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 ! !"! #$%&'( )* +)+,*-%. /0+%&1.2 ! 

!" #$%& '()*+ #$, #$,)-(./"0-%1 ,20340#%(" (5 -%",)03& %& 60&,. (" 780)94#:& ),5,); !"

,"1, ,"2%)("-,"# -,#$(.(3(9/ <780)94# ,# 03=+ >??@A= B$, 1$,-%103 1(-C(&%#%(" 0". !#

#$, #$,)-(./"0-%1 C)(C,)#%,& (5 #$%& $/C(#$,#%103 ,"2%)("-,"# C,)-%#& #( 1031430#, !$

#$, #$,(),#%103 -%"%-4- '()* #$0# -4&# 6, %"2,&#,. #( ),C)(.41, 5)(- #$, ),5,),"1, !!

&46&#0"1,& #$, 1(-C(&%#%(" (5 #$, D0)#$ 1)4&#+ %" 5()- (5 0 $(-(9,",(4& &(3%. 30/,) !%

'$,), 033 -%",)03& 0), 4"%5()-3/ .%&#)%64#,. 0# #$,%) 02,)09, 1("1,"#)0#%(" xMcr
= B$, !&

),5,),"1, ,"2%)("-,"# %& 1("&%.,),. 0& 0 &(4)1, (5 $,0# 0". ),5,),"1, &46&#0"1,&= B$, !'

C)(1,&& %& 0&&4-,. #( 6, ),2,)&%63,= B$, -%",)03:& &C,1%E1 1$,-%103 ,F,)9/ exchM 10" !(

6, 1031430#,. 6/ 4&%"9 #$, ,F,)9/ 6030"1, (5 0 ),2,)&%63, ),01#%("+ 0& #$, ),5,),"1, &46; %)

&#0"1,& 0), &4CC(&,. #( 6, 0# 0 &#0".0). 0-6%,"# #,-C,)0#4), 0". C),&&4), 0". &#0"; % 

.0). 1("1,"#)0#%(" %" #$, "0#4)03 ,"2%)("-,"# <780)94#+ GHIHJ K03,)( ,# 03=+ >??>0A+ &,, %"

DL40#%(" >= %#

exchM = ∆gf +
∑

i

yi · exchi <>A

 %$

∆gf ),C),&,"#& #$, &C,1%E1 M%66& 5),, ,",)9/ (5 -%",)03 M 0". yi 0". exchi 0), %!

),&C,1#%2,3/ #$, -(30) 5)01#%(" 0". #$, &C,1%E1 1$,-%103 ,F,)9/ (5 1(-C(","# i (5 %%

-%",)03 M = %&

N), .,C(&%#& 0), "0#4)033/ (114))%"9 099),90#,& (5 -%",)03&+ #$,%) (), 9)0., ),C),; %'

&,"#& #$, -%",)03 1("#,"# (5 #$, )(1* '$%1$ %& -41$ $%9$,) #$0" #$, 02,)09, 1("1,"; %(

#)0#%(" (5 #$, -%",)03 %" #$, D0)#$:& 1)4&#= O("1,"#)0#,. -%",)03& %" -%",& 10" 6, &)

,0&%3/ ,F#)01#,. '%#$ C),&,"# #,1$"(3(9/+ 1(-C0),. #( (#$,) C0)#& (5 #$, D0)#$:& 1)4&# & 

'$,), #$, -%",)03 %& .%&C,)&,.= B$4&+ 011().%"9 #( 780)94#:& ),5,),"1, ,"2%)("-,"# &"

-,#$(.(3(9/+ 0"/ -%",)03 ),&(4)1, '%#$ $%9$,) 1("1,"#)0#%(" '(43. $02, 0" 0-(4"# &#

(5 ,",)9/ C)(2%.,. 6/ P0#4),+ '$%1$ .%Q,),"#%0#, %# 5)(- %#& .%&C,)&,. &#0#, %" #$, ),5; &$

,),"1, ,"2%)("-,"#= B$, 1("1,"#)0#%(" ,F,)9/ %& .,E",. 6/ K03,)( ,# 03= <>??HA #( 6, &!

#$, -%"%-4- ),L4%),. '()* #( 1("1,"#)0#,+ %" 0 ),2,)&%63, '0/+ #$, .%&C,)&,. -%",)03 &%
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!" #$% &'(#$)* +(,*# !"#- .!"%*/ 0**,.!"12 #$'# '" -(% 3%4-*!# !* '" !3%'5 .!6#,(% !!

-7 ' .!"%('5 M '"3 (-+82 #$% *4%+!9+ +-"+%"#('#!-" %6%(1: -7 #$% .!"%('5 excM +'" !"

