGGGO GHGN GHGGGG GHGGGO

GHLLL GHNOMN GHJKL GHNKJ GHPNJ GHGMMK GHPO2 GHGJGL GHI2L GHGGPPG GHNP GHGN2M GHGNNP

>(=,=%Q GHGGI GHGGGP GHGG2 GHGGN GHGGL GHGGNG GHGGO GHGGNI GHGGP GHGGGGO GHGN GHGGGN GHGGGN

)(*%+,

GHLMI GHNNOK GHMPG GHNP2 GHIKP GHGPML GHIJO GHGPJN GH2L2 GHGPMJO GHJP GHGMNL GHIOMN

>(=,=%Q GHGGL GHGGGL GHGGM GHGGN GHGGI GHGGNG GHGGM GHGGGL GHGGM GHGGGGG GHGN GHGGNG GHGGOK

GHOLK GHGPOI GHIJO GHGJL GHOIJ GHGILG GHO2M GHGIKN GHGKI GHGGGGG GHIN GHGGGI GHG2NG

>(=,=%Q GHGGG GHGGGJ GHGPO GHGGN GHGGN GHGGGI GHGGN GHGGGM GHGGN GHGGGGG GHGN GHGGGG GHGGGG

GHOO2 GHG2L2 GHI22 GHGJG GHOO2 GHGIPO GHOIM GHGIMJ GHGLLI GHGGG2O OHL2 GHGGMN GHGONM

>(=,=%Q GHGGG GHGGG2 GHGN2 GHGGO GHGGP GHGGGO GHGGO GHGGGJ GHGGG2 GHGGGGI GHGO GHGGGN GHGGGK

GHIIJ GHGLNK GH2IM GHGKJ GHOPL GHGIJI GHOLO GHG2GL GHNGK GHGGGKN GHKN GHGNON GHGIPJ

>(=,=%Q GHGGO GHGGGJ GHGGL GHGGN GHGG2 GHGGNN GHGG2 GHGGG2 GHGGN GHGGGGO GHGN GHGGGJ GHGGGJ

GHOLG GHG2KL GHIPG GHGMM GHOGP GHGIGO GHOGP GHGIN2 GHGMM GHGGNML GHMI GHGG2L GHGO22

>(=,=%Q GHGGI GHGGNN GHGGP GHGGN GHGGM GHGGNG GHGG2 GHGGGJ GHGGN GHGGGGO GHGN GHGGGO GHGGNG

GHOK2 GHGPMJ GH2NM GHGKL GHOLO GHGIKO GHOLJ GHG2OO GHNN2 GHGGGOI GHLM GHGG2J GHGOPK

>(=,=%Q GHGGN GHGGNL GHGGP GHGGN GHGGO GHGGGP GHGG2 GHGGNI GHGGO GHGGGGO GHGN GHGGG2 GHGGGM

GHINP GHGLPP GH2LG GHGKP GHOPN GHGIJN GHOLN GHGIJM GHNNM GHGGGNJ GHLL GHGGJ2 GHGNKI

>(=,=%Q GHGGM GHGGNN GHGNG GHGGN GHGGO GHGGNN GHGGI GHGGGN GHGGI GHGGGGO GHGN GHGGG2 GHGGGL

GHOK2 GHGPJO GH2ON GHGKM GHOLG GHGIKJ GHOMP GHG22N GHNOL GHGGGIJ NNHMP GHGGOK GHGOIO

>(=,=%Q GHGGL GHGGNG GHGG2 GHGGN GHGGI GHGGGK GHGGM GHGGGI GHGGO GHGGGGO GHGI GHGGGO GHGGN2

GHOJM GHGPIJ GHIKJ GHGKO GHOPG GHGIJO GHOPM GHG2GK GHNIM GHGGGOM GHPG GHGGGM GHGGKJ

>(=,=%Q GHGGP GHGGGL GHGNN GHGGN GHGG2 GHGGG2 GHGGJ GHGGNG GHGGO GHGGGGO GHGN GHGGGG GHGGGL

GHIMJ GHGMOK GHP2L GHNO2 GHIIK GHGPIO GHIPO GHGPMG GHNIM GHGGGOK GH2P GHGGNN GHGNII

>(=,=%Q GHGGN GHGGNG GHGGI GHGGN GHGGP GHGGNO GHGGO GHGGNK GHGGI GHGGGGO GHGN GHGGGN GHGGGL

GH2KM GHGKOI GHLIP GHNIL GHIPJ GHGPIK GHIPI GHGP2L GHNLN GHGNOMI 2H2I GHGOJI GHGMKK

>(=,=%Q GHGGN GHGGGI GHGNO GHGGO GHGGP GHGGNO GHGGM GHGGGK GHGG2 GHGGGGO GHGI GHGGGK GHGGGL

GH2OL GHGMOJ GHPOP GHNNM GHINI GHG2JI GHINM GHGPGL GHNPK GHGGG22 GHJK GHGGGK GHGNKK

>(=,=%Q GHGGG GHGGG2 GHGGM GHGGO GHGGM GHGGG2 GHGG2 GHGGN2 GHGG2 GHGGGGO GHGN GHGGGN GHGGG2

GHOP2 GHGPGJ GHIMO GHGJP GHOI2 GHGILK GHO2L GHGIJP GHNGN GHGGNNM OHGK GHGGOK GHGKI2

>(=,=%Q GHGGJ GHGGGJ GHGGO GHGGN GHGGI GHGGGM GHGGI GHGGGM GHGGO GHGGGGO GHGN GHGGGO GHGGOI
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-DC LMNN KMKN KMLO KMNK JMJP KMK2 2PMK@ KMKO KMJ@ QK6KK? KMKN KMJG @PMOL LLMO

-BC JNMLK KMKG KMLN KMNP ?MGP KMJN 2?MO2 KMKL KMKO QK6KK? KMKO KMK@ @2MGJ LPMP

'&("#

/CC 2ML2 KMK@ @MGK JPM2N JMJK KMKN ?PM@? KMJ@ KMON KMKK KMK@ KMK? 2?MPJ JKKM?

