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�$#,-./� 0%&#� 1234+5(2),� '6768)+%)+.� #$46/23(+� -2)&#$.-(0+9� �1+&6)2� 1$',(',),� +� 1$2(%: 
&,� 8%7$686(0+� 2;+%-#<4�� =%(>6)+'=,� -6$;2)6#,'6(0+� ;%#2).� +� 1%)%#$6(0+� (>?2$-24%09� �$'%8: 
&#64+2)2�=28%?�#%2$%#,('),�12'46?60@(,�1$27)2'246A�1$'%;+%7�'=+6)�;%'1+%('%B&#46�-2): 
&#$.-(0+� 4� ('6&+%9� 	,)+-+� 6)6?+',� #%2$%#,(')%0� 12$<4)6)2� '� $%'.?#6#6=+� ;686B� 8234+68: 
('6?),(>�2;+%-#<4�=2&#24,(>�4�'6646)&246),=�&#68+.=�8%7$686(0+�2$6'�12;$6)%72�'�)+(>�
=6#%$+6/.9
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2D�#>%�&#$.(#.$%&��=%(>6)+&=&�2D�(2)($%#%�(6$;2)6#+2)�6)8�(>?2$+8%�1%)%#$6#+2)�6$%�8%&($+;%89�
�>%2$%#+(6?�=28%?�4>+(>�6??24&�#>%�1$27)2&+&�2D�6??�(>6)7%&�6DD%(#+)7�(2)&#$.(#+2)�&6D%#,�+)�
#+=%��+&�1$%&%)#%89��>%�F)8+)7&�2D�#>%�#>%2$%#+(6?�6)6?,&+&�>6G%�;%%)�(2=16$%8�4+#>�#>%�$%&.?#&�
2D� #>%� %H1%$+=%)#6?� $%&%6$(>� 2D� ;$+87%&� +)� #>%+$� 68G6)(%8� 8%7$686#+2)� &#67%� 6&� 4%??� 6&� #>%�
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*� �$� +)I9��+2#$��42J8'+%4+('��8$� +)I9��2=+)+-6��5;&-6��=7$� +)I9��6$(+)��+8$2�� �)&#,#.#��6#%$+6: 
/<4�+��2)&#$.-(0+��.824?6),(>��	,8'+6/��)I,)+%$++��@824%0���2?+#%(>)+-6��$6-24&-69
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�$46/23A� -2)&#$.-(0+� 0%&#� #2� '82?)23A� 82� &1%/)+6)+6� 1$'%'� 2-$%3?2),� ('6&� &#64+6),(>�
4,=676B�� -#<$%� 82#,('@� '6$<4)2� 12&#.?6#.� ;%'1+%(')%72� 1$'%)2&'%)+6� 2;(+@I%B�� 06-� 
+�6-(%1#246?)%72�'%�4'7?58<4�%&#%#,('),(>�&#6).�+(>�124+%$'(>)+9�	�('6&+%�.I,#-246)+6�
-2)&#$.-(0+� ;%#2)24%0� 124,I&'%� 12&#.?6#,� &@� '67$2I2)%� 1$'%'� 1$2(%&,� 8%7$686(0+� -2): 
&#$.-(0+��6�4�&'('%7<?)23(+�1$'%'K
– 8,D.'05�84.#?%)-.�457?6�12428.0@(%72�-6$;2)6#,'6(05�;%#2).�
– 8,D.'05�+)),(>�67$%&,4),(>�&.;&#6)(0+�12428.0@(,(>�-2$2'05�;%#2).�
– -2$2'05�&#6?+�';$20%)+24%0�4�4,)+-.�-2)#6-#.�'�#?%)%=�?.;�(>?2$-6=+�
– 1$2(%&�(,-?+(')%72�'6=$6I6)+6:28=$6I6)+6��-#<$,�12428.0%�'6$,&246)+%�;%#2).9