;% %<,'#%3 #- #$% .!"!.,. '.-,"# -7 =-(8 #$'# *$-,53 ;% 7,("!*$%3 #- *%4'('#% #$% !#

.!"%('5 >+-"+%"#('#%3 '# xM? 7(-. #$% (-+82 *%% &<,'#!-" @/ A# +'" ;% *%%" #$'# #$% "$

$!1$%( #$% -(% 1('3%2 #$% 5-=%( #$% %B-(# "%%3%3 #- %6#('+# #$% .!"%('5 7(-. #$% .!"%2 " 

4-!"#!"1 #- #$% 7'+# #$'# +-"+%"#('#%3 .!"%('5* (%4(%*%"# ' "'#,('5 %"%(1: +-"#(!;,#!-"2 "%

%'*!"1 !#* %6#('+#!-"/ "&

excM(xM) = −RT ◦

{

ln(λMxM) +
(1− λMxM)

λMxM

ln (1− λMxM)

}

>@?

 "'

C$%(% R (%4(%*%"#* #$% ,"!D%(*'5 1'* +-"*#'"#2 T ◦
#$% *#'"3'(3 '.;!%"# #%.4%(E "(

'#,(% '"3 λM #$% .-5'( .'** ('#!- ;%#=%%" #$% .!"%('5 '"3 #$% .!6#,(% -7 (-+8 '"3 ")

.!"%('5/ "!

F'5%(- !3%"#!9%* #$(%% #$%-(%#!+'5 *#'#%* -7 .!"%('5 %D-5,#!-" #- +'5+,5'#% #$% %6%(1: ""

#$'# *$-,53 ;% !"D%*#%3 #- 7-(. .!"%('5 3%4-*!#* 7(-. #$% (%7%(%"+% %"D!(-".%"#2 *%% "#

G!1,(% HI #$

J/ K#'#% L >M%7%(%"+% %"D!(-".%"#?I 055 #$% (%7%(%"+% *,;*#'"+%* '(% 3!*4%(*%32 # 

.!6%3 '"3 !" #$%(.-3:"'.!+ %<,!5!;(!,. ⇒ N$% %6%(1: !* O%(-/ #%

 #&

H/ K#'#% J >P!*4%(*%3 .!"%('5*?I Q$%.!+'5 (%'+#!-"* #--8 45'+%2 #$% .!"%('5* '(% #'

7-(.%3 '"3 3!*4%(*%3 '# #$%!( +(,*#'5 +-"+%"#('#!-" xMcr
-" #$% &'(#$ +(,*#2 #$% #(

*4%+!9+ %6%(1: -7 #$% 3!*4%(*%3 .!"%('5 exM(xMcr
) -7 #$% .!"%('5 !*I #)

exM(xMcr
) = exchM >R?

@/ K#'#% H >Q-"+%"#('#%3 .!"%('5*?I N$% 3!*4%(*%3 .!"%('5 !* +-"+%"#('#%3 '# xM #!

!"#- .!"%*2 #$% *4%+!9+ %6%(1: -7 #$% +-"+%"#('#%3 .!"%('5 exM(xM) !* #$%"I #"
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exM(xM) = exchM + excM(xM) !"#

$%&'()*+ ',%&-%./)0 1)2'& !$%&'() '. %&34 56657# /+ 7%+'2 )0 89:).8'./;%& (','(+/7&' !!

;)02/./)0+4 <%( <()1 ('%& :();'++'+ =8'(' <(/;./)0 %02 2/++/:%./)0 &)++'+ ;%0 0). 7'"##

0'>&';.'23 ?8' ('%& '@'(>9 ('A-/('1'0.+ %('4 .8'04 1-;8 1)(' >('%.'( .8%0 .8' .8'(B"# 

1)290%1/; ,%&-' =8/;8 (':('+'0.+ )0&9 .8' 1/0/1-1 =)(C .8%. +8)-&2 7' /0,'+.'2 .)"#"

<)(1 % >/,'0 1/0'(%& <()1 .8' ('<'('0;' '0,/()01'0. .) .8' ;)02/./)0+ /0 .8' 1/0'3"#$

D0 .8/+ ;)0.'@.4 $%&'() :():)+'+ .) /0.()2-;' :89+/;%& -0/. ;)+.+4 kchM %02 kcM 4 ('B"#%

+:';./,'&9 )< .8' ('E0/0> %02 .8' ;)0;'0.(%./)0 :();'++ )< .8' 1/0'(%&3 ?8/+ :'(1/.+"#&

.) /2'0./<9 .8' ('%& '@'(>'./; ,%&-' )< 1/0'(%&+4 .%C/0> /0.) %;;)-0. .8' &/1/.+ )< .8'"#'

;-(('0. %,%/&%7&' .';80)&)>94 +'' FA-%./)0 G3"#(

exr
M(xM) = kchM · exchM + kcM · excM(xM) !G#

 ! ! ! "#$%&' ($)%$*+$ ,- ($)./0/0& 0,01-2$. 3/0$%*. %$+$%4$+"#)

?8' '@'(>9 )< % 1/0'(%& ('+'(,' 2':'02+ )0 .8' >(%2' %02 +/H' )< .8' )(' 7)293 ?)"#!