/M/*.)<,J KMG? QK6KJ KMJP JMN? KMKN KMKK G?MOL KMKO KMK? QK6KK? KMKJ KMKK 2@MP2 LLMJ

)(*%+,

R!S GNMPP JMKK ??MNN ?MKG OMPN KMKG KMJO KM2P 2MGP KMK2 KMJ@ KM?2 2MG@ JKKMO

RS 2PMJK KMJG @MNJ @KMNK OMJK KMKP KMGP KMJN KMK? KM2J KMKJ JM@? PMG2 JKKMO

RS/ KMJJ QK6KJ KMKN JNMJN KMN2 KMKP @GMK? QK6K? KMKJ QK6KK? KMKJ JMJ2 2OM?K JKKM2

H>I,JKG,T,H4<<,4',.A'.(.4',)(,JKGUC,"'7%*,'.(*4A%',)(&4<#:%*%V,H>I,JKKK,T,H4<<,4',.A'.(.4',)(,JKKK,UC,"'7%*,4W+A%',)(&4<#:%*%

!)&#$%
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DEDF FEFG 2HI FFEI 2JD FED K IEL F2EF FE2M HEFD JE2D IHIHEGG2

>(=,=%N HEI2 HEFF FG HEI I HEF H HEH HEI HEIK HEHI FE2G FMGEDMH

FHEM2 FEIJ IJ2 FFE2 FLGM DEF FG MED JED FELJ HE2K MEIH LIJEKJ2

>(=,=%N HE2M HEFI FH HEI FFI HEF H HEF HEF HEI2 HEHG HEIL 2JEJ2L

'&("#

FFEFI FELD IFM 2LEL 2GG FEI D HE2 FMED GEJG HEIF 2MELIH FFMEMLL

>(=,=%N HEFG HEHG I HEK M HEH H HEH HEI HEIH HEHM HEIIG FEFFM

HELJ HEMH IK FHEM MH HEM G IEJ MEF HEFH HEHK FEFH2 ILGEFK2

>(=,=%N HEHG HEHF I HEF H HEH H HEF HEM HEHI HEHM HEHM2 IEMFL

)(*%+,

KIEGI FLEDJ GKGJ FGLEG 22G FJE2 IHF FDEL LKEF MJEFG FHEDL FJLEID2 FGLEHHM

>(=,=%N FEFI HEFF FFH IEJ D HE2 M HEM HEJ FEGI HEIJ FE2FK FELLF

FFEH2 FMEJH LMH KIEK DMK FHFED MGIJ 2LEF 2DEG MEKI HE22 HEM2G MELDH

>(=,=%N HEHL HEIM J HEM G HEG MH HED FEH HEI2 HEHD HEHH2 HEHLI

FEGL HEGL FD MEJ JMK FEI FF HEJ IH2EK HEIG HEFL HEMGG FIGEFHL

>(=,=%N HEIK HEHD D HEM F HEH I HEI FE2 HEID HEHD FEFKI HE22M

-O8

-A8

P!Q

/E/*.)>,F

PQ

PQ/

/88
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FGHI JKG2L JG2MM IGFMK IGJK2 IGNLH MLIGL 2GIH LGFK IGHFM FGKF IGLJ2 IGJ2O
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Location - Sample

Texture 

ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ

Si 207637 6566 189827 6002.95 187957 5943.76 187957 5944 260551 8239 253684 8022 260551 8239 249193 7881 255035 8065 254287 8041

Li 3.3 0.1 1.76 0.091 4.50 0.33 2 0 0.43 0.02 1.9 0.1 1.48 0.07 1.5 0.1 6 0 3 0

Sc 3.1 0.1 2.6 0.13 1.78 0.08 7 0 17.4 0.7 18.7 0.6 14.9 0.7 18.5 0.7 16.43 0.61 14.18 0.45

Ti 16.9 0.6 17.7 0.69 7.44 0.24 366 14 977 33 1022 34 801 29 830 31 665 20 780 34

V 1.3 0.1 1.47 0.072 0.383 0.024 47 1 104 4 103 4 93 4 97 5 93 4 96 3

Cr 7.6 0.3 12.9 0.59 18.040 0.55 568 17 2560 97 2955 121 1946 83 2572 137 1431 43 1829 56

Mn 1308 44 1193 43.89 1060.57 32.15 639 20 1249 42 1145 37 1259 45 1132 41 1149 35 1068 35

Co 170 7 150 7.13 142.85 5.61 75 2 56 2 52 2 69 3 49 3 50 2 52.0 1.8

Ni 3554 139 3060 142.74 3060.59 128.76 1171 36 650 25 629 27 943 41 560 33 554 20 591 19

Cu 3.4 0.1 0.075 0.0048 3.62 0.17 0.4 0.0 2.6 0.1 0.29 0.01 0.22 0.01 0.19 0.01 0.762 0.030 0.086 0.003

Zn 28 2 32 2.34 46.94 1.64 22.0 0.7 30 2 27 1 30 2 22.5 1.0 36.670 1.225 34.8 1.2

Rb 0.3 0.0 <0.00100 0.00062 0.41 0.012 0.6 0.0 0.30 0.01 0.123 0.006 0.088 0.004 0.183 0.009 0.310 0.010 0.3 0.0

Sr 1.4 0.0 0.0030 0.00064 14.36 0.45 2.5 0.1 1.29 0.04 2.56 0.09 0.93 0.03 0.85 0.04 15.2 0.5 0.5 0.0

Y 0.040 0.002 0.026 0.0013 0.006 0.00032 0.3 0.0 0.97 0.03 1.13 0.04 0.85 0.03 1.10 0.05 0.57 0.02 0.57 0.02

Zr 0.08 0.00 0.030 0.0019 0.004 0.00061 0.2 0.0 1.55 0.05 1.74 0.06 1.10 0.04 0.90 0.04 0.77 0.02 0.50 0.02

Nb 0.0008 0.0002 <0.00010 0.00006 0.000 0.00007 0.01 0.00 0.0061 0.0006 0.011 0.001 0.0056 0.0005 0.006 0.001 0.025 0.001 0.032 0.001

Sb 0.005 0.001 <0.00148 0.0009 0.02 0.0015 0.02 0.00 0.006 0.002 0.009 0.003 0.022 0.002 0.007 0.003 0.03 0.00 0.00 0.00

Ba 1.2 0.0 0.0012 0.00055 24.28 0.87 0.8 0.0 1.75 0.07 3.9 0.2 1.11 0.03 0.24 0.02 23.3 0.8 0.2 0.0

La 0.01 0.00 0.0009 0.00015 0.14 0.0047 0.00 0.00 0.018 0.001 0.020 0.001 0.0062 0.0005 0.0020 0.0004 0.9 0.0 0.0002 0.0001

Ce 0.022 0.001 0.0019 0.00024 0.08 0.0025 0.02 0.00 0.062 0.003 0.064 0.003 0.023 0.001 0.021 0.002 0.9 0.0 0.002 0.000

Pr 0.002 0.000 0.0002 0.00006 0.00 0.00013 0.01 0.00 0.0106 0.0007 0.0111 0.0009 0.0047 0.0004 0.0048 0.0007 0.040 0.002 0.0006 0.0001

Nd 0.007 0.001 <0.00 <0.00 0.00 0.00038 0.04 0.00 0.065 0.004 0.056 0.005 0.030 0.003 0.062 0.006 0.0713 0.0038 0.004 0.000

Sm 0.003 0.001 <0.00 <0.00 0.00 0.00021 0.02 0.00 0.026 0.003 0.026 0.004 0.014 0.002 0.033 0.005 0.009 0.001 0.005 0.001