�� '61%4)+%)+%� #6-+(>� (%(>� -2)&#$.-(0+�� -#<$%� &@� 4,=676)%� 8?6� '6746$6)#246)+6� 0%0�
#$46/23(+�� 8;60@� '� '6&68,� )2$=,� 1$20%-#24%�� 41$2468'60@(� 4+%?%� 46$.)-<4� +� '6?%(%B9�
�+%=)+%0�� -2)+%(')23A�2&'6(246)+6� #$46/23(+�.&#$20.� ?.;� #%I�12#%)(06?)%72�1$27$6=.� +): 
#%$4%)(0+� -2)+%('),(>� 8?6� .#$',=6)+6� 0%72� 2('%-+46)%72� &#6).� 4,=676� 4,-2$',&#6)+6�
=28%?.� 216$#%72� )6� 21+&+%� '064+&-� -2$2',0),(>� +� '4%$,F-246)%72� )6� 128&#64+%� ;686B�
$'%(',4+&#,(>� 2;+%-#<49� �2805#,� #%=6#� ;6864(',� 0%&#� 1234+5(2),� ;.824+%� #6-+%72� 12: 
8%03(+6�#%2$%#,(')%72��6�)+)+%0&',�6$#,-./�&#6)24+�1$%'%)#6(05�0%72�82#,(>('6&24%72�&#21)+6�
$2'420.9


�� �����	���������������������

	�-2)&#$.-(0+�I%?;%#24%0�12&#51.0@�$<4)2?%7?%�846�#,1,�8%7$686(0+K
– 8%7$686(06� ;%#2).� 4� 4,)+-.� (>%=+('),(>� $%6-(0+� >,8$6#,'246)%72� &12+46� '� (',): 

)+-6=+�2#6('60@(%72�3$2824+&-6�?.;�1$2(%&.�'6=6$'6)+6:28=$6I6)+6�
– -2$2'06� ';$20%)+6� =2I?+46� 4&-.#%-� '6646)&246)%0� -6$;2)6#,'6(0+� ;%#2).� +� ;58@: 

(6�4,)+-+%=�82&#51.�#?%).�?.;�1$'%)+-60@(,(>�82�';$20%)+6�(>?2$-<49
	�.05(+.�('6&24,=�124,I&'%�1$2(%&,�)+&'('%)+6�-2)&#$.-(0+�=2I)6�128'+%?+A�)6K

– ����� ���
������� 4� -#<$,=� ';$20%)+%� 0%&#� (>$2)+2)%� 1$'%'� ;%#2)� +� )+%� 4,&#51.0%� 1$6-: 
#,(')+%�0%72�)+&'('%)+%��6?%�12&#51.0%�1$2(%&�-6$;2)6#,'6(0+�;%#2).�

– �����������������-#<$%72�12('@#-+%=�0%&#�8%16&,46(06�46$&#4,�2(>$2))%0�';$20%)+69

L9M9� �-$%&�+)-.;6(0+

�+&'('%)+%� -2)&#$.-(0+� ')608.0@(%0� &+5� 4� 3$2824+&-.� )6#.$6?),=� =2I%� ;,A� '6+)+: 
(0246)%� )6� &-.#%-� 2;%()23(+� ��2� +� '4+@'6),=� '� )+=� 1$2(%&%=� -6$;2)6#,'6(0+9� �6$: 
;2)6#,'6(06� #2� $%6-(06� 84.#?%)-.� 457?6� 4)+-60@(%72� 1$'%'� 12$,� 4� ;%#2)+%� '� 4282$2: 
#?%)-+%=�461)+6�O�&-/68)+-+%=�&#46$8)+6/%72�'6(',).�(%=%)#24%72K

 � PMQ

�$2(%&� -6$;2)6#,'6(0+� 1$2468'+� 82� 2;)+I%)+6� 4&-6J)+-6� 1�� 2#.?+),� ';$20%)+6� '� 12: 
('@#-24%72�12'+2=.�4,)2&'@(%72�ML�RS�)64%#�82�T�US9��%0�12&#51�28�124+%$'(>)+�;%#2: 
).� 4� 7/@;� &#$.-#.$,� 28;,46� &+5� 4,$6J),=� D$2)#%=9� �$27246� 46$#23A� 1��� -#<$6� 0.I� )+%�

CO Ca OH CaCO H O2 2 3 2+ → +( )
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'61%4)+6� &#6).� 16&,4)%72� &#6?+� '728)+%� '� 4,)+-6=+� 2;?+('%B� #%$=28,)6=+('),(>�� 4,:� 
)2&+�MM�TS�\M]9

L9L9� �-$%&�1$21676(0+

	6$&#46� 2(>$2))6� ';$20%)+6� &-/6860@(6� &+5� '� #?%)-<4� I%?6'6� �%2OU� +� �%�P��Q� 12&+6: 
86�7$.;23A�LO^�)=�\M]9��%0�8%16&,46(06�)6&#51.0%�4�4,)+-.�2;)+I%)+6�28(',).�;%#2)24%0�
2#.?+),�';$20%)+69