',%&-%.' .8' '@'(>9 &)+. 79 1/0'(%& '@.(%;./)04 .8' =8)&' &/<' ;9;&' )< .8' ('+'(,' +8)-&2" #

7' ;)0+/2'('24 <()1 /.+ <)(1%./)0 -0./& /.+ 2':&'./)03 ?8('' 1%/0 .8')('./;%& +.%>'+ ;%0"  

7' 2/+./0>-/+8'2I" "

• 5*.)2.*6/,0 ,- 67$ ,%$ ($8,+/69+ )7$3/)*. $#$%&' :8%$13/0$; 4 ?8' 1/0'(%& /+ 2/+B" $

:'(+'2 %. /.+ ;(-+.%& ;)0;'0.(%./)0 xMcr
3 ?8' +:';/E; '@'(>9 )< .8' 1/0'(%& ('+'(,'" %

exR(xMcr
) /+4 .8'04 'A-%& .) .8' ('%& +:';/E; '@'(>9 )< .8' 2/+:'(+'2 1/0'(%&" &

exr
M(xMcr

)3 D.+ %7+)&-.' '@'(>9 ExR(xMcr
) .'02+ .) H'() %+ .8' 1%++ )< '@.(%;.%7&'" '

1/0'(%& mM /+ +./&& 0'>&/>/7&'I" (

exR(xMcr
) = exr

M(xMcr
) = kchM · exchM

ExR(xMcr
)→ 0

!J#
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"# $%&'() *+ ,&#+) #%-# &,(. /&,/+,#0-#+) /%+12/-( +3+04. /-, *+ '$+) *+/-'$+ !"

2# 2$ 215&$$2*(+ #& +3#0-/# )2$5+0$+) 12,+0-($ 62#% 50+$+,# #+/%,&(&4.7 !#

•  !"#$"!%&'( ') %*+ ',+ -+.'/&%0/ #'(#+(%,!%&'( +1+,23 4+(,&#*5+(%6 8 9%+ 12,+ 2$  $

:2+6+) -$ #%+ 0+$'(# &; - ,-#'0-( +,02/%1+,# 50&/+$$ 62#% /&,/+,#0-#+) 12,+0-($7  !

<+;&0+ +3#0-/#2&,8 #%+ 2,2#2-( $5+/2=/ +3+04. &; #%+ 12,+0-( 0+$+0:+ exR(x
◦

M)8 2$   

#%+, +>'-( #& #%+ 0+-( $5+/2=/ +3+04. &; #%+ /&,/+,#0-#+) 12,+0-( exM(x
◦

M)7 ?#  %

#%2$ $#-4+ #%+ $#&0+) +3+04. ExR(x
◦

M) 0+-/%+$ 2#$ 1-321'17  &

exR(x
◦

M) = exr
M(x

◦

M) = kchM · exchM + kcM · excM(x
◦

M)

ExR = m
◦

M ·MM · exR(x
◦

M)

@AB

m
◦

M 2$ #%+ 2,2#2-( #&#-( 1-$$ &; 12,+0-( 2, #%+ 12,+8 MM 2$ #%+ 1&(-0 1-$$ &; #%+  '

12,+0-( -,) x
◦

M 2$ #%+ 2,2#2-( &0+ 40-)+ &; #%+ 12,+7  (

  )

•  !"#$"!%&'( ') %*+ ',+ -+.'/&%0/ +1+,23 -+#,+!/+ 4-+."+%&'(6 8 C'02,4 +3#0-/#2&,8 #%+  "

&0+ 40-)+ xM &; #%+ 0+$+0:+ 2$ )212,2$%2,4 @xMcr
≤ xM ≤ x

◦

MB -,) #%+ 12,+0-(  #

0+$+0:+ 2$ (&$2,4 +3+04.7 %$

exR(xM) = exr
M(xM) = kchM · exchM + kcM · excM(xM)

ExR(xM) = mM ·MM · exR(xM)

@DB

mM 2$ #%+ 0+1-2,2,4 1-$$ &; 12,+0-( 2, #%+ )+5&$2# -;#+0 +3#0-/#2&, -,) xM 2$ 2#$ %!