Eu 0.001 0.000 <0.00 <0.00 0.00 0.00013 0.02 0.00 0.014 0.001 0.011 0.001 0.0086 0.0008 0.019 0.002 0.013 0.001 0.003 0.000

Gd 0.002 0.001 0.0003 0.00029 <0.00092 0.00039 0.02 0.00 0.050 0.004 0.066 0.006 0.038 0.003 0.064 0.008 0.02 0.00 0.015 0.001

Tb 0.00042 0.00011 0.0001 0.00004 <0.00006 0.00003 0.0054 0.0003 0.0130 0.0008 0.014 0.001 0.0097 0.0006 0.015 0.001 0.01 0.00 0.0055 0.0003

Dy 0.005 0.001 0.0016 0.00032 <0.00048 0.00023 0.05 0.00 0.127 0.006 0.144 0.007 0.102 0.005 0.142 0.009 0.07 0.00 0.058 0.002

Ho 0.0013 0.0002 0.0006 0.0001 0.000 0.00005 0.01 0.00 0.035 0.002 0.041 0.002 0.031 0.002 0.041 0.003 0.020 0.001 0.020 0.001

Er 0.007 0.001 0.0059 0.00065 0.001 0.00019 0.05 0.00 0.141 0.006 0.164 0.008 0.124 0.006 0.142 0.009 0.09 0.00 0.089 0.003

Tm 0.0013 0.0002 0.0015 0.00016 0.00 0.00007 0.01 0.00 0.029 0.001 0.033 0.002 0.027 0.001 0.031 0.002 0.022 0.001 0.0211 0.0008

Yb 0.013 0.002 0.018 0.0015 0.00 0.00042 0.1 0.0 0.26 0.01 0.28 0.01 0.24 0.01 0.27 0.02 0.20 0.01 0.199 0.008

Lu 0.0032 0.0003 0.0039 0.0003 0.00 0.00011 0.02 0.00 0.051 0.002 0.053 0.003 0.047 0.002 0.051 0.003 0.043 0.002 0.041 0.001

Hf 0.0004 0.0002 <0.00 <0.00 0.0001 0.00006 0.01 0.00 0.069 0.004 0.063 0.004 0.042 0.003 0.047 0.005 0.034 0.002 0.027 0.001

Ta 0.0001 0.0000 <0.00003 0.00001 <0.00021 0.00008 - 0.0 0.0002 0.0001 0.0006 0.0002 0.00021 0.00004 0.0001 0.0001 - 0.00 - 0.0

Pb 0.1 0.0 0.0019 0.00077 1.67 0.068 0.23 0.01 0.057 0.004 0.179 0.008 0.117 0.009 0.010 0.002 4.1 0.1 0.0017 0.0003

Th 0.00008 0.00005 0.00003 0.00002 0.0000 0.00001 - 0.0 0.0003 0.0001 0.0022 0.0003 0.0001 0.0001 - - 0.002 0.000 0.000 0.000

U 0.0003 0.0001 0.00004 0.00002 0.00 0.00017 - - 0.0002 0.0001 0.00032 0.00008 0.00008 0.00003 - 0.00001 0.01 0.00 - -

TT6 n=1

LMV

Supplementary Material Table A5: Trace element concentrations  and 1 error σ in primary minerals (olivines, orthopyroxene, clinopyroxene, amphibole, calcite)

TT1 n=6 TT6 n=3

TURON 

ORTHOPYROXENE

Oph. Oufol n=2Oph. Oufol n=4TT3 n=4

OLIVINE

URDACHMONTAUTURDACH

GEOSCIENCES

TURON URDACH

Oufol n=2

GEOSCIENCES 

TT1 n=4

LMV

MP05 n=2

MONTAUT

MP05 n=1

250



Location - Sample

Texture 

ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ

Si 224558 7101 239382 7570 224511 7100 237256 7503 235356 7443 237786 7520 227035 7180 59 2

Li 2.1 0.1 8.9 0.6 5.3 0.3 3 0.3 6 0 4 0 4.3 0.3 0.0037 0.0002

Sc 40 2 70 2 57 3 77 3 15 1 17 1 7 0 0.0004 0.0000

Ti 2949 101 4507 152 3817 148 3535.4 133.4 608 18 845 32 175 5 0.0026 0.0004

V 187 7 272 11 240 12 269.4 13.3 88 5 106 3 28 1 0.00062 0.00003

Cr 3763 144 5661 246 5281 244 6021.2 334.8 1263 38 1759 53 334 10 0.03 0.00

Mn 814 27 715 24 656 24 706.23 26.15 1093 33 1013 32 1429 43 1 0

Co 44.3 1.8 19.0 0.8 19.7 1.0 18.56 1.04 44 2 51 2 107 4 0.005 0.000

Ni 787 32 283 13 294 14 286.51 17.58 472 18 580 18 2549 102 0.1 0.0

Cu 5.6 0.2 0.87 0.04 0.38 0.02 0.703 0.041 1.9 0.1 0.5 0.0 0.4 0.0 0.001 0.000

Zn 16.9 1.1 13.8 0.5 18.0 1.4 7.71 0.36 33 1 34 1 57 2 0.0038 0.0002

Rb 0.5 0.0 0.0 0.0 0.1 0.0 0.3 0.0 0.31 0.01 0.46 0.02 0.4 0.0 0.0002 0.0000

Sr 42 1 87 3 73 3 19.2 0.9 13 0 1.7 0.1 4.7 0.1 1.1 0.0

Y 13.7 0.5 23.6 0.8 20.1 0.8 19.2 0.8 0.57 0.02 0.7 0.0 0.2 0.0 0.00006 0.00000

Zr 21 1 34 1 30 1 16.15 0.62 0.74 0.02 0.6 0.0 0.2 0.0 0.00002 0.000005

Nb 0.06 0.00 0.37 0.01 0.14 0.01 0.01 0.00 0.021 0.001 0.03 0.00 0.01 0.00 - 0

Sb 0.004 0.001 0.008 0.003 0.003 0.001 0.02 0.00 0.04 0.00 0.01 0.00 0.05 0.00 0.00003 0.00001

Ba 2.3 0.1 11.0 0.5 4.8 0.1 1 0 21 1 2.86 0.07 10.5 0.4 0.005 0.000

La 0.60 0.02 1.78 0.07 0.79 0.03 0.086 0.005 0.3 0.0 0.001 0.000 0.8 0.0 0 0

Ce 2.8 0.1 5.7 0.2 3.5 0.2 0.929 0.052 0.2 0.0 0.007 0.000 0.9 0.0 0.00001 0.00000

Pr 0.57 0.02 1.01 0.04 0.70 0.03 0.33 0.02 0.01 0.00 0.002 0.000 0.1 0.0 0 0

Nd 3.4 0.1 5.7 0.2 4.3 0.2 2.78 0.14 0.04 0.00 0.02 0.00 0.1 0.0 0.00001 0

Sm 1.34 0.05 2.07 0.09 1.74 0.07 1.34 0.07 0.01 0.00 0.01 0.00 0.02 0.00 - -

Eu 0.55 0.02 0.85 0.04 0.73 0.03 0.59 0.03 0.01 0.00 0.01 0.00 0.01 0.00 0.00001 0.00000