�24&#60@(%� 4� 2-$%&+%� -2$2'0+� 1$28.-#,� 7$2=68'@� &+5� 42-</� ';$20%)+69� �2� (6/-24+: 
#,=� 4,1%/)+%)+.� &+%(+� 12$<4� 42-</� ';$20%)+6� 86?&',� 4'$2&#� 2;05#23(+� 1$28.-#<4� -2$2': 
0+� 12428.0%� 124&#6)+%� )61$5I%B� $2'(+@760@(,(>� 4� 2#.?+)+%� ;%#2)24%09� �2� 1$'%-$2('%)+.�
4,#$',=6/23(+�;%#2).�)6� $2'(+@76)+%� P����Q�82(>28'+�82�'6$,&246)+6� #%0�2#.?+),��6�)6&#51: 
)+%�0%0�28&120%)+6�1$2468'@(%72�2&#6#%(')+%�82�28&/2)+5(+6�';$20%)+69

�,&9� M9� �$'%;+%7�)+&'('%)+6�-2)&#$.-(0+
�+79� M9� �$27$%&&�2D�&#$.(#.$%�8%7$686#+2)

�2$2'06� &#6?+� ';$20%)+24%0� #2� $%6-(06� %?%-#$2(>%=+(')6� 2� 8,)6=+(%� '6?%I)%0� 28� 12: 
#%)(06/.�%?%-#$2(>%=+(')%72�'4+@'-<4�4(>28'@(,(>�4� $%6-(059��2)68#2��-2$2'06�';$20%: 
)+6� =2I%� )6&#@1+A� 4('%3)+%0� 1$'%'� 1$',&1+%&'2)@� 8%16&,46(05�� &12428246)@� 2;%()23: 
(+@�(>?2$-<4��12(>28'@(,(>�'�428,�=2$&-+%0�� ?.;�&2?+�&#2&246),(>�82�28?68'6)+6�2;+%-: 
#<4�+)D$6&#$.-#.$,�8$2724%0��=9+)9�2;+%-#<4�=2&#24,(>9

	+%?2?%#)+%� 8234+68('%)+6� %-&1?26#6(,0)%� 4&-6'.0@� -2$2'05� ';$20%)+6� 06-2� _128&#6: 
424,� 1$2;?%=� #$46/23(+� 4� -2)&#$.-(06(>� I%?;%#24,(>`� +� )60('5&#&'@� 1$',(',)5� 1$'%8: 
4('%&)%72�1$'%-$2('%)+6�-$,#%$+.=�)23)23(+�P'=)+%0&'%)+%�)23)23(+�-2)&#$.-(0+�4�4,)+-.�
'=+6)� 1$'%-$20.� ';$20%)+6� 4� ('6&+%Q� ?.;� -$,#%$+.=� .I,#-246?)23(+� P)68=+%$)6� &'%$2: 
-23A�$,&Q��06-�&#4+%$8'2)2�4�\L]�+�\U]9

�+%'=+%$)+%� 46I)6� 0%&#� '6#%=� ')602=23A� 1$',(',)�� =%(>6)+'=<4� -2$2'0+� 2$6'�
2-$%3?%)+%� &',;-23(+� -2$2'0+�� +&#2#)%72� 16$6=%#$.� 82� 2&'6(246)+6� ('6&.� %-&1?26#6(0+� 
+�('6&.�I,(+6�2;+%-#.�P28124+%8)+2�-$,#%$+.=�.I,#-246?)23(+��-$,#%$+.=�)23)23(+Q9
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�28&#6424,=�4,)+-+%=�&#2&246)+6�#%2$%#,(')%72�=28%?.�1$2(%&<4�-2$2'0+�0%&#�1$'%: 
4+8,46),� ('6&� D.)-(02)246)+6� %?%=%)#.� 6I� 82� (>4+?+� .#$6#,� 0%72� 4/63(+423(+� .I,#: 
-24,(>9��$',0=.0%�&+5��I%�%?%=%)#�1$'%&#60%�&1%/)+6A�4,=676)+6�4�=2=%)(+%�'6$,&246: 
)+6�&+5�2#.?+),�;%#2)24%09�	�=28%?.�#%2$%#,('),=��6;,�2&'6(246A�('6&�1$'%4+8,46)%72�
.I,#-246)+6� -2)&#$.-(0+�� )6?%I,� 4,')6(',A� /@('),� ('6&� +)-.;6(0+� 2$6'� 1$21676(0+� 1$',�
.&#6?2),(>�-$,#%$+6(>�7$6)+('),(>9

