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TiO2 Y��/Y Y��/Y Y�l/Y ���/Y ���/Y Y��/Y Y��/Y
Al2O3 ��l/�Y  �Y�/�Z  Y��/��  ��/��  Z�Z/�o  oZo/�Y  Zoo/��  
FeO Y��/Y Y Yl�/Y l��/�Y  �Yl/�Y oY�/Y olo/o
MnO Y Y��/Y Y��/Y Y�/Y ���/Y Y ���/Y
MgO Y Y Y ���/� ���/� ���/� Y
CaO ���/Y Y��/Y ���/� Y�o/Y Y�l/Y ���/Y ��/��  
Na2O Zoo/��  ���/Y �lo/�Y  Yo/Y Y��/Y �lZ/Y Y
K2O ��Z/Y ��l/�o Y��/Y Y��/� Y�l/Y �Z�/� Yl�/Y
P2O5 Y Y Y��/Y YY�/Y YY�/Y YYl/Y YY�/Y
total oYl/�Y�  ���/�Y�  �Z/�Y�  l/��  �ll/Zo  Zl�/�� ��/�� 
Si o��/� lo�/� ���/� �Y�/� �Y�/� ��l/l ��/�
Al Yl�/� �o�/Y ���/� ���/� ��Y/� Yl�/� �Z/l
Ti YY�/Y YY�/Y YY�/Y Y�Z/Y YYl/Y YY�/Y Y
Fe3+ Y Y Y Y Y Y �Z/Y
Fe2+ Y Y Y ��Y/� Y��/l Y��/Y Y
Mn Y YY�/Y YY�/Y YYo/Y YY�/Y Y Yl/Y
Mg Y Y Y �Z�/Y o��/� ��Y/Y Y
Ca Y�o/Y YY�/Y ��l/Y YYo/Y YY�/Y Y��/Y ��/�
Na Z�Z/� Ylo/Y �Y�/� Y��/Y Y Y��/Y Y�/Y
K Y�/Y o��/� Y�/Y ���/� Y �lY/� Y
Or Yl�/� Zo�/�o  lo�/Y - - - -

Ab l��/�o  Y�/� �o�/ZZ  - - - -

An �Y�/� Y�Z/Y ol�/�Y - - - -
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�</�C � -0(� �G�(C��K ��0(�` G'*
' �/�0, ���4 ) �/�0,� !A �![� ���

:5�?u �= ��'–)�z=
�*(�)*@%�' � %/)*%�)Back-Scattered Electrons)(BSE(�=(=*= �A #$, �(��4 �' q��+>2LE �� =�' 
��L4 
*!4
A ��(= (E' ) �(�'*? �� j)$(��+.8�)�z=
*��&a��$=�4 >��'� �' �+>�
�'*? �' #$,'$e .4*(��+.

:5�@u ) 9 ���'–=*= �A (4*= q(q,(<(��
A ��+��x/$!	 (= (�) �+ *!4
��+>#� = �'*?(1 @($>#�� ]�/'*A #�7�'3+$0A$0A>�>) �' 
G'��%<+]SO[.
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$!e��#��<, ��G�@�A�= ����l �<(, #�-
�e ����4.(���@a�/D0/ )#� = �
'�>$(1 @(�'*? >. . .��l

>���0�@�
���5 s(!K' *K�0" 3�<4 )(�'*?�� 9�(��+
�U�'*?�+

#��<, ���l ��� ��� �Yl ��oo ��ZY ��o� �Y� l�o� ��oY ���� ���� Z�ZZ o�ZZ
SiO2 �Z/o�  �/o�  o�/o�  ��/ol  �l/o�  lY/o�  Z/oo  �Z/oo  Zl/oZ ��/o�  l�/o�  �/o�  ��/o�  �Z/o�  

Al2O3 Z�/��  �l/�� �/��  �l/��  �l/��  ��/��  ��/��  ��/��  o�/�� �Z/��  ��/��  Z�/�� �Y/��  ��/��  