Gd 1.9 0.1 3.1 0.1 2.6 0.1 2.4 0.1 0.03 0.00 0.03 0.00 0.02 0.00 0 0

Tb 0.36 0.01 0.57 0.02 0.50 0.02 0.5 0.0 0.007 0.000 0.01 0.00 0.003 0.000 0 0

Dy 2.6 0.1 4.2 0.2 3.6 0.1 3.4 0.2 0.07 0.00 0.09 0.00 0.03 0.00 0 0

Ho 0.55 0.02 0.93 0.04 0.80 0.04 0.7 0.0 0.02 0.00 0.03 0.00 0.01 0.00 0 0

Er 1.6 0.1 2.7 0.1 2.3 0.1 2.2 0.1 0.09 0.00 0.11 0.00 0.03 0.00 0.00001 0

Tm 0.23 0.01 0.39 0.02 0.34 0.01 0.3 0.0 0.020 0.001 0.03 0.00 0.01 0.00 0 0

Yb 1.5 0.1 2.5 0.1 2.2 0.1 2.2 0.1 0.18 0.01 0.2 0.0 0.1 0.0 0.00001 0

Lu 0.22 0.01 0.37 0.02 0.33 0.01 0.3 0.0 0.04 0.00 0.05 0.00 0.01 0.00 0 0

Hf 0.7 0.0 1.1 0.1 1.0 0.0 0.71 0.04 0.03 0.00 0.03 0.00 0.01 0.00 - -

Ta 0.003 0.000 0.049 0.003 0.008 0.001 - 0.0 0.000 0.000 - 0.00 - 0.0 0 0

Pb 0.20 0.01 0.49 0.02 0.13 0.01 0.032 0.003 1.5 0.1 0.02 0.00 0.93 0.04 0.00004 0.000005

Th 0.004 0.000 0.037 0.002 0.006 0.000 - - 0.001 0.000 0.00003 0.00001 0.002 0.000 - -

U 0.0020 0.0002 0.0112 0.0007 0.0024 0.0003 - - 0.01 0.00 0.0009 0.0001 0.04 0.00 0.0002 0.0000

CLINOPYROXENE

URDACH 

Oph. Oufol  n=4

MONTAUT

MP05 n=5

URDACH 

Oph. Oufol  n=2TT6 n=2

Supplementary Material Table A5: Trace element concentrations  and 1 error σ in primary minerals (olivines, orthopyroxene, clinopyroxene, amphibole, calcite)
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Supplementary Material Table A5: Trace element concentrations  and 1 error σ of serpentine in pervasive serpentine (mesh serpentine and bastite) 

Location - Sample

Texture 

ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ

Si 206402 9894 187660 5934 189827 6003 217991 6894 192276 6080 173730 5494

Li 18 1 0.9 0.1 2.3 0.1 8 1 12 1 63 4

Sc 10 0 8 0 2.44 0.12 2.2 0.1 9 1 40 2

Ti 230 11 307 10 16 1 87 3 325 13 1652 69

V 52 2 28 1 0.86 0.04 6 0 47 3 184 10

Cr 210 9 538 23 10.0 0.5 91 5 965 47 4266 218

Mn 1889 96 895 30 1193 43 891 34 762 30 872 34

Co 11.3 0.5 99 4 150 7 174 10 86 5 97 5

Ni 1198 55 2081 97 3050 140 3170 208 1913 99 778 41

Cu 47 2 1.4 0.1 108 5 0.54 0.03 2.2 0.1 0.60 0.03

Zn 18 1 28 1 25 2 13.7 0.6 19 2 26 2

Rb 0.08 0.00 0.39 0.01 0.0078 0.0008 2.8 0.1 0.30 0.01 0.36 0.02

Sr 2.0 0.1 5 0 0.19 0.01 6.2 0.3 6 0 3.2 0.1

Y 2.5 0.1 1 0 0.04 0.00 0.142 0.007 2.03 0.08 1.84 0.08

Zr 2.0 0.1 2 0 0.09 0.00 0.056 0.003 1.31 0.05 7.1 0.3

Nb 0.1 0.0 0.03 0.00 0.0009 0.0002 - 0.0001 0.0021 0.0002 0.010 0.001

Sb 0.55 0.04 0.023 0.003 0.007 0.001 0.072 0.007 0.016 0.002 0.005 0.002

Ba 4.8 0.2 13 0 0.48 0.02 0.65 0.04 3.4 0.1 0.64 0.03

La 2.9 0.1 0.094 0.004 0.004 0.000 0.0047 0.0005 0.081 0.004 0.052 0.003

Ce 5.2 0.2 0.25 0.01 0.009 0.001 0.020 0.002 0.22 0.01 0.21 0.01

Pr 0.44 0.02 0.043 0.002 0.001 0.000 0.0053 0.0006 0.043 0.002 0.05 0.00

Nd 1.48 0.07 0.24 0.01 0.006 0.001 0.034 0.004 0.27 0.01 0.33 0.02

Sm 0.30 0.01 0.102 0.006 0.0007 0.0003 0.017 0.002 0.129 0.007 0.15 0.01

Eu 0.13 0.01 0.035 0.002 0.0003 0.0001 0.015 0.001 0.071 0.004 0.04 0.00

Gd 0.36 0.02 0.167 0.009 0.0016 0.0006 0.014 0.002 0.23 0.01 0.24 0.01

Tb 0.059 0.003 0.026 0.001 0.0004 0.0001 0.0034 0.0004 0.044 0.002 0.05 0.00

Dy 0.43 0.02 0.193 0.008 0.0041 0.0005 0.024 0.002 0.33 0.01 0.31 0.01

Ho 0.093 0.004 0.043 0.002 0.0013 0.0002 0.0051 0.0005 0.077 0.004 0.075 0.004

Er 0.28 0.01 0.125 0.006 0.0045 0.0006 0.016 0.002 0.23 0.01 0.22 0.01

Tm 0.043 0.002 0.019 0.001 0.0010 0.0001 0.0030 0.0003 0.035 0.002 0.034 0.002

Yb 0.32 0.02 0.138 0.007 0.015 0.001 0.028 0.003 0.25 0.01 0.23 0.01

Lu 0.050 0.002 0.023 0.001 0.0042 0.0003 0.0068 0.0006 0.040 0.002 0.043 0.002

Hf 0.099 0.006 0.061 0.003 0.0006 0.0002 0.0005 0.0003 0.049 0.003 0.28 0.01

Ta - 0.00002 0.0022 0.0003 - 0.00003 0.00005 0.00004 0.00006 0.00003 0.0002 0.0001