/&00+$5&,)2,4 &0+ 40-)+7 "# $%&'() *+ $#0+$$+) #%-# #%+ /&,/+,#0-#2&, +3+04. &; #%+ % 

12,+0-( )+/0+-$+$ 62#% 2#$ &0+ 40-)+8 6%2(+ #%+ /%+12/-( +3+04. 0+1-2,$ /&,$#-,#7 %%

E%+, -(( #%+ 12,+0-( 2$ +3#0-/#+)8 #%+ 12,+ *+/&1+$ )+5(+#+)8 #%+ +3#0-/#-*(+ %&

>'-,#2#. &; 12,+0-( mM *+/&1+$ 2,$24,2=/-,#8 -,) %+,/+ 2#$ &0+ 40-)+ xM #+,)$ %'

#& #%+ /0'$#-( /&,/+,#0-#2&, &; #%+ 12,+0-( xMcr
7 9%+ $5+/2=/ +3+04. &; #%+ 0+$+0:+ %(

exR #+,)$ #%+, #& 2#$ $5+/2=/ +3+04. *+;&0+ +,02/%1+,# -,) #%+ $#&0+) -*$&('#+ %)

+3+04. ExR *+/&1+$ ,+4(242*(+F %"
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lim
xM→xMcr

exR(xM) = kchM · exchM

lim
xM→xMcr

ExR(xM) = 0
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:)&(7:): 4-) 7-: 7- )-(%0/): 4-)@ 04((),+4-:%-& (),+)0.%9)83 .4 ./) :%,+)(,): 7-: ./) #%

04-0)-.(7.): ,.7.) 45 ./) 6%-)(78< # 
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)6)(&3 ./7. D7.'() %-9),.): .4 54(6 6%-)(78 :)+4,%., 7-: 4- ./) 4./)( /7-: ./) )6)(&3 #'

()E'%(): .4 046+)-,7.) ./) :767&), 07',): >3 6%-%-&< #(
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=- 4(:)( .4 )978'7.) ./) )6)(&3 ./7. ?4'8: >) 84,. >3 )2.(70.%-& ./) 6%-)(78 5(46 #"
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 < #*&-784 6&,4- 2/&$*-./0 9&/6%44H I7J)-K, 6%-)(78 )948'.%4- ./)4(3 !I7J)-@ L" "M & 

I7J)- 7-: $)((3@ L" "# 7-: 4./)( +(4+4,): ,0)-7(%4, 45 N7(./K, 0(',. 54(67.%4- &!

!O0P43@ L" "M Q788)3 ). 78<@ L""LM RS(&)-,)- ). 78<@ L""TM U9)(V)-,F3@ L" "# %88',B &#

.(7.) ./) 046+8)2%.3 7-: >()7./ 45 ./) +(40),,), ./7. +7(.%0%+7.):@ 49)( )4-,@ %- &&

:)9)84+%-& ./) 6%-)(784&3 45 ./) N7(./K, 0(',. .4 %., +(),)-. :%9)(,%107.%4- 7-: &'

:%,.(%>'.%4-< =. ?%88 >) 9)(3 :%W0'8. %5 -4. %6+4,,%>8) .4 :).)(6%-) )270.83 ./) &(

)-)(&%), ./7. :(49) .)((),.(%78 6%-)(78 )948'.%4-@ >)07',) 8%..8) %, F-4?- 7>4'. &)

./),) +(40),,), ?/%0/ 7() -4 84-&)( 4>,)(9): %- .4:73K, ?4(8:< D)9)(./)8),,@ :%5B &"

5)()-. ,.':%), /7: >))- +)(54(6): .4 )978'7.) ./) )6)(&3 45 ./) N7(./K, 0(',.< '$
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"#"$%& '( %)'*+) ,"-.#"/0 0' *" +*'10 1.62 234 ,"56%7 8$'9/ :!;;<= >+)>1? ! 

)+0"- + ,@">.A> "#"$%& '( 0B" 2+$0BC, >$1,0 '( +*'10 1.35 23D ,"56%E +,,1#./% !"

+ 01$/'F"$ 0.#" '( 2.5 23D &$, :0B" F+)1", B+F" *""/ >'/F"$0"- ./0' 0B" "#"$%& !#

*+,")./" '( 1.52 23!G ,"56&$ :8$'9/ +/- H)%.+0.E !; ;==7 I/ 0B" /"J0 ,">0.'/E + !$

#"0B'-')'%& ., @$'@',"- 0' >+)>1)+0" 0B" "#"$%& '( 2+$0BC, >$1,0 ('$#+0.'/ *& !!