FeO ��/Y ZZ/Y ��/� ��/Y l�/Y ��/Y �l/Y ��/Y ��/Y ��/Y ��/Y ��/Y �o/Y ��/Y
Fe2O3 ��/� YZ/� �l/� Z�/Y ��/Y �l/Y ��/Y l�/Y ��/Y �Y/Y �Z/Y oo/Y ��/Y �Z/Y
MgO ��/Y l�/Y ��/Y ��/Y �Y/Y ��/Y Y�/Y l�/Y ��/Y ��/Y ol/Y Z�/Y o�/Y ��/Y
CaO Z�/Y ��/� Y�/� ZY/Y l�/Y �Y/Y ��/Y ��/Y �Z/Y ��/Y ��/Y �Y/Y �Y/Y ��/Y
Na2O �Y/� �Y/� Z�/� o�/� l�/� Yo/� ��/� lo/� ��/� Z�/� oZ/� �Z/o o�/� Y�/�
K2O lY/� ��/� l�/� l�/� ZZ/� ��/l Zl/� �Y/Y ��/Y ��/Y ��/Y ��/Y YZ/Y ��/Y
TiO2 �Z/Y �Z/Y ��/Y �Y/Y Y�/Y Y�/Y Y�/Y Yl/Y Y�/Y Y�/Y �l/Y Y�/Y ��/Y ��/Y
P2O5 Yl/Y Yl/Y Yl/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y
MnO Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y Y�/Y
Cr2O3 Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Sum Y�/�YY  ��/�� �YY Y�/�YY  �YY Y�/�YY ��/��  Y�/�YY  Y�/�YY Y�/�YY Y�/�YY �Z/�� Y�/�YY Yl/�YY
NK �Y/Z lY/Z �Y/� ��/Z ��/Z ��/� �Z/Z �Z/� o�/� YZ/o ��/o l�/o Z�/� ��/�

A/CNK ll/� �o/� �Y/� lY/� ��/� �Y/� �l/� ZY/� Z�/� o�/� o�/� Z�/� oZ/� Zo/�
LOI. o/Y �/� � Z/Y �/Y �/Y �/Y �/Y �/Y �/Y o/Y �/Y �/� �/Y
Rb �/���  �/��  �/o �� �/��  �/� l/��  �/Z �/�ll �/o�  �� Zo/o �/�o  �/��  

Sr �/o�  �/��  Z/�l  o/���  �/��l  Z/��  ��� �/��  �� Z/ZY  �/��  �/Z�  �/���  �YZ 

Ba l�� �� �o lY ��� �l ��Z �� ��Y �lY� ��lY Z�l ��� ��� 

Y �/��  Z/l�  �/��  �/�Z  �/�l  l/�Z  �/��  �/��  �� �/��  �/�Z  �/�l  �/��  �/��  

Zr Z/Z�  o/�Z  Z/��  Z/��o  �/��Z  �/���  ��� �/ZY  �o l/���  �/�o  ��� �lo 57 

Nb �/l �/��  o/� �/Z �/� l/� �/l �/l l/l �/� �/l �/o Z/l �/�
Hf �/� �/� � l/� �/� �/� �/� l/� �/� o/� �/� Z/� �/� �/�
Ta l/Y �/� � �/Y �/Y Z/Y �/Y l/Y �/Y �/Y �/Y l/Y �/Y �/Y
Th �/� l/��  �/��  �� Z/Y �l o/�Y  �/��  o/l �/�Y  �/Z �/��  � �/�
La �/��  �/��  Z/Y l� �/� �/��  �/�o  �/�l  �/�Y  �/��  Z/�o  �� �/��  �/�o  

Ce o/��  �/��  �/Z �/�Yl  �/��  �� o/ll  �/ll  o/�Y  �/o�  �/lo  Z/��  l/�Z  o/�Y  