Pb 0.50 0.03 0.60 0.02 0.006 0.001 0.24 0.01 0.38 0.04 0.089 0.009

Th 0.042 0.002 0.0082 0.0005 0.00012 0.00004 0.00002 0.00002 0.0003 0.0001 0.00003 0.00002

U 0.119 0.007 0.0032 0.0003 0.00027 0.00006 0.00010 0.00005 0.009 0.001 0.0025 0.0003

URDACH 

Serp.  TU6 n=6

MESH SERPENTINE BASTITE

MP01 n=2

MONTAUT

TT3 n=6 Serp. TU6 n=3Oph. Oufol  n=2TT6 n=2

TURON URDACH 
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Supplementary Material Table A5: Trace element concentrations  and 1 error σ in serpentine veins

Location - Sample

Texture 

ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ ppm 1 σ

Si 169774 8446 276843 13774 209518 6626 191113 6044 192129 6076 207099 6549 199938 6323 204505 6467 188612 5964.45 199082 6296 192632 6092

Li 17 1 5.5 0.3 32.1 1.9 4 0 5 0 8 1 0.9 0.1 7 1 1 0.1 1.1 0.1 6.9 0.3

Sc 6.8 0.3 10.6 0.4 12.8 0.4 14.8 0.7 12 1 18 1 0.74 0.03 3 0 2 0.073 1 0 13 0

Ti 150 7 234 11 653 22 600 22 567 22 584 22 0.6 0.1 74 2 8 0.25 1 0 666 25

V 44 2 26 1 76 3 60 3 53 3 87 4 0.24 0.01 10 1 0 0.029 0 0 81 3

Cr 439 19 159 7 2122 89 1333 56 1403 65 2638 142 3.4 0.2 26.3 0.8 16 0.49 14 0 1526 46

Mn 415 21 354 17 860 28 975 35 1021 37 1001 37 202 7 537 16 843 25.56 258 9 655 21

Co 22 1 21.2 0.9 37 2 74 3 98 5 27 2 9.6 0.5 6 0 29.6 1.18 12 0 25 1

Ni 1289 60 1480 67 890 40 1246 55 1943 91 596 37 105 5 374 17 1916 82.15 139 4 446 14

Cu 7.5 0.3 20.3 0.8 2.9 0.1 5.5 0.2 8.7 0.4 0.22 0.01 0.038 0.005 0.0 0.0 0.4 0.02 0.1 0.0 0.2 0.0

Zn 20.1 1.4 40.3 2.8 19.9 0.8 33 2 42 3 14.6 0.6 5.5 0.2 26 1 28 0.97 19.5 0.7 23.4 0.8

Rb 0.175 0.008 0.043 0.003 2 0 0.24 0.01 2 0 2.5 0.1 0.020 0.001 0.08 0.00 0.0 0.0016 0.0 0.0 2.7 0.1

Sr 3.1 0.1 2.22 0.09 21.99 0.8 7.2 0.3 15.5 0.6 12.4 0.6 0.53 0.02 1.74 0.06 2 0.054 1 0 13 0

Y 1.09 0.04 2.20 0.09 1.10 0.04 2.0 0.1 2.35 0.09 1.04 0.04 0.0013 0.0002 0.3 0.0 0.0 0.00048 0.0 0.0 1.2 0.0

Zr 1.17 0.05 1.92 0.08 1.77 0.06 3.21 0.12 3.4 0.1 0.67 0.03 - 0.0009 0.2 0.0 0.01 0.00056 0.001 0.000 0.776 0.029

Nb 0.015 0.001 0.036 0.002 0.0092 0.0009 0.011 0.001 0.016 0.001 0.005 0.001 - - 0 0 0.00 0.00007 0.000 0.000 0.026 0.001

Sb 0.49 0.03 0.77 0.05 0.012 0.003 0.031 0.004 0.133 0.009 0.016 0.003 0.006 0.002 0.25 0.01 0.1 0.0025 0.0 0.0 0.0 0.0

Ba 5.2 0.2 3.7 0.2 31 1 2.4 0.1 40 2 3.4 0.2 0.20 0.01 1 0 2.0 0.073 0 0 3 0

La 1.28 0.06 1.12 0.05 0.029 0.002 0.074 0.003 0.081 0.004 0.010 0.001 0.0002 0.0001 2.0 0.1 1 0.025 0.000 0.000 0.005 0.000

Ce 1.94 0.08 2.05 0.08 0.057 0.003 0.311 0.013 0.32 0.01 0.043 0.003 0.0005 0.0002 4 0 1 0.018 0.002 0.000 0.029 0.001

Pr 0.20 0.01 0.213 0.009 0.0133 0.0009 0.058 0.003 0.060 0.003 0.013 0.001 - 0.000 0.3 0.0 0.02 0.00089 0.000 0.000 0.009 0.000

Nd 0.69 0.03 0.77 0.04 0.099 0.006 0.35 0.02 0.37 0.02 0.087 0.006 - - 0.79 0.03 0.0 0.0019 0.001 0.000 0.078 0.003

Sm 0.118 0.007 0.19 0.01 0.046 0.004 0.135 0.008 0.169 0.008 0.037 0.004 - - 0.1 0.0 0.00 0.00038 0.000 0.000 0.046 0.002

Eu 0.062 0.003 0.088 0.005 0.022 0.002 0.057 0.003 0.072 0.004 0.031 0.002 0.0014 0.0003 0.05 0.00 0.01 0.00047 0.0038 0.0002 0.0282 0.0012

Gd 0.15 0.01 0.25 0.02 0.0767 0.006 0.22 0.01 0.27 0.01 0.073 0.006 0.0008 0.0005 0.1 0.0 0.00 0.00045 - 0.000 0.094 0.004

Tb 0.026 0.001 0.047 0.003 0.019 0.001 0.046 0.002 0.052 0.002 0.016 0.001 - 0.0000 0 0 0.0 0.00004 0.000 0.000 0.022 0.001

Dy 0.19 0.01 0.36 0.02 0.143 0.007 0.32 0.01 0.39 0.02 0.138 0.007 - 0.0001 0.1 0.0 0.00 0.00028 - 0.000 0.176 0.006

Ho 0.042 0.002 0.083 0.004 0.038 0.002 0.078 0.004 0.091 0.004 0.039 0.002 - - 0 0 0.0 0.00006 - 0.000 0.044 0.001

Er 0.128 0.007 0.25 0.01 0.136 0.007 0.23 0.01 0.26 0.01 0.143 0.008 0.0002 0.0001 0.037 0.001 0.00 0.00023 - 0.000 0.163 0.005

Tm 0.020 0.001 0.038 0.002 0.023 0.001 0.042 0.002 0.043 0.002 0.030 0.002 - - 0.0 0.0 0.00 0.00006 - 0.00 0.03 0.00

Yb 0.15 0.01 0.27 0.01 0.190 0.010 0.29 0.01 0.31 0.01 0.27 0.02 - 0.00011 0.043 0.002 0.00 0.00042 - - 0.238 0.009