1,./% .0, >B"#.>+) "J"$%&7 !%

2F"$& %$'1@ '( #./"$+) -.,@"$,"- ./ 0B" 2+$0BC, >$1,0 ., $"%+$-"- +, ./-.F.-1+) !&

>'#@'/"/0 '( 0B" )+00"$E >B+$+>0"$.K"- *& .0, ,@">.A> >B"#.>+) >'#@',.0.'/ +/- !'

.0, +*1/-+/>"E +/- 0B1, .0 #+& *" >'/,.-"$"-E ($'# +/ "#"$%& @'./0 '( F."9E +, %(

>'?@$'-1>0 '( 0B" 2+$0BC, >$1,0 ('$#+0.'/ @$'>",,E ,"" L.%1$" G7 MB., #"+/, 0B+0 %)

"F"$& %$'1@ '( #./"$+) B+, 0B" ,+#" +*,')10" "#"$%& +, 0B" 2+$0BC, >$1,0 +/- % 

0B+0 .0, ,@">.A> "#"$%& emM(xMcr
) ., @$'@'$0.'/+) 0' 0B" ,@">.A> "#"$%& '( 0B" %"

2+$0BC, >$1,0 emcr +/- 0' .0, >$1,0+) >'/>"/0$+0.'/ xMcr
E ,"" 2N1+0.'/   O %#

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

 %$

"*+,- .,/01 /2 345+,67 48 68803+9 :/ ;+ 6 </=1,/90<: /2 :>+ "6,:>?8 <,08:@

#>+ 6;8/70:+ +3+,.- /2 65- 345+,67 .,/01 EmM(xMcr
) 48 +A067 :/ :>+ 6;8/70:+

+3+,.- /2 :>+ "6,:>?8 <,08: EmcrB

EmM(xMcr
)
def
= Emcr

 %!

 %%

mMcr
$"@$","/0, 0B" #+,, '( 0B" #./"$+) ./ 0B" 2+$0BC, >$1,0 +/- mcr $"@$","/0, %&

0B" 0'0+) #+,, '( 0B" 2+$0BC, >$1,07 P"/>" 0B" ,@">.A> "#"$%& '( + -.,@"$,"- %'

#./"$+) M E emM(xMcr
) >+/ *" "J@$",,"- +, ('))'9,O &(

mMcr
= xMcr

·mcr

emM(xMcr
) =

Emcr

mMcr

=
emcr

xMcr

:  =
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 !"#$%&' ()*(")+$", *- +!" #&$. %*##")%$&''/ 0,"1 #$.")&'

"#$% &'%$()#* +,-$.*# MM /01$,*2 xMcr
345 OGC346 ERR kcM kchM exchM /781$,*2

9*.$(:(.$ Al2O3 !;6 <=;;3>;? !=@;3>;! 6=!;3>;;  =A53>;6 !  =?A3>;!

9:B($,:C Sb2S3   A=@ 6=;;34;! !=;;3>;! D=;;3>;D 6=<?3>;! !; 6=D63>; 

9-E%:() FeAsS !56=< !=D;3>;; 6=;;3>;; !=  3>;? @=AA3>;! !; !=? 3>; 

F#-(.$ BaSO4 4 D=D;3>;6 D=<;3>;; !=;53>;6 "9 ! 4

F%-C**(.$ 6SiO2.Al2O3.3BeO D @=5  =;;3>;; ?=;;3>;; !=  3>;? !=!63>;6 ! 5=D<3>;!

F(E$.B' Bi2S3 D!?=6 !=6@34;! D=;;3>;;  =A?3>;D <=A<3>;! !; 6=6 3>; 

&#G$(.$ CdS !??=D A=<;34;6 ?=;;34;! ?=;<3>;? <=;?3>;6 !; @=??3>;6

&%E(.$ CsCl 4  =@;3>;; 6=;;3>;! D=?!3>;? "9 ! 4

&'-,$% FeCr2O4 66 =<  =D;3>;! 6= ;3>;! 5=D@3>;  =5@3>;! ! !=AD3>;6

&,H#*B CoS2 !6 =! !=;;3>;! 6=;;34;! 6=;;3>;6 !=653>; !; != A3>; 

&,II%- CuFeS2 !< =D 6=D;3>;! D=;;34;! 6=;;3>;6  =<53>;6 !; !=D 3>; 

+*.,-(G% CaF2 @<=! 5=D;3>;6 !=;;34;! !=D;3>;; !=@;3>;; ! D=; 3>;!