Nd o/��  �� Z/� �� l/�o  �/��  �/��  �/��  o/� l/��  �/��  �/�Z  o/�Y  l/��  

Sm Yo/� �/� Z�/Y ��/o ��/� ��/o ��/� ��/� ol/� oo/� ��/� ��/l ��/l l�/�
Eu �Z/Y ��/Y �l/Y o�/Y �o/� o�/Y ZZ/Y �l/Y �Z/Y �o/� o�/Y oo/Y ��/� �Z/�
Yb Y�/� l�/� ��/� Z�/� ��/� l�/� oZ/� ��/� �o/� l�/� l�/� �l/� Y�/� ��/�

0�<+(�+�'� <� �� .>Al2O3/Na2O+K2O(A/NK) ��
*A'*A Al2O3/ CaO+ Na2O+K2O(A/CNK)(]�Z[)

FeOt/MgO ��*A'*ASiO2]��[#*@�?�� �+>�%+5��
�(!C 
)� �5*E(�'*C .��?($�* )B%,l�j ) �(.' *A #)L"
�.

4*=(A q(= (��+�'� <� �� �+>Al2O3*A'*A �� Fetotal )
Al2O3*A'*A �� MgO ]�Y[�(#*@�? �� 3>� �5*E (�'*C .

��?($�* )B%,�(� �5*E )(' G� A .
D0/ .�= '� �+
($

��$04 .'
D0/ .'�'� �+>�+ -�' >0:�4�a *K�0" �' #$,�
6U/ ����)LREEs(�A)La /Yb = 3-22.7 ($0@�+)B%,

l�8(�A )I0� >��[0+�Ti, P, Nb, Sr )�A�U�� >��[0+ 
Th, Cs, U, Rb BaG5 �� ��%,5 �+ �/' )B%,l�u(.'
.

D0/�A *K�0" �' �+ ���@E(B
� ��E(
.)LILEs(0:�?$,�
���@E �A *K�0" �' )(B
� �d�A )HFSEs(�=�?$,�G�&� -

��$0+�.
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�</�C � -0(� �G�(C��K ��0(�` G'*
' �/�0, ���4 ) �/�0,� !A �![� ���

:5�A9) ��'�bC � (�� <� ��+>��n0� >=*= �A �/�*A �� � (�+�'� <� �� q>X <[� !C(��
�+)Na2O+K2O(*A'*A �� SiO2]�o[)]��[.
j ) ��bC � (� ��� <�+>��n0� >=*= �A �/�*A �� � (�+�'� <� �� q>FeOt/MgO�� *A'*ASiO2]��[)Al2O3/Na2O+K2O(A/NK)�� 

*A'*AAl2O3/ CaO+ Na2O+K2O(A/CNK)  (]�Z[.u ) 8�=*= �A(�+�'� <� q>�A �U�� #$, ��[0�A REE �$04
�]�� [)NMORB ]��[
'*A>�� <� �+>��n0� >�/�*A �� � .
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$!e��#��<, ��G�@�A�= ����l �<(, #�-
�e ����4.(���@a�/D0/ )#� = �
'�>$(1 @(�'*? >. . .��o

�:5B9) ��' :�(= (A q(4*= q(=*= �A >�+�'� <� �� �+Al2O3*A'*A �� FeOtotal )Al2O3*A'*A�� MgO ]�Y[�� � ��n0� >�+ �� <� >'*A 
�/�*A .�� <� ��<=�(�'*? #*@�? �� �+�� �'*C .(� �5*E >�+$�*(?.

C.$ 
D������� E�� ��/F !��� ��� � G�#

��07E �%(#��,' *@&,D0/ $�+>�(#� = G�A3>�'*? (1 @($>
D0/ B��, #�7�'3+ $0A�+>1)�*=)*E F� ./ �A G ?*?� (6

$0@�+ .'
D0/ .�+>G ?*?� A(*@&!/' B��, (	 ��(!(��
*?�@�
��A�@� �j*7�@� �� 
� ��(,�%(0? �*�*� ���() g
����?0?($0@�+ g.m(4*= �(U�#� = >�'*? (1 @($>$0A-

�'*? B��, ) #� A �)$\� #�7�'3+(�'*? ) �(�!C(��
�/' .
��4 ��0=�	�� (G5 6A �+(= (E $C�	 ) #� A �() .�4)*

$�$0!U�� + .A .I/'��)' j� K(A �%!A ��'$� � e) ��j� K
 ���
�
� �	��� , .=�E5(�$�' �'$�� �A ��
$, #$.�0�'� >
�=((( j'*SiO2A(.o��=o�) �/' $K��A�!4� m�'
.