�4+@'%-� 12=+58',� ('6&%=� -6$;2)6#,'6(0+� 6� 0%0� 7/5;2-23(+@� 12'46?6� 2-$%3?+A� #%2: 
$%#,('),�('6&�+)-.;6(0+�\b]K

 t x
Ki =

⎛
⎝⎜

⎞
⎠⎟

2

� PLQ

78'+%K
x�� O� 7$.;23A�46$&#4,�'2;205#)+2)%0�\==]�
���� O� ('6&�+)-.;6(0+�P4�?6#6(>Q�
K�� O� 4&1</(',))+-��2��46$#23(+��'6?%I)%0��28��4,#$',=6/23(+��;%#2).�)6�3(+&-6)+%��4+?:

72#)23(+�4'7?58)%0�124+%#$'6����2$6'�46$.)-<4�3$2824+&-6�P==c?6#6S�^Q�\b]9
�'6&�1$21676(0+�P��Q�2;?+('2)2�)6�128&#64+%�=28%?.��2$+)676�\^]9��6�%=1+$,(')6�=%: 

#286�12-6'.0%�'4+@'%-�=+58',�('6&%=�1$21676(0+��6�=6&@�1$28.-#<4�-2$2'0+�1$',16860@: 
(@�)6�124+%$'(>)+5�1$5#6K

 t
Q
Jp
cr

r
	 � PUQ

78'+%K
Q�� O� =6&6�1$28.-#<4�-2$2'0+�1$',16860@(%0�)6�124+%$'(>)+5�1$5#6�\7c==2]�
J����O� &',;-23A�-2$2'0+�\7c==2&]9

�6$6=%#$,�124,I&'%0�D2$=./,�4,')6('6�&+5�)6&#51.0@(2K

�6&6�1$28.-#<4�-2$2'0+K

 Q
c
D

Dcr
v= ⋅ +

⋅⎛
⎝⎜

⎞
⎠⎟

⋅0 602 1
2 0 85

,
,

� PbQ

78'+%K
��� O� 7$.;23A�2#.?+),�\==]�
D� O� 3$%8)+(6�1$5#6�\==]9

�',;-23A�-2$2'0+�\7c==2&]K

 J M
nF

ir 	 cor � P^Q

78'+%K
M�� O� =6&6�=2?246�\7c=2?]��M�k�^^�T^�7c=2?�8?6��%�
��� O� 46$#23(+2423A����k�L�8?6��%2+�
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�(2$��O� 75&#23A�1$@8.�-2$2'0+�2-$%3?2)6�+)8,4+8.6?)+%�\m�c(=2]�
F�� O� &#6/6��6$686,6���k�nRbTp��9

�2$=./6� 216$#6� )6� 1$64+%� �6$686,E6� \b]� 12'46?6� 12)68#2� )6� 12-6'6)+%� $%?6(0+� =+5: 
8',� 12&#51%=� -2$2'0+� ';$20%)+6� 6� '=)+%0&'%)+%=� )23)23(+� -2)&#$.-(0+� 4&-.#%-� $%8.-(0+�
3$%8)+(,� 1$5#<4� ';$20%)+24,(>9� 	%8/.7� #%72� 128%03(+6� '=+6)6� 1$'%-$20.� 120%8,)('%72�
1$5#6�';$20%)+6�0%&#�D.)-(0@�('6&.K

 Δφ α λ( )t i t= ⋅ ⋅ ⋅cor � PRQ

78'+%K
q�� O� 4&1</(',))+-�+)#%)&,F-6(0+�-2$2'0+�
s�� O� 3$%8)+�12'+2=�-2$2'0+��1$',05#2�s�k�S�SMMR�==c$2-�
��� O� ('6&�P4�?6#6(>Q�
�(2$�O� 75&#23A�1$@8.�-2$2'0+�\m�c(=2]9

