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���C ��&Q= P&�1	g�&% �K P&>(W�M )"12 F�S 

A0-1B2
VIC5

IVT8O22(OH,F)2�-,]����[m8M �� �CA:
��AK F���&(9�C)Na, K(mB:�<��� F���&(9�C d��.(Ca, 

Na, Mn, Fe2+, Mg) mC:F���&(9�C �K)0,#�,F[-&�� 
(Fe2+, Mg, Mn) " mT:8&(9�C d��. F�S(Al, Si) ,� 

�� u�+�#�0�- .P&>(W�M ^(C19-�1K F�S�<I 0, )#. (��
-
/(<W� " "1K�2/(<W� �($(- " 1>(<C �($(- �� R&IAK �,�

P"#X�SF��:"3)#. �G,�, ,#�.�>-�E�FJ$- 1]$= ��K
R"� /(*��(� g�&%15eNK "13eCNK �1	 �K ":3

�K '0w m�-, ��	12 '�J�, 8Y(�C,
�"M��F�>-�E� �C �-, 
R"� �K F�S15eNK "13eCNK " /
1�QC ^(919 �K 

�� �-� �K ,� i
1	 /SM �>�� /
1�+(K#$S� ." �>-�E�
 ��]�Z,Fe2+"Fe3+�(@I&� �K ����0 )Y
" �K �?&K1� F�S

�C Mg/(Mg + Fe2+)�
 Fe3+/(Fe3+ + VIAl)P&>(W�M �S
 �K i
�A�7/lb�� #.�K 0 ��-,
,1i
 F,1K �-, /;Q� 

�1(2 g�&% �9"�W�� F�S F�,�*��� ^(C19]�:���[.
�,�&Q� j�-, 1KSi �UK �>�� Mg/(Mg + Fe2+)^U(C19

P&UUU>(W�M<I F�UUUSUUU(��
/(UUU<W� " "1K�UUU2 1UUU>(<C �($(UUU-
 �
A*$(��UUUS&
A($�NaCa2(Mg4Fe3+)Si6Al2O22(OH)2"

�UU
0�2�� "1	NaCa2(Fe2+
4Al)Si6Al2O22(OH)2/(UU<W� "

�U
0�2�� "1	 R&IAK �($(- �U-,)d;U.:.(�1U@� P&U�1	
 P&UUU>(W�M)�UUU
0�2��  (�UUU� R&UUUIAK g�&UUU% �UUUK #UUU�,&9 

Na0.72K0.40Ca1.92Na0.04Mn0.03(Fe2+
2.70Mg1.53Ti0.40 

Al0.28Mn0.04Fe3+
0.02)Si6.08Al1.92O22(OH)2��	12 1}� ��

�&. .,1K�$K
/P&�1	 �0, ��X&U9 dK�I 1
���� K�U(@I&� �� A
)#. ^X&� �&Z /
, " )#. ��," 8&(9�C c&QJ� �C �-, F�S 

��10-�
AJ9 �
��� F�D�� P&>(W�M F,1>(<C F"1K�2 ���;�M F�S.
Sample 2K1 2K2 2K3 2K4 2K5 2K6 2K7 2K8 2K9 2K10

SiO2 6v/3� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

TiO2 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Al2O3 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

FeO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

MgO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

CaO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��

Na2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

K2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Total ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

Cations on the basis of 23 (O) 

T site 

Si ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

C site 

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ti ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

B site 

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

A site 

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

K ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cations ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/��

Sum_Oxy ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/��

Mg/(Mg+Fe2+) ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�
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#<X ���)��Q. ��� (
A���� -�1K��� /�C"1( &$(<C " P&>(W�M �Q(. )�&9�
�(<I /
�LM F�S. . .���

��103�
AJ9 �
��� F�D�� P&>(W�M F,1>(<C �($(- /(<W� F�S 
Sample 63K1 63K2 63K3 63K4 63K5 63K6 63K7 63K8 63K9 63K10

SiO2 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��

TiO2 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Al2O3 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��

FeO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

MgO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

CaO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

Na2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

K2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Total ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

Cations on the basis of 23 (O) 