�'*?(�$0@�+ 3=�' 4 �' ��,*/ �+ .� � �U���A/CNK 
A(�' *@&�.�� ) #� A (-��(�)$�)*4 $K�� .b� �A(��CIPW 
A(�' f
$K�� 6�/' .'
) .
?r�U, �+�� �+
��>�A

�'*?(��+>X � S��'� .0�<+(' .
D0/ .�+�'� <� �� �+>
FeOt/FeOt+MgO *A'*A ��] SiO2��[�)B%,o���'()

CaO*A'*A �� FeOt ]��[)B%,o�9(#*@�? ��>�'*? (�-
�+>X � S� �'*C �?($�*��)�$+' , �%�5 *@<�� �<+ �' 

'*\K�
�')'*	 ��'�'$a�&�A 9)H �0? �� (g$U= ) �+
B
G5�'*? �A �+(�� �+
#$��� , .'*\K $+' , *A #)L"�
)
��4�/�0,�) �
?r��+>, 12 (<(��
�(�'*? .@	*? j�&� 3(�-

�' �+#�'$?�+>, 9)H �' BK�` (��0? ) �+(g�= '� �+(
$
��$004 .���+�'� <�>= U%0" ��(�'*? �3(��+>��n0� >

D0/ �A #'*<+ #�7�'3+$0A�+>' G ?*?� 
) ���n0� .
?r��+>
, 12(<(��
*�= 
�A�&� c�U�*K�0" �' ) #�'� G�&� Sr, Nb, Ti 

�=�,?$�$��'�) �' �4
?r��+>�'*? (��+>�A#�-@/�a 
�@/ E'>
�S�/' .' 'w�
�'*? .(�) 9)H �' �+B%,?(*>
D0/�+>A G ?*?� �� e) #$�5$�' .'
D0/ .�'� <� �� �+

)Al2O3 +FeO* +MgO + TiO2(�A �U�� Al2O3/( FeO* 

+MgO+ TiO2)]�l[)B%,Z��(�= �'� <� �((j'*Rb/Ba 
��A �U�Rb/Sr ]��[)B%,Z���'(�'� <� )

molCaO/MgO+FeOt*A'*A �� mol Al2O3/ MgO+FeOt 
]�o[)B%,Z�9(A(*@&#*@�? �� �+>9)H �' BK�` 

&�A��U,*?
) � �U,!E(�� �'*C �+�?($�* .�A �e = �A 'w�
G <0a��+>�' #�*@�? �U,*?
� � ��+(,�%(��0? ) �+(g-

�+ �D0/ ���+>�(#� = G�A3>�'*? (1 @($>�#�7�'3+$0A
cd�<@`''
�'*? .(�&�A 9)H �' �+�D0/ �+><+ G ?*?� (.
��n0��
�&�@	*? $�'.

���� ��
��� ���D�G����� ������#
�
�E*A>#��>$0A ]*(E]�Z[]�/'*A �+$(1 @(�'*? _(\� 
.(���@a�/ �A���7 #)*? {(��=���4 $� , ' $0=��U"�:

�(�'*?>�+ �@&E >�+ G�(� �/ ��(C'(ORG)��(�'*? >�+ 
G�<4 ���&I&=5)#��C G�<4 ) �/ ��(C' G�<4>'((VAG) �

�(�'*?>�+ G)�� �\IK >'(WPG) �(�'*? )>�+ km�0� 
>�� a*A)�� a*A ��E ) �� a*A �A G��3<+((COLG) �� 
�� a*A #��C–G�<4 �� a*A ) #��C ��� B��, '� #��C $� , .
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�</�C � -0(� �G�(C��K ��0(�` G'*
' �/�0, ���4 ) �/�0,� !A �![� ��Z

:5� H'9) �� �bC � (�� <� ��+>��n0� >=*= �A �/�*A �� � ()� q>�+�'� <� >FeOt/FeOt+MgO ��*A'*ASiO2]��[)CaO *A'*A �� 
FeOt ]��[-<+ �4 �#*@�? �� S� �'*C �?($�*.