�$',0=.0%� &+5�� +I� 75&#23A� 1$@8.� -2$2'0+� �(2$� t� S�^� u�c(=2� 28124+686� 1$'%;+%724+� -2: 
$2'0+� 4� 3$2824+&-.� 3$%8)+2� 67$%&,4),=�� )6#2=+6&#� �(2$� t� M�S� u�c(=2� 28124+686� -2$2'0+� 
4� 3$2824+&-.� 67$%&,4),=� \U]9�	$6'� '%� '=+6)@�1$'%-$20.�120%8,)('%72�1$5#6� ';$20%)+6��
=2I)6� 2-$%3?+A� '=+6)5� 12?6� 1$'%-$20.� ';$20%)+6� 4� %?%=%)(+%�� 6� +8@(� 86?%0� O� 4,')6(',A�
1$'%;+%7�)23)23(+�%?%=%)#.�4�('6&+%�1$21676(0+9

	,I&'6�75&#23A�1$@8.�-2$2'0+�0%&#�1$',0=246)6�8?6�;%#2).�4�3$2824+&-.�67$%&,4),=�
P)19� 2;%()23A� (>?2$-<4Q9� �#5I%)+%� (>?2$-<4� )6� $2'46I6)%0� 7/5;2-23(+� =2I)6� .&#6?+A� '%�
4'2$.K

 
C
C

erf x
D t

x

0
1 21

2
= −

⋅ ( ) /
α

� PpQ

78'+%K
CS� O� &#5I%)+%�(>?2$-<4�4�124+%$'(>)+24%0�46$&#4+%�;%#2).�
Cx� O� &#5I%)+%�(>?2$-<4�4�28?%7/23(+�x�28�124+%$'(>)+�;%#2).�
�� O� ('6&�
D�� O� 4&1</(',))+-�8,D.'0+�.4'7?58)+60@(,�(6/-24+#%�&#5I%)+%�(>?2$-<4�4�;%#2)+%�
���PQ�O� D.)-(06�;/58.��6.&&6�
 � !� 7/5;2-23A��)6�06-@�1$'%)+-)@�(>?2$-+9

!�� "#��������������$�����#��$����� 

�$'%8&#64+2)%� 4'2$,� 82#,('@(%� 7/5;2-23(+� -6$;2)6#,'6(0+�� &#5I%)+6� 02)<4� (>?2$-2: 
4,(>�2$6'�('6&.�+)-.;6(0+�12&/.I@�82�2-$%3?%)+6�('6&.�.I,#-246)+6�+&#)+%0@(,(>�2;+%-#<49

�$'%8=+2#%=� 6)6?+',� &@� 846� =2&#,� 8$2724%� ')608.0@(%� &+5� 4� (+@7.� 6.#2&#$68,� )6�
12/.8)+.��2?&-+9��;+%-#,�'2&#6/,�4')+%&+2)%�4�12/24+%� ?6#�TS9��;+%-#,�28�12('@#-.�%-&: 
1?26#6(0+� ;,/,� )6$6I2)%� )6� )+%-2$',&#)%� 8'+6/6)+%� 3$2824+&-6� '%4)5#$')%72K� 8'+6/6)+%�
#%=1%$6#.$� 124+%#$'6� 4� $2('),=� (,-?.�� '=+%))%0� 4+?72#)23(+� 124+%#$'6�� 06-� $<4)+%I�
2;%()23A� 02)<4�(>?2$-24,(>�4�4,)+-.�'+=24%72�.#$',=6)+6�8$<7�P1?6)24%�28?68'6)+%�
=2&#<4Q9
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�+%$4&',=�'�;686),(>�%?%=%)#<4�&@�-6;?2;%#2)24%�8J4+76$,�	���&#6)24+@(%�-2): 
&#$.-(05�)23)@�=2&#.�8$2724%72�P16#$'� $,&9�LQ9��20%8,)(',�8J4+76$�=2&#.� #2�;%?-6�84.: 
#%246�2�12?.�1$'%-$20.��(1�k�S�pUL�=2�2$6'�4,&2-23(+�h�k�M�n^�=9

�$'%-$<0� 121$'%('),� .&#$20.� 0%&#� '/2I2),� '� 1+5(+.� &42;28)+%� 12816$#,(>� 8J4+76$<4� 
2�$2'1+5#23(+6(>�28�U^�S�=�82�Up�T�=��-#<$%�4$6'�'�121$'%(')+(6=+�&#6)24+/,�-2)&#$.-(05�
)23)@� -6I8%0� '� 0%'8)+� 6.#2&#$68,9� �6;?2;%#2)24%� 8J4+76$,� 4,-2)6)2� '� ;%#2).� 2� 4,: 
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