T site 

Si ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

C site 

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ti ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

B site 
Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

A site 

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

K ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cations ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

Sum_Oxy ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/��

Mg/(Mg+Fe2+) ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

��108�
AJ9 �
��� F�D�� P&>(W�M F,R&IAK �($(- /(<W� F�S 
Sample 31B1 31B2 31B3 31B4 31B5 31B6 31B7 31B8 31B9 31B10

SiO2 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��

TiO2 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Al2O3 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��

FeO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

MgO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

CaO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��

Na2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

K2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Total ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

Cations on the basis of 23 (O) 

T site 

Si ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

C site 

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ti ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

B site 

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

A site 

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

K ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Sum ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cations ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/��

Sum_Oxy ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/��

Mg/(Mg+Fe2+) ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

/
, F���$+(  �,#�� 0, o(K ��,&� ^<O, �� �(@I&�]��[
#.�K i
 �$@
 .P&>(W�M /(*��(� ^(C19)�
A*$(��S (<I(��


C F"1K�2�� ,� 1>(< g�&% �K 8,&9 
Na0.60K0.49Ca1.93Na0.04Mn0.03(Mg2.12Fe2+

2.05Al0.30 

Fe3+
0.22Ti0.27Mn0.03)Si5.88Al2.12O22(OH)2�	12 1}� �� .

/(*��(� ^(C19 �K ��&>(W�M F,�,� 1>(<C �($(- /(<W�0
1
m�-, 

Na0.69K0.48Ca1.92Na0.04Mn0.04(Fe2+
2.56Mg1.63Al0.27 

Fe3+
0.17Ti0.29Mn0.09)Si5.87Al2.13O22(OH)2

P&>(W�M ^(C19 ��U-�1K ��&� F�S �,�&UQ� ��Si+Na+K 
dK��� ��Ca+IVAl P&>(W�M �K �
0#�M �C,19 " �(�&����C F�S

 '�&U� �� /(<W� F,�,�(Monteregian Hills) "1K�U2 �/�U
�&
�
 /(<W���J$�K A9�,&UC �UK �($(- " �(�,12 ���UJ$�K �($(U- " �

<I1 (��
0,WMMS (White Mountain Magma Series) 
m�-, ��	12 �,1I ��
��� ��&� �U;��$� �,�&UQ� 0, )d;U.:g(

 (�-,# P&>(W�M P&U>(W�M ^U(C19 �UK �U-�1K ��&� F�S 0, �US
n$- /(<W� F�S ��J$�KMonteregian Hills ��U.,� �S�>. 

0, "1}� 1
���� Ca+IVAl n$- �� �&X&� c,&�, �K �>�� F�US
 A9�,&C�K��J$ )#. �$O#�19 ]v[.�,�&Q� " �,�&Q� /
,)d;U.3

�(�� 8�+� /($`QSP&>(W�M �C #S� �UK �>�U� 1U>(<C F�US
 a�UUUE� 0, R&UUUIAKCa+IVAl �$(+UUUU��X " )�&UUUK �UUU$O 
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^{�|S �F1(*���X ��	1., 8,1
, �-�$. ���C " �-�$.�&<K �<J� ���

@

@ A

CaIVAl=SiNa8M /(UUK �� �UU-, )�&UUK bUU�� �UUS .�$(+UU��X
Mg=Fe2+b�� 0, A(� �$(+��X /
19 P&>(W�M F,1K �S ��&� F�S

 �-�1K �U-, )d;U.3�U�, .( �U�<�� �,�&UQ�Mg-(Na+K)-
(Fetot+Mn) ]7[�� 8�+� P&>(W�M �C #S� �U-�1K ��&� F�S

 ����12� o
,�M 0,F)�.&2 �K 8#. )#(+CFNa+K ( U("1F
�Q� P��>9 " #$$CMg=Fe "Mg=Mn )�&UK bU�� �U��M /(UK 
�-,)d;.3N.(