J#**(.$ Ga(OH)3 4 !=@;3>;! !=;;34;6 D=A;3>;; 4 ! 4

J%-$#:(.$ GeO2 4 !=5;3>;; 5=;;3>;;  =@D3>;? 4 ! 4

J,*G Au !A@ !=<;34; !=D;34; <=  3>; ?=;A3>;D ! D=AA3>;!

K#L:(.$ HfO2 4 D=<;3>;; ?=;;34;6 5=A;3>;! 4 ! 4

M:G(.$ InS !?5=A D=;;34;6 !=;;34;6 6=;;3>; 4?= A3>;! !; A=! 3>;6

M-,: Fe2O3 !DA=@  =D;3>;? D=;;3>;! !=? 3>;! ?=?;3>;! ! !=5?3>;!

N%#G PbS 6 A= 6=;;3>;! ?=;;3>;; 6=;;3>; 6=!63>;6 !; @=?!3>;6

N(B'(.$ LiAlSi2O6 !<5=! 6=;;3>;!  =;;3>;; !=D;3>; !=D<3>;6 ! 6=<@3>;!

O#0:%E(.$ MgCl2 AD=6 !=  3>;? !=;;34;! !=;;34;! !=;;3>;; ! !=5!3>;6

O#:0#:%E% MnO2 <5=A 5=;;3>;6 6=D;3>;! ?=!@3>;6 6=<?3>;6 !  =?A3>;!

O%-).-C HgS 6 6=@ <=;;34;6 !=;;34;! !=6D3>;? !=@!3>; !; 5=@A3>;6

O,*CHG%:.$ MoS2 !5;=! !=D;3>;;  =;;34;! 6=6@3>; A=?@3>;6 ! !=@63>; 

&,:B(:.%G ,: :%PB I#0%===
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"#$% &'%$()#* +,-$.*# MM /01$,*2 xMcr
345 OGC34! ERR kcM kchM exchM /671$,*2

"()6%* NiS 89:; !:993<9= 8:99349= >:?93<9!  : ;3<9! =9 ;:553<9!

"(,@(.$ Nb2O5 4 !:?93<9= ?:99349= =:AA3<9! "B = 4

C',DE',-,.D P2O5 =>! ;:993<9! =:>A3<9= !:==3<9! >: 83<9= =  :?83<9!

C*#F(G.$ PtS 4 =:99349! =:8?349 =:8?3<9 "B = 4

C,F#DD(.$ KCl ;>:?5 !:A93<9> =:?93<9= ?:;;3<9>  :A53<9= = =:853<9=

H'%G(.$ ReS2 !?9: >:99349>  :99349=  :993<95 =:8>3<9 =9 =:5!3<9 

I%*%G(.$ SeO2 4 ?:993<9= !:?9349> !:?93<9= "B = 4

I(*(),G SiO2 59:=  :9A3<9? >:993<9= =: 93<99 =:A83<99 = A:!9349=

I(*J%- Ag2S !>;:A ?:99349! =:99349! !:993<9 ;:9?3<9 =9 ;:953<9!

I,K(.$ NaCl ?A:> !:893<9> !:993<9= 5:893<99  :A=3<9= = =:>>3<9=

L#GF#*.$ Ta2O5 >>=:= !:!93<99 =:99349= !:?93<9! =:!?3<9> = >:?53<9=

L%**.-(.$ TeO2 4 =:99349 =:99349> =:993<9! "B = 4

L(G SnO2 =?9:; ?:?93<99 >:99349= 5: 53<9! =:>83<9 = >:!53<9=

L(F#G(.$ FeT iO3 =?=:;  :993<9 =:993<9=  :  3<9=  :>A3<9! = =: 93<9!

L.G0DF%G CaWO4 !AA !:993<99 5:99349=  :993<9  :=93<9 = ;:!=3<9=

M#G#K(.$ V2O5 =A! 5:993<9= 5:99349= >:!83<9= ?:;!3<9! =  :! 3<9=

N(G) ZnS 8;:> ;:=93<9=  :?93<99 >:8 3<9! 5:!A3<9= =9 ;:>>3<9!

N(-),G(.$ ZrSiO4 =A : =:893<9! !:993<99 =:9?3<9! ;:;>3<9 =  :9A3<9=

 !"#$ %& '($)*+!# ,-.,$-/*$0 .1 /($ )!*2 +.))$-+*!##3 40$5 )*2$-!#0



 !"# $% #&' ("   

 !"#$%"$& "#$'!(' $)$%*+ ,- ./$ )0!1 ',))$%'!022+ 3"$& )!1$%02

!"#$ %&$#'(") *+,#-)" emM(xMcr
) ./$0123

4)-#'5'-# Al2O3 678 9:; 

45<'#+5= Sb2S3 >7?89:;@

4,/$5'( FeAsS A7BA9:;C

D",'-# BaSO4 67C?9:;B

D$,=))'-# 6SiO2.Al2O3.3BeO  78@9:;C

D'/#-<& Bi2S3 C7CB9:;@

%"E#'-# CdS 67;;9:;?