Lu 0.023 0.001 0.045 0.002 0.036 0.002 0.051 0.002 0.049 0.002 0.051 0.003 - 0.00001 0.008 0.000 0.0 0.00011 0.000 0.000 0.046 0.002

Hf 0.052 0.004 0.087 0.006 0.065 0.004 0.116 0.006 0.106 0.006 0.031 0.003 - - 0.0 0.0 <0.00 <0.00 - 0.0001 0.0385 0.0017

Ta 0.000 0.000 0.0004 0.0001 0.00022 0.00009 0.0008 0.0002 0.0011 0.0002 0.0002 0.0001 0.00008 0.00004 - 0.00 <0.00015 0.00007 - 0.000 - 0.000

Pb 0.80 0.05 1.39 0.08 2.38 0.09 0.26 0.02 1.5 0.1 0.056 0.004 0.004 0.001 0.5 0.0 0.518 0.022 0.002 0.000 0.060 0.002

Th 0.019 0.001 0.055 0.003 0.0026 0.0003 0.0022 0.0003 0.0011 0.0002 - - - - 0.05 0.00 0.0 0.00004 - - - -

U 0.056 0.003 0.048 0.003 0.0008 0.0001 0.0011 0.0002 0.0008 0.0001 0.0019 0.0002 0 0 0.08 0.00 0.0 0.0012 0.21 0.01 0.00 0.00

MONTAUT

LMV

MP05 MV1 n=2 Oph. Oufol UV4 n=2MP05 MV2 Oph. Oufol Vein n=2

URDACH 

Oph. Oufol Vein n=3TT6 Vein in orthopyroxene n=2 TT6 Vein in matrix n=4

TURON

GEOSCIENCES

MP01 MV3 n=3MP01 MV2 n=3

MONTAUT URDACH 

Oph. Oufol UV4 n=2TT3 Vein in clinopyroxene 
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Supplementary Material Table A6: Major element compositions of orthopyroxenes used for TCa-in-Opx

Massif

Name

Texture

SiO2 54.22     55.00     54.23      53.78      53.41             53.63      54.15      56.13      55.27      54.35      54.62      

TiO2 0.22       0.20       0.11        0.13        0.12               0.12        0.13        0.12        0.09        0.17        0.15        

Al2O3 4.70       5.60       4.30        4.42        4.60               4.72        4.13        4.07        4.82        3.23        3.46        

MgO 32.10     33.40     32.15      33.01      32.73             32.58      32.76      32.81      32.36      33.08      33.11      

FeO 6.68       6.14       6.65        6.70        6.74               6.84        6.80        6.70        6.71        6.74        6.68        

MnO 0.15       0.16       0.13        0.15        0.12               0.15        0.14        0.16        0.17        0.18        0.16        

CaO 0.60       0.50       0.40        0.46        0.59               0.40        0.48        0.31        0.39        0.37        0.63        

Na2O 0.16       0.02       0.02        0.01        0.01               0.03        0.09        0.04        0.03        0.02        0.04        

K2O - - -           -           0.00               0.01        0.00        0.00        -           0.00        0.00        

NiO 0.05       0.14       0.07        0.13        0.09               0.09        0.07        0.07        0.07        0.06        0.07        

Cr2O3 0.33       0.40       0.51        0.55        0.54               0.57        0.36        0.42        0.47        0.32        0.36        

SO2 - - 0.02        0.02        0.01               -           -           -           0.03        -           0.03        

Cl - - 0.01        -           -                  -           0.01        0.01        -           0.01        0.01        

Total 99.21     101.56   98.61      99.36      98.97             99.14      99.11      100.83    100.40    98.54      99.31      

TCa-in-Opx 913 871 835 858 912 835 868 832 827 820 925

OU1

Porph. core Porph. core

URDACH

Oufol

Supplementary Material Table A6: Major element compositions of orthopyroxenes used for TCa-in-Opx

Massif

Name

Texture

SiO2 54.86          54.53          54.45          54.32          54.47          54.58          54.25          54.61          55.17          54.87          54.56          54.29          54.52          

TiO2 0.10            0.12            0.11            0.12            0.13            0.14            0.09            0.11            0.10            0.09            0.10            0.10            0.08            

Al2O3 2.90            3.20            3.33            2.96            3.23            3.34            3.38            3.49            3.07            3.07            3.65            3.57            3.25            

MgO 33.61          33.43          33.33          33.95          33.63          33.37          33.93          33.20          33.63          33.95          33.50          33.48          33.81          

FeO 7.04            7.16            6.90            7.17            7.06            6.99            6.89            6.94            7.02            6.91            6.95            6.94            6.98            

MnO 0.17            0.18            0.15            0.15            0.13            0.18            0.18            0.14            0.18            0.20            0.14            0.17            0.12            

CaO 0.32            0.40            0.66            0.36            0.36            0.41            0.50            0.49            0.40            0.33            0.48            0.56            0.35            

Na2O 0.04            0.00            0.04            0.02            0.01            0.01            0.05            0.02            -              0.05            0.01            0.04            0.00            

K2O -              0.02            0.04            0.01            -              -              -              -              0.01            0.01            -              0.00            0.01            

NiO 0.03            0.04            0.09            0.10            0.12            0.05            0.07            0.05            0.06            0.07            0.10            0.10            0.08            

Cr2O3 0.28            0.27            0.30            0.29            0.32            0.38            0.38            0.42            0.30            0.26            0.31            0.37            0.28            

SO2 0.02            0.08            -              0.02            0.01            0.00            0.03            -              -              -              0.03            -              0.01            

Cl 0.00            0.02            0.02            -              0.01            -              -              -              0.02            0.01            -              0.00            -              

Total 99.39          99.45          99.44          99.46          99.50          99.45          99.75          99.46          99.96          99.84          99.83          99.64          99.50          

TCa-in-Opx 794 833 934 817 816 836 876 871 832 798 869 898 808

Porph. core Porph. core

MONTAUT

MP04 MP05
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Supplementary Material Table A6: Major element compositions of orthopyroxenes used for TCa-in-Opx

Massif

Name

Texture

SiO2 52.85      54.19      53.66      56.67      53.70      54.21          54.16      55.03      56.83 56.16 55.68 55.74

TiO2 0.05        0.10        0.17        0.12        0.21        0.18  0.20        0.12        0.08 0.08 0.06 0.10

Al2O3 4.67        3.16        2.70        0.75        5.38        4.50  4.71        3.28        0.49 0.50 1.13 0.59

MgO 31.72      32.30      33.10      32.90      32.23      32.40          32.31      33.44      33.58 34.49 34.09 34.60

FeO 7.09        6.70        7.10        7.30        6.54        6.71  6.64        6.72        7.26 7.57 7.63 7.52

MnO 0.17        0.14        0.19        0.16        0.15        0.14  0.20        0.16        0.23 0.21 0.16 0.19