C7�3��>? P&>(W�M F#$KK ��&� F�S��, m�-�1 (�,�&Q�Si dK��� �� Mg/(Mg+Fe2+)P&>(W�M F,1K �K F�SVIAl<Fe3+�Z1K 8M �� �C 
P&>(W�M�� b(-19 �,� b
A($� �
A*$(��S )�"#E� �� �SN m#�&. (�,�&Q� Si dK��� �� Mg/(Mg+Fe2+)P&>(W�M F,1K �K F�SVIAl>Fe3+�C 

P&>(W�M ew&Q@� 8M ��#E� �� �-�1K ��&� F�S�� HI," �,#$SM �
0�2��  )�" m#�&.�(�,�&Q�Si dK��� �� Mg/(Mg+Fe2+)]��[\��� '�Q9 �C 
)#. b(-19 8M �� )#. A(���M m#�,g(P&>(W�M ��
���P&>(W�M �Z1K �K �-�1K ��&� F�S 0, �SMonteregian Hills "WMMS (White 
Mountain Magma Series) ]v[.

C7�8F�S�,�&Q� )#$S#��+�F�Z1K 0,�$(+��X��, mb�� F1]$= F�S (�,�&Q�Fe2+dK��� �� MgN m(��<�� �,�&Q�Mg-(Na+K)-
(Fetot+Mn) m�(�,�&Q�Si+Na dK��� �� Ca+IVAl ]7[.
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#<X ���)��Q. ��� (
A���� -�1K��� /�C"1( &$(<C " P&>(W�M �Q(. )�&9�
�(<I /
�LM F�S. . .���

��
����	���
 �"����� 4���
�%
���C ��&Q= P&�1	K /�C"1(  )"12 F�S �g�&%

[(M2)(M1)(Si,Al)2O6]�M2M1T2O6��-, �C 8�;� 
M2 �K-"(�<FCa)/�C"1( i(�<C F�S(�Na)/�C"1( -


#- F�Si(�Mn �Fe2+�Mg�8�;� M1 �K-"(�<FAl �Cr �
Fe3+�Ti �Fe2+�Mg "8�;� T�K-"(�<FSi �Al �� P�_.,-
�&. ./�C"1( &$(<C �
�(Q(. ^(C19 ��&� �?�$� �1@� F�S

P"#X �� �-�1K�SF���"�)#. �G,�, #�, .)�� F#$K
/�C"1( &$(<C �,�&Q� j�-, 1K �-�1K ��&� F�SQ-J ]�3[

�� 8�+�/�C"1( &$(<C "AX ���M �C #S� F�SCa-Mg-Fe 
#$��S)d;.v.(j�-, 1K /($`QS ��<�� �,�&Q�En-Wo-

Fs " ��.,� #(� &
� ^(C19 e�>��O ���M F�f=, �� g,1((_9
�>9 g�&% �K e�>��O �
��� P�En "Fs �-, �$
A*
�X �C 

�(9����,�K-"(�<F�&<>9 P&? �� �(<(-"1	 ,#X
+��K ,� 
�� o
�Q���,�2]�7��v[.

,#X ^
1� b(-19
o(Na-Mg) �K �>�� Na "Fetot 
/�C"1( &$(<C F,1K 8�+� �>�� #�"� �C ��-�1K ��&� F�S

�� #$S�)d;.7�Ng((� " �ANa+IVAl �K �>�� 
VIFe3++VIAl+2Ti ]4[8M �� �C �/�C"1( &$(<C e�>��O F�S

 P, )#
, [Z �K i
�A� �
 F"� �-�1K ��&��:��� b(-19 #�&.
)d;.7�(�� 8�+� ��$(+��X �C #S�M2CaM1(Fe2+,Mg) 

= M2NaM1Fe3+�-, )�&K b�� A(�.�,�&Q� 0, �C F�&? 8�QS 
IVAl �K �>�� Ti ]v[)d;.7�( (�-,#/�C"1( &$(<C-

S[Z Fw�K )1��2 �� �-�1K ��&� F�IVAl/Ti=2)#. HI," -
#+� �$O 1*��+� �C #�,80, ���M Ti�� " )�&K 1*��(K #�,&9 

�$(+��X �(QS,CaAlSiAlO6��/�C"1( &$(<C ��&� F�S
#.�K �-�1K.