%$/'-# CsCl 87AA9:;C

%&,+#$ FeCr2O4 87@69:;A

%+F")< CoS2 ?7@>9:;A

%+GG$, CuFeS2  7?>9:;A

*)-+,'E$ CaF2 67B69:;B

H"))'-# Ga(OH)3 B7C?9:;A

H$,#"5'-# GeO2 A76B9:;C

H+)E Au B7>C9:6;

I"J5'-# HfO2 67C;9:;C

K5E'-# InS 67?C9:;?

K,+5 Fe2O3 87@69:; 

L$"E PbS >7?89:;A

L'<&'-# LiAlSi2O6 >7?89:;A

M"25$/'-# MgCl2 C7>;9:; 

M"52"5$/$ MnO2 67A>9:;B

M$,(-,= HgS 678 9:;?

M+)=FE$5-# MoS2 A7BA9:;C

!'(N$) NiS >7?89:;A

!'+F'-# Nb2O5  7?>9:;A

O&+/G&+,+-/ P2O5 67>69:;B

O)"<'5-# PtS ?7@>9:;?

O+<"//'-# KCl  7B69:; 

P&$5'-# ReS2 87>A9:66

Q$)$5'-# SeO2 67?C9:;A

Q')'(+5 SiO2  76?9:;8

Q')R$, Ag2S 67?C9:;?

Q+E'-# NaCl  7 ?9:; 

S"5<")-# Ta2O5 >7>C9:;C

S$))-,'-# TeO2 ?7@>9:6;

S'5 SnO2 67C?9:;C

S'<"5'-# FeT iO3  78@9:;>

S-52/<$5 CaWO4 >7?89:;C

%+5<'5-$E +5 5$T< G"2$777

Tables3



 !"# $% #&' ("  !

"#$% &'%$()#* +,-$.*# emM(xMcr
) /0%1234

5#6#7(.$ V2O5 89:!;<=:

>(6) ZnS 89 ?;<=:

>(-),6(.$ ZrSiO4 @98A;<=@
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 !"#$%# "&"'() *+ &$,"'-. '"/"'0"/ -1 12"$' *'" ('-3" #41*5

"#$% &'%$()#* +,-$.*# em1

R(xM) /0%1234 em2

R(xM) /0%1234 emR(xM) /0%1234
5*.$(6(.$ Al2O3  789:;9< =7>8:;9> =7=!:;9?

56@($,6A Sb2S3 >7B9:;B8 C7?!:;B B7>C:;B9

5-0%6() FeAsS =7BC:;B B7>9:;B= >7?B:;9<

D#-(.$ BaSO4 B7?B:;BB B78=:;B9 E

D%-A**(.$ 6SiO2.Al2O3.3BeO =7BC:;B B7>9:;B= B7 =:;B=

D(0$.@' Bi2S3 C7 >:;B8 !7 B:;B B79B:;BB

&#F$(.$ CdS C7CB:;B !7!B:;B= =7>C:;B=

&%0(.$ CsCl >7?C:;B ?7 9:;B= E

&'-,$% FeCr2O4 B79C:;B >7>?:;BB B7B!:;B9

&,G#*@ CoS2  7=8:;BB =7?9:;B9 B7B>:;B9

&,HH%- CuFeS2  7=8:;BB =7?9:;B9 B7 9:;9<

+*.,-(F% CaF2 =78 :;9< =79 :;9> !7C9:;9C

I#**(.$ Ga(OH)3 <7!C:;9< ?7<?:;9> E

I%-$#6(.$ GeO2 C79>:;B !79C:;B= E

I,*F Au B7 !:;B B7B=:;B= >7 !:;B>

J#K6(.$ HfO2 B7B=:;BB <7 =:;9< E

L6F(.$ InS  7=8:;B= =7?9:;BB E

L-,6 Fe2O3 =7 =:;B9 B7< :;9< 87C>:;9?

M%#F PbS  7=8:;B= =7?9:;BB =7CC:;9<

M(@'(.$ LiAlSi2O6 =78 :;B= =79 :;BB 87<B:;BB

N#36%0(.$ MgCl2 B7C=:;9> B7 !:;9?  79=:;9!