CaO 0.98        0.80        0.30        0.33        0.75        1.04  1.27        0.38        0.26 0.49 0.40 0.20

Na2O 0.97        0.01        0.02        0.01        0.05        0.07  0.08        0.02        0.02 0.00 0.22 0.01

K2O 0.02        0.00        0.00        0.00        0.01        - 0.02        0.00        0.01 0.00 0.01 0.00

NiO 0.14        0.08        0.08        0.09        0.05        0.10  0.14        0.09        0.07 0.08 0.11 0.08

Cr2O3 0.58        1.24        0.92        0.12        0.51        0.42  0.48        0.16        0.22 0.15 0.22 0.22

SO2 0.00        0.00        0.00        0.00        -         - 0.00        -         0.00 0.00 0.00 0.01

Cl 0.00        0.00        0.00        0.00        -         - 0.00        0.01        0.00 0.01 0.01 0.00

Total 99.24      98.72      98.24      98.45      99.58      99.76          100.20    99.42      99.05      99.75      99.72      99.27      

TCa-in-Opx 1003 954 765 779 938 1015 1065 921 740 849 812 700

Porph. Core neoblast

TT3

Porph. Core neoblast

TURON

TT1

Supplementary Material Table A6: Major element compositions of paired pyroxenes used for T2Px

Massif

Name

Minerals Cpx Opx Cpx Opx Cpx Opx Cpx Opx Cpx Opx

Texture

!"#! 49.78     52.85    50.69     54.19    50.34     53.66    50.25     56.67    50.67      55.03      

$"#! 0.79       0.05      0.77       0.10      0.79       0.17      0.78       0.12      0.70        0.12        

%&!"# 7.33       4.67      7.28       3.16      6.74       2.70      7.01       0.75      7.31        3.28        

'(# 13.46     31.72    13.56     32.30    14.27     33.10    14.03     32.90    14.07      33.44      

)*# 3.41       7.09      3.34       6.70      3.29       7.10      3.42       7.30      2.32        6.72        

'+# 0.08       0.17      0.08       0.14      0.07       0.19      0.09       0.16      0.09        0.16        

,-# 20.73     0.98      20.21     0.80      21.42     0.30      21.85     0.33      22.80      0.38        

.-!" 1.61       0.97      2.07       0.01      1.36       0.02      1.26       0.01      2.13        0.02        

/!" -       0.02      -       0.00      -       0.00      0.01       0.00      -         0.00        

."# 0.06       0.14      -       0.08      0.06       0.08      -       0.09      0.03        0.09        

,0!"# 0.64       0.58      0.90       1.24      0.54       0.92      0.59       0.12      0.92        0.16        

!#! -       0.00      -       0.00      -       0.00      -       0.00      0.04        -         

,& -       0.00      -       0.00      -       0.00      -       0.00      -         0.01        

$12-& 97.89     99.24    98.90     98.72    98.88     98.24    99.29     98.45    101.08    99.42      

T2Px

TT3

TURON

Porph core Neoblast Neoblast  Porph core 

TT1 TT1

Porph core

TT1 TT1

826 832 731848 860
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Supplementary Material Table A6: Major and trace element compositions of paired pyroxenes used for TREE

Massif

Name

Minerals Cpx Opx Cpx Opx Cpx Opx

SiO2 50.34 53.66 50.25 56.67 50.67 55.03

TiO2 0.79 0.17 0.78 0.12 0.70 0.12

Al2O3 6.74 2.70 7.01 0.75 7.31 3.28

MgO 14.27 33.10 14.03 32.90 14.07 33.44

FeO 3.29 7.10 3.42 7.30 2.32 6.72

MnO 0.07 0.19 0.09 0.16 0.09 0.16

CaO 21.42 0.30 21.85 0.33 22.80 0.38

Na2O 1.36 0.02 1.26 0.01 2.13 0.02

K2O 0.00 0.00 0.01 0.00 0.00 0.00

NiO 0.06 0.08 0.00 0.09 0.03 0.09

Cr2O3 0.54 0.92 0.59 0.12 0.92 0.16

SO2 0.00 0.00 0.00 0.00 0.04 0.00

Cl 0.00 0.00 0.00 0.00 0.00 0.01

Total 98.88 98.24 99.29 98.45 101.08 99.42

La 2.12 0.07 2.18 0.06 4.90 0.04

Ce 3.91 0.11 3.69 0.05 5.97 0.05

Pr 5.71 0.12 5.22 0.04 7.45 0.06

Nd 6.77 0.14 6.17 0.05 8.22 0.06

Sm 8.27 0.15 7.75 0.08 9.40 0.08

Eu 9.01 0.28 8.54 0.09 10.17 0.11

Gd 8.94 0.27 8.54 0.10 10.26 0.13

Tb 8.77 0.33 8.65 0.17 10.00 0.18

Dy 9.38 0.46 9.48 0.27 11.51 0.30
Y
Ho 9.00 0.54 9.35 0.36 11.10 0.40

Er 8.86 0.73 9.03 0.49 10.92 0.56

Tm 8.90 0.93 9.51 0.78 11.31 0.82

Yb 8.66 1.13 9.05 1.02 10.39 1.04

Lu 8.10 1.48 8.56 1.26 9.41 1.32

TREE

TURON 

1120 ± 82 1043 ± 43 911 ±  30

TT1 TT3
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!""#$%&'()*+(,#-.../0,#12345(643&2(27(38#(9:(;4<"5#;

=&>9( 1&>9 !59>? @A> ,#9>?(123 @$> B4> C49> D9> B69>? E9>F G>.(*HF G>.(*HHH 12345( @AI

!"#$%

11* E(G8 J**9KLM HK**: HK* ::KM: HK*? ?K?* ?LK9H LK99 HK*? 9KNH HK*L HKH9 HK?: HKH* HK9: HKMF *HHKNN LHK:?