DE����� ��
/�C"1(  ^(C19�($(- /(<W� �� �S 0, ��(;-�(� F�S

#(� &
� ��
B", �9 �
B1>�#S�-, 1((_9 �� �� �2Y
" /
, m
/�C"1(  ��&��-, !��% �-�1K ��&� F�S.�;$
, �K �X&9 �K 

/�C"1(  0, �$O F�SNa<I 0, �$O F�S�Q2�� 0, �(��
�S��&<>� 
��#�&./(
�  1
���� m19Al �Ti "Na/�C"1(  �� ��&� F�S

/�C"1(  1*��+� ew�Q�t, ��-�1K �E9 ���� F�S�Q2�� �K F�S
,[-&�� �9 �(@� r(<(- 0, c�>.�-, ]v[.n$- �� F�S

-�1K ��&���$��-, �K �Fn$- ew&Q@� �)�20� F�Sd;.2(1F
/�C"1( &$(<C�-, ��	�
 �Q9�Z P&>(W�M �&<>9 �K �S.�K 

/�C"1( &$(<C ��,&� 1�+(K �� ��9��>= �-�1K ��&� F�S 0, d>I

�(.�t d(;+9�K
#- i�}ts� dK�I �(W�M [-&9 �?�t, P&>
)#.#�, .�,#��Na/�C"1( &$(<C �K �-�1K ��&� F�SFe3+

)�&9 0, i
 1S F,1K�� 8�+� o
,A	, )�20� )Y
" �K �S �#S�
��(� j&�E� ��
0 g,1((_9 /
, ��12, .�� �2Y
" /
, #�,&9
 /
�B, �
��� &f= �GAX �(QS, 1*��(K(NaFe3+Si2O6)�� 

/�C"1( &$(<C#.�K )�20� F�S .EK��;$
, 1K �$>� F��
0 F�S
 ,1�/�C"1(  /
�B, �Q- �K �S� d;.�2(#�1��,� �&X" �C

��10F�
AJ9 �
��� F�D�� /�C"1( &$(<C F, �($(U- /(U<W� F�S
R&IAK 

Sample 16B6 16B8 16B10 31B1 31B3 31B5 31B7 31B8 31B9 31B12

SiO2 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

TiO2 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Al2O3 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

FeO ��/� ��/�� ��/�� ��/� ��/� ��/� ��/� ��/� ��/�� ��/�

Cr2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

NiO ��/� n.d. n.d. ��/� n.d. ��/� ��/� ��/� ��/� ��/�

MgO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/� ��/�� 

CaO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��

Na2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

K2O n.d. n.d. ��/� n.d. n.d. n.d. n.d. n.d. ��/� n.d. 

Total ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� 

Cations on the basis of 6 (O) 

T site 

Si ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

M1 site 

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ti ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cr ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ni ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

M2 site 

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

K ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cations ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Wo ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

En ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

Fs ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 
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^{�|S �F1(*���X ��	1., 8,1
, �-�$. ���C " �-�$.�&<K �<J� ���

 ��10G�
AJ9 �
��� F�D�� /�UC"1( &$(<C F, �(U-&�"�&- F�US
)�20� �($(-.

Sample 11R1 11R2 11R3 11R4 11R5 11R6 11R7 11R8 11R9 11R10

SiO2 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

TiO2 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Al2O3 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

FeO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�� ��/�� 

Cr2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

NiO ��/� n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. ��/�

MgO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/� ��/�

CaO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

Na2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

K2O n.d. ��/� n.d. n.d. n.d. ��/� n.d. n.d. n.d. ��/�

Total ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� ��/��� 

Cations on the basis of 6 (O) 

T site 

Si ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

M1 site 

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ti ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cr ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ni ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

M2 site 

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

K ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cations ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Wo ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

En ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

Fs ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

��10H�
AJ9 �
��� F�D�� /�C"1( &$(<C F, " "1K�U2 ���U;�M F�S
$�C"1( &$(<C1>(<C �( 

I���
����	���
 ����� �J�7J� 
Sample

2KP1 2KP2 2KP3 2KP4 2KP5 2K1 2K2 2K3 2K4 2K5 
SiO2 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��

TiO2 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Al2O3 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

FeO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�� 

Cr2O3 ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

MnO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

NiO ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

MgO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

CaO ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� 

Na2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

K2O ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/�

Total ��/�� ��/��� ��/�� ��/��� ��/��� ��/��� ��/�� ��/��� ��/��� ��/�� 

Cations on the basis of 6 (O) 

T site 

Si ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

M1 site 

Al ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ti ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe3+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cr ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ni ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

M2 site 

Mg ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Fe2+ ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Mn ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Ca ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Na ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

K ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Cations ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/� ���/�

Wo ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

En ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

Fs ���/� ���/� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� ���/�� 

C7�F��>? /�C"1(  F#$K �-�1K ��&� F�S�K�,�&Q� Q-J ��<�� �,�&Q� "En-Wo-Fs [13] e�>��O �C ^(919 �K( )�"#E� ��/�C"1 F�SCa-
Mg-Fe #(� &
� "� �,1I�2(#�1.
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A���� -�1K��� /�C"1( &$(<C " P&>(W�M �Q(. )�&9�
�(<I /
�LM F�S. . .���

@ A

K L

C7�G/�C"1( &$(<C ^(C19 )1(_�� �- " )1(_�� "� F�S�,�&Q� �� �-�1K ��&� F�S��, m(��<�� �,�&Q�(Fe2++Fe3++Mn)-Mg-

(Ca+K+Na)/�C"1( &$(<C 8�&K �$O 1*��(K �C N m�-, ���;�M 1%�$= 0, �S (�,�&Q�(Na-Mg) �K �>��Fetot ,1KF�-�1K ,#X
om�(�,�&Q�
VIAl+2Ti+Cr �K �>�� IVAl+Na ]�5[m�-, )#�0�- F�Q2�� 8Y(�C, Fw�K ��(-�2&	 1*��+� �C g(�,�&Q�(Na-Mg) �K �>��Na ,1KF

m�
1W9 �-�1K�(�,�&Q�Ti-IVAl#+� �$O 1*��+� �C 80,CaTiAl2O6�-,]v[m�(�,�&Q�Na+IVAl �K �>��VIFe3++VIAl+2Ti ]4[,1KF
�$(+��X 8�,� 8�+�F1]$= F�S.

1�+(K8,1*+S"Y  ,� 8M �<= ƒO2�� 1}� �� #�1(2 .1K )"s=
 g,1((_9ƒO2F�Q2�� ��($(��;�M1  ���	12 d;.)c�>., ��

r(<(- 0, �2#.(]�����["�C1. r��. F1
� Na "
Fe3+]��[��d;.2(1F/�C"1(  �� �S#��,� �Q�� o.��
��&�/�C"1( &$(<C-�1K ��&� F�S����$� �,�&Q� 0, �;

VIAl+2Ti+Cr �K �>�� IVAl+Na ]�5[ (#12 ��-,
2#�A�
�-, �&]9 dK�I �&<>9 P&? �� ���M F,1K 8Y(�C, Fw�K)d;.7

�.(�K/�C"1( &$(<C )�*�-�Z F�Q2�� �(S�� /((@9 �&}$� -
�S�,�&Q� 0, ��-�1K ��&� F�S )��W�-, �<��� F.#.]��[

��<�� �,�&Q�(Fe2++Fe3++Mn)-Mg-(Ca+K+Na) F,1K ,� 
,#X
)#�0�- F�Q2�� m�-, )�1K ��C �K �
�Q2�� F��
1- oF

/�C"1( &$(<C-�1K ��&� F�S�<I �j�-, /
, 1K (�
���J$�K "
<I1 (��
��#.�K)d;.7��,.(�,�&Q� j�-, 1K Ca+Na 

�K �>��Ti]:�[�C �F1-��&9 F�S;SM " ��
,��<I(��
0, ,� 
<I(��
� ,#X �#$C/�C"1( &$(<C �-�1K ��&� F�S�F1- �K -

<I F�S(��
#��,� �<@9 )d;.4��,.(�d(;+9 [(E� a�E� 0,
��/�C"1( &$(<C 8,&9 �� )#. d(;+9 F�SMORB��&9 "-
�
, ���+W+9M j&I 0, ,� ,#X�1C ]��[.�C F�&? 8�QS 0,

,�&Q� �Ca �K �>�� Ti+Cr  (#/�C"1( &$(<C e�>��O �-, F�S
�� b(-19 ���+W+9M j&I )1��2 �� �-�1K ��&� #��12)d;.