N#63#6%0% MnO2 C7?!:;BB !7C :;B9 B7<=:;B9

N%-).-A HgS =79 :;B B7C<:;B= ?7= :;B=

N,*AGF%6.$ MoS2  7C?:;B=  79C:;BB C7>B:;BB

&,6@(6.%F ,6 6%O@ H#3%777
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"#$% &'%$()#* +,-$.*# em1

R(xM) /0%1234 em2

R(xM) /0%1234 emR(xM) /0%1234
"()5%* NiS 6789:;<< !7=>:;<=  78>:;=9

"(,?(.$ Nb2O5  7=@:;<< 87@A:;<= B

C',0D',-,.0 P2O5  7A8:;<< 87>@:;<= 8786:;=>

C*#E(F.$ PtS  7<!:;<8 87! :;<< B

C,E#00(.$ KCl 97 @:;< 6769:;<8 87@9:;=6

G'%F(.$ ReS2 A7>!:;<@ A7=@:;<A <7<!:;<@

H%*%F(.$ SeO2 A7=@:;<=  7 >:;=9 B

H(*(),F SiO2 87<<:;=9 <76!:;=> @7<6:;=@

H(*I%- Ag2S  78A:;<8 876=:;<<  76=:;< 

H,J(.$ NaCl <7<8:;<= 97 8:;=>  7!=:;=6

K#FE#*.$ Ta2O5 A7=@:;<<  7 >:;<= <7>!:;<A

K%**.-(.$ TeO2 <7!8:;<< <7 @:;<= B

K(F SnO2 <7= :;<8 >7@9:;<= <7=8:;< 

K(E#F(.$ FeT iO3 @7 9:;<= A7@=:;=9 67!8:;=>

K.F30E%F CaWO4 A7>!:;<8 A7=@:;<< A78=:;< 

L#F#J(.$ V2O5 !79@:;<= @769:;=9  7 8:;<<

M(F) ZnS 6799:;<< !7!!:;<= <7><:;=>

M(-),F(.$ ZrSiO4 <76<:;<< <7A8:;<= <7@=:;<8

 !"#$ %& '($)*+) $,$-.*$/ 01 ,*2$-!# -$/$-3$/ !4 45$*- OGC )!#)6#!4$7 "8 7*9$-$24 !((-0!)5$/



 !"# $% #&' ("  !

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

"#$%&'(

&%)%&*%

xMcr
x

◦

M xM ∆t +,&- emR(x
◦

M)
+)%./0-

emR(xM)
+)%./0-

D
+1-

23(4 56789:

8;

 6! 9:

8<

=68=9:

8>

57<;:=888 >6!>9?== @6!79?== =;6 

A3BB%& =6<89:

8<

=6>89:

85

56  9:

8=

57@@:=88@ 56!89?5 565@9?5   68

C#DE%( =6889:

8<

@6<!9:

8=

565>9:

8=

5;>!:=88@  68!9?5 =6<=9?5 5!6;

F#(*%& <6889:

87

 6889:

8 

76889:

8@

577@:=88@  6;@9?5!  6@!9?5! 5=68

G%'4 =6889:

8<

!6789:

85

@6 =9:

8=

57!;:=888 =67!9?5 56;79?5  86;

H#$D !6589:

8<

56!89:

85

76<89:

8=

5;8<:=88@ 56>;9?5= 56< 9?5= ;6 

I&3$  6<89:

8=

>6789:

85

>6=89:

85

5;8!:=88@ @6!89?55 @6<89?55 @6@

 !"#$ %& '(!)!*+$),-+,*- ./ 01-+)!#,!2- 3,2$)!# )$-$)4$-
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x
◦

Copper m
◦

Copper

"#$%

x
◦

Coppercr
mrem

"#$%

EmMine(x
◦

Copper)
"&'(%

EmRest

"&'(%

)*)+ ,*!-./,, +*0.10 ,*!-./,, 2*+3./+) ,*!,./,3

 !"#$ %& '($)*+ #,-- !./ (0.$ )$-1,)!10,. ,2 34 5,66$) )$-$)7$-
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 !"! !#$!%  !

"#$%& Ex[J/yr] τ [seJ/J ] Em[seJ/yr]
'%()* +#+*,- )./%*.+0 !123456 7 !123456

8*9/:)( ;+): /%9*<+/ 712345= 5=!== !1!3456

>?0)( +#+*,- )./%*.+0 717 345= @56== A1!3456

B+%.?%/C;+*+ !123456 D 7 153456

 !"#$ %& '#("!# $)$*+, "-.+$/ (0 /1$ +$("2(341$*$ 56*(78 !8. 9#+2!/2: ;<=<>

Table7