119 E(G8 J**?K*J HK*** HK9* ::K:H HK*? ?K:M ?JKNF NKF: HK*? 9K:N HK9* HKH9 HK?J HKH* HK:N ?KHH *H*KHN LHKJN

11? E(G8 J**?K?H HK*** HK9N :?K*N HK*H 9KN9 ?NK:F NKFN HK*? 9K?? HK*H HKH? HK?M HKH* HKJJ :K:M *H*K?* LHKNN

11: E(G8 J**?K9N HK**L HK9J :?KJJ HK*F ?KN: ?FKLM NKFN HK*? 9KNF HK9* HKH? HK?J HKH* HKJN :KM? *H*K?* LHK?H

11F @(G8 J**?KHM HK*HJ HK*F :FKNH HK9? :KNH ?MKFF NKFN HK*: ?KFN HK9J HKH? HK?N HKH* HK*F HK?: *HHKNM LHK::

11M @(G8 J**9KNJ HK*HN HKHF :FKHH HK*? ?K:J ?NK:9 NKL: HK*: ?K9F HK9* HKH9 HK?: HKH* HK9N HKF* *HHKJ* LHKF9

11J @(G8 J**9KLH HK*HM HKHJ ::KFF HK*: ?K?: ?NK9J NKL: HK*? ?K?H HK?H HKH9 HK?* HKH* HK?M *KML *H*K?M LHK:L

11N O(G8 J**9KL? HK*HF HKHN ::KNN HK*9 ?K9J ?LKM* NKLJ HK*? 9KNH HK99 HKH* HK?N HKH* HK*? HK9* *HHKJ: LHKJF

11L O(G8 J**9KL9 HK**J HKHN ::KLJ HK*: ?KF: ?NKMF LKHH HK*: ?K*H HK9: HKH9 HK?M HKH* HK*F HKH9 *HHK?? LHKF9

11** O(G8 J**?KF: HK*?F HK:? :*KLJ HKHF *KFM :HKHH NK?J HK*9 HKN* PHKH9 HKH* HK?J HKH* *KH9 MK?9 *HHKM* L*K:H

11*9 O(G8 J**9KL? HK*HN HKHN :FKH9 HK99 :KMJ ?MK?N LKM: HK*: ?KM* HK:H HKH9 HK?: HKH* HK9N HK*L *HHKL9 NLK?F

&$%'("'

@EH* G8 J**?KNM HK*MJ HKMJ :*K*J HK*? ?K?J ?:KNF MKLN HK*L *KNN HK*: HKH? HK?: HKH9 *K*L *HKM: *HHKL? L*KJ?

@EH9 G8 J**:KH* HK*NJ HKN* :*K9: HK** 9KNM ??K*N MKJF HK9F 9K:L HK*H HKH: HK?F HKH* 9K?N *9K*M *H*KL9 L*KM*

@EH? E' J**?KN: HK*FN HKMM :FKLL HK*F ?KMN 9LKF9 JK*9 HK*J FKLM HK?L HKHN HK9J HKH* HKN: MK:N *HHKMM LHK9*

@EH: G8 J**?KNJ HK*M? HKMN :HK:9 HK*H *KJF ?MKJL LKHM HK*: *KL? HK*: HKHF HK9J HKH* HKN? LK9: *HHKJ? LHKH?

@EHF G8 J**?KJ: HK*F* HKFJ :HK:J HKHN 9K9J ?JK:9 NKN* HK*N *KJM HK*M HKHF HK?? HKH* HKFL NK*F *HHK9N LHK:9

@EHM G8 J**?KLN HK*JL HKJN :HK9: HKHN 9K:M ?FK*? JKN? HK*L *KFL HKHJ HKH: HK?F HKH* *K** **KFH *HHKFL LHKNL

@EHJ G8 J**:K*F HK9:: HKLM ?MKMF HKHM *K?J ?FK?9 *9KF* HK*M HK*M HKHH HKH* HK99 HKH9 *KM9 *9KLF *H*KH: NMK9M

)#*(+,

>O* >"8 J**?KL9 HK*F: HKJ9 ?*KL? HK9F 9KLM 9FKHL MKHH HK*9 *:K9N HK9* HKH: HK9L HKH9 *K?L *LKHJ *H*KMF LHK9L

>O,>G >"8 J**?KJF HK*JL HKFN ?NKF* HKHN 9K?: ??KLF JKLF HK*H FKLJ HKHL HKH? HK?H HKH* HKJL **K9? *H*K?: LHK:J

1O? =#6" J**?KN: HK*:F HKMM ?LKHL HKHL 9KNN ?:KLJ JK?L HK*H HKHM PHKH9 HKH* HK?9 HKHH 9KFF *:KJ? *H9K9H L*K?9

1OM =#6" J**?KN: HK*:M HKMM ?LK9N HKHL 9KL9 ?FKHJ JKNM HK** HKHF PHKH9 HKH* HK?M HKHH *KN: *:K?9 *H*KL* LHKN:

1O> >"8 J**?KML HK*J9 HKF: ?LKF9 HKHJ 9K?* ?FK9J NK9? HKHL :K9H HKHN HKH9 HK?* HKH* HKM: *HK99 *HHKLJ LHKFH

E(G8Q(E6232<R52$&3#(58#6S25&3#T(@(G8Q(@R52$&3#(58#6S25&3#T(O(G8Q(O5364<R52$&3#(58#6S25&3#T(G8Q(58#6S25&3#T(E'Q(ER62'#$&3#T(>"8Q(>"8&U45U&3#T(=#6"Q(=#6"#$3&$&3#

,#-.../0,#12345V2UW(1R"#(=4<"5#
@4X26(#5#<#$3;(YV,(-Z3K[/B#$362&%(

#$#6AR(-#\/

B#$362&%(

&$3#$;&3R(
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!""#$%&'()*$+&$,#%(-(.#/00012.#3*+45(64+&*(*7(+8#(9:0(

;&:! 3&:! !5!"# <=: .#: <$: >4: ?4!" @!" ?&: >6!"# >5 3*+45 <=A

!"#$%&!!'

9:0B C(BBDEFB((( GEBBH(((((((((( GEIB IBEDJ(((((((((( GEGI((((((((((((( GEGC((((((((((((( DKEKC(((((((((( KECC((((((((((((( GEBI((((((((((((( GEBG((((((((((((( GEGI((((((((((((( GEGJ((((((((((((( GEII((((((((((((( GEGF((((((((((((( GEGJ((((((((((((( LCEKH(((((((((( HGEKH((((((((((

9:0J C(BBDECK((( GEBJB(((((((((( GEFF IGEFL(((((((((( M((((((((((((((( BEKD((((((((((((( DLEDC(((((((((( KEFB((((((((((((( GEGC((((((((((((( GEGL((((((((((((( GEGD((((((((((((( GEGG((((((((((((( GEBF((((((((((((( GEGD((((((((((((( GEGC((((((((((((( LLEFD(((((((((( HBEDL((((((((((

($%)*")&(+,-

9:0B C(BBIEJG((( GEBJL(((((((((( GEL IDEFD(((((((((( GEGK((((((((((((( GEKD((((((((((((( IGEJK(((((((((( BEKJ((((((((((((( GEGF((((((((((((( GEGF((((((((((((( GEGJ((((((((((((( GEGB((((((((((((( GEBL((((((((((((( GEGD((((((((((((( GEGL((((((((((((( LKEFJ(((((((((( HCELJ((((((((((

9:0J C(BBIEBB((( GEBID(((((((((( GECI IIEBD(((((((((( GEGD((((((((((((( JELG((((((((((((( DHEGL(((((((((( BEKI((((((((((((( GEGC((((((((((((( GEGD((((((((((((( GEGB((((((((((((( GEGB((((((((((((( GEGF((((((((((((( GEBJ((((((((((((( GEGL((((((((((((( LLEGK(((((((((( HCECJ((((((((((
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