:5�I� ) 9 ���' �bC � (�� <� ��+>=*= �A �/�*A �� � ()� q>�+�'� <� >�=((j'*Rb/Ba �A �U��Rb/Sr ]NT[�
molCaO/MgO+FeOt *A'*A �� mol Al2O3/ MgO+FeOt ]NM[))Al2O3 +FeO* +MgO + TiO2(�A �U��Al2O3/( FeO* ]MgO+ 

TiO2)NO[.�� <� �+A(*@&#*@�? �� �+>D0/ �A #�-@/�a*?�@� 
4 �!E�@� )(�	 �(� �'*C ]� �' *�?($�* .

) ]�/' *A
?r��+>, 12 (�<�
�'*? (�E �4 �+(�*, *@&
��� ) $, #�'�
��>G5b� �A �+(�+��>#��$0A>�'*? (���+

��@� G' =(�'*? �4 �	*? �[(��+>X � �' �/�*A �� � 
�'*?(��+>��&I&=5 G�<4 �#��C '>$0@�+ .'
�'*? .(��+
'�'�>+�� (��%+5 ��
�(!C �=�%+5 ��
�(!C A�/�@E(d�A {

�+ -�' ]�/' *A ) $0@�+><4 *K�0" () 9�REEG5 *A �+
)�>�+�'� <� >= U%0" �*z0" $07 )>'�'� �#$, ��[0�A >
)
?r��+>�A �@�A')\�(_�+>��(.@a�/�#��C G�<4 '>

@�+$0.' *A #)L"
�+�'� <� �.>, 12 (<(��
�b=((\� .(_
��(.@a�/��(B%, 3?(*>�'*? (��+>'� #�7�'3+$0A ��n0� 

\� ��(_�+>��&I&=5 G�<4 �A �@�A') �#��C '>�� a*A �= >
�=(
$��$004 .'*A>�&= (�\�(�� _(.@a�/��'*? (��+>

�+�'� <� �' #�7�'3+$0A ��n0�>�
�*-�E *A 
�= �((*K�0" j'*
Th �A �U��Ta ]��[)B%,����'()Rb *A'*A ��Yb+Ta

]�Z[)B%,��9($, #��I@/'�)��07' �� �%
B%, .�+
#$+�&�����<= �� ,��� <� #*@�? �� �+VAG 
�'*? �(�
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$!e��#��<, ��G�@�A�= ����l �<(, #�-
�e ����4.(���@a�/D0/ )#� = �
'�>$(1 @(�'*? >. . .���

�+>�A �@�A')�<?�� G�<4�
,�` )(�>#��C ;�b	 '>�'*C 
��?() �A �4 $�*
?r��+>�
*-, 12(<(��
'
D0/ .�+

�' �<+���'� .

���G����� ����5��������7 ��
3� 2��!� � �#�
.(�� _(\� �(�&= >�+�'� <�D0/ �@a�/ ) �@(�'*? >�+

.(�� $+' , 3(���n0� �/�0,D0/ .
' �4 >' �� �+ 
_(\�#��C ;�b	 �(,�` >�+B%, >'�@	*?$�' .�' >��(�A
�?r
)D0/ .
' >�+ �(+�� �!<e �' �+�%+5 ��
�(!C G5�A �+

��n0� �A �@�A') >�+�<?�� j�(K za+ f�'�)*	 >�+ ��' �<
��'� .�� X <[� �� 'w��(�'*? �4 �	*? �[(@� G' = ) �+
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