4N.(
J$-��+	�/�C"1( &$(<C j�-, 1K �SIVAl, VIAl "Ti 

]::�:v[�� 8�+� #S�)d;.4g �� (�
 )1��2 �� ���M �C
�91�2 �K i
�A�F/�C"1( &$(<C F�S ��� ��+	 �,1I /(


/�C"1( &$(<C m#��,� " �($�C"1( &$(<C �� �&X&� F�S
 1>(<C F"1K�2<I(��
��)1��2FF�S��+	 1-1.5 GPa 
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/�C"1( &$(<C �K �>�� 19w�K F�S��+	 �� ���M d(;+9 �K F�S

��,� )��., R&IAK " )�20�.
)�&9 ��/(<W� ��($(- F�S<I F�S"1K�2 " �,�(��
),1QS 

8M�S�P&>(W�M ^(V19 ��
0�2�� "1	 #$<>��&S " �
�&	&9�V 0, �S
�� 1((_9 �
A*$(��S �9 F�Q2�� #�"� 8,&$= �K #�"� /
, " #$V

 �-, )#. ��Z�$. ��(h-�(� �(�",]�4[.^(C19 �K �X&9 �K
P&>(W�M #�"� �-�1K ��&� F�S
��,1K )#. �($(- #(G&	 FF�S

#$C �� !#% 1>(<C " R&IAK .oS�V #�"� /
, �� /($`QS
 �>��Mg/Fe �K�� 1
���� �� Si/Al "Ca�� g�&% " �1(2

�Q� )#S�+� ���&>(W�M �� b
#- �2#. �$O&.�.�K �X&9 �K
 �� g,1((_9 �;$
,P(H2O) �=�K #�,&9 �� �&<>9 /(t �&ft

�(.�tF#.1QS �
 �S&>(W�M F�S#.�K /�C"1(  F"� P]:7[m
#-� �� 1}� �K �Cn$- �&<>9 �� g,1((_9 /
, F�S )�20�

���C d(;+9 �� F1(��9 �
 ��.,#� �&X" 8&� F�,#KM F�S
�-, ��.,�*� P&>(W�M .�P�t /(= �� 19w�K �(��@	F�� �=�K 

#.�K 19�,#
�  /�C"1(  �K �>�� P&>(W�M �C �&.]7[.
0, )��W�-, �K �,#��AlP&>(W�M �� �&X&� ����+	 8,&9

�1C /((@9 ,� �
��� P��@9 �
 �&<>9 .P&>(W�M ���C /
, F,1K F�S
 m#$.�K ��.,#� ^-�$� es��C [
,1. �-, /;Q� �-�1K ��&�

,1� ����=, �K �C]:4[/SM �#= 1
���� 

[(Fetot/Fetot+Mg)=0.40-0.65]/SM �>�� "
[Fe3+/(Fe3++Fe2+)=0.20-0.25] ��P&>(W�M �C �
�S��

J$-��+	��� ��C �K �I� �9 #�&. ��	12 1}� �� ���
�K #�"�
#.�K 19w�K �
��� .��&X" /
, �K,1KF8��"M �-� �K ��"M1K�
�S 

0,n$- d(;+9 ��+	 ��-�1K ��&� F�SJ$-��+	�j�-, 1K 
�,#��AlP&>(W�M �� �� �S��� F�S67l�6ll�X�� F

	12 g�&% �,1*(���- F��+	 )1��2 �j�-, /
, 1K m�6.7-8.7 
kb�($(- /(<W� F,1K <I " �S(��
" 1>(<C F�S"1K�25.9-7.8 
kb R&IAK �($(- /(<W� F,1K K �X�� 1K�$K#$F�SF�<��� 

]:6�:5[�-, )#�M �-� �K )d;.6N.(
1
���� j�-, 1KAl "TiP&>(W�M �� A(� �S 0, �$(Q�9 8,&9


 �&<>9 g�,1t " ��+	 �-� �K /
�LM F��*$- �
��� P��@9 �
��"M]3l[./(*��(� �,#��TiO2"Al2O3P&>(W�M �� �S
"1K�2F<I(��
^(919 �K 1>(<C v/:"7/�3 /(<W� �� m#%�� 

1K,1K ^(919 �K 1>(<C �($(-7/:"�3P&>(W�M �� " m#%�� -
�K 1K,1K ^(919 �K R&IAK F�Sv/3"�:#%�� )#�M �-� �K#�, .

K�j�-, /
, 1���F���"#t 5ll��5l�X�� F" �,1*(���- 
^(919 �K ��+	7/6"�/(<W� F,1K ��K&<(C " �($(-"1K�2F

<I(��
" m1>(<C ��� 56l ��+	 " �,1*(���- �X�� ���"#t5/v
R&IAK �($(- /(<W� F,1K ��K&<(C ��",1K���&.)d;.6��,.(

C7�H(@9 /�C"1( &$(<C d(;+9 [(E� [
,1. " �
�Q2�� F1- /(N " ��, m�-�1K ��&� F�S (F�S�,�&Q�]:�[,1KF" �
�Q2�� F1- /((@9 
[(E��0(/�Z�-�mg �� (/�C"1(  d(;+9 ��+	 /((@9 1
���� j�-, 1K �SAl "Ti ]:v�:3[.
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���� j�-, 1K �SAl�� P&>(W�M�� 8�+� ,� �S #S�]:4[.

I�'��� 
P&>(W�M-�1K F�S�)�&9 0, )#. �(<I /
�LM F�S " 1>(<V �


 �9 ��
A*$��S&
A($� #$<>��&S ^(V19 F,�,� R&IAK
 ��
0�2�� "1	�-,)�&9 P&>(W�M ^(V19 �K �V <I F�S(��


/(<W� " ��(h-�(���J$�K#��,� �S�>. .P&>(W�M 1>(<C F�S
 a�E� 0, R&IAK �K �>��Ca+IVAl �$(+��X " )�&K �$O 

CaIVAl=SiNa�-, )�&K b�� ���M /(K �� .$(<C /�C"1( & �S
�>�� �K �X&9 �K " )�&K #(� &
� c&� 0, �Q9, F�SWo �En "

Fs P��>9 d��. �>��O �
��� F�f=, ^(C19 �� g,1((_9 En "
Fs �-, .�$(+��X /($`QSM2CaM1(Fe2+,Mg) = 

M2NaM1Fe3+)0,#�, �9 /�C"1( &$(<C /(K F,�-, )�&K b�� �S .
P&>(W�M ^(C19/�C"1( &$(<C " �S �SK1*��( 8#. ,#X 0, ���M

 ��(h-�(� F�Q2�� i
<I(��
)/��;�M1  �� (���K,"j&I �K -
�-, /(
�  e��>�� F�S��+	 �� ���+W+9M F�S .����J$-��+	�

P&>(W�M �,#�� j�-, 1K �SAl "Ti F�S��+	 ��±4"�±6
)�&9 F,1K ^(919 �K ��K&<(C F��� " 1>(<C " R&IAK F�S

�ll±5ll�X�� F*(���- �� 8�+� ,� �,1#S� .)�&9 ��&� ��
 �)�20���$�/�C"1( &$(<C ^(C19 �;�� 8�+� �S F�S��+	 m#S�

 �,#Z� /($`QS m�-, �&]9 dK�I 8M F,1K �&<>9 /(
� 
 �"#t F��+	 A(� �(-&�"�&-:��K&<(C ]3�[8M d(;+9 F,1K 

�� ���$+(  )�20� )�&9 ��#$C .

�,'��1  
8�2#$�
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