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/�>&3��o�3i�"3&"' 0 �@�� i�3fl�H#� �@�� )<,H-m
X�� .( ��&�� �� ^3��&> �7
�&
�&��12 5� li�H3 mo�H' �H@�� -

�' ?�&@ �H�"� �3 <,-<,H- ���� �&H;0 ��� ._�H�%� �H$% �H'
 ."H�/ 5� 01"� �H-&��B 5���� �H ^3��&> ��H�a!� 1H' �7B�H#
 �!7�  �;&� .
M�T /�>&mo�3mk�' �@�� <,- ?�&@ �H3 ���

 <,- ��"� �� (� �*� ��� �&-)<,-mU.(��HR��C �H /�>&
M�T
 (�- ���#12� �&�7#� WH�' �� ���#12� � �2 �> ��� 5�H 

 �H%&�J� 0 �H#� �H7	12 ?�&H@ 517*"' ?�- �' �&$' 5^>1�
���> (�- <@�I �
^J3 .
� /� ?0�"T� 0 �"�
1# 5� ��� .�	�'
�1"� ��&�� Y$C� �� �", �H� (�H
� �  �&H-)<,H-gXH��(�� �

��a!� �B�# d=��� /� �B1' (� �*H� <'�A � /�>&
M�T �� 5�
 �#�)<,-gU.(�
�"$A ��s#�$	 5� �&$')/�>&3�� (fi�3lo

�4 /� �B1' �> �@�� �H' �$,H-12� .�H� 0 (�- <,-12� � 
 �4 �"-�I �� 0 �7	�
 1""V3 ."$>01,"� (�H
�T �H  �H7",�1"� 5

_&R"9�4 ��#� ��
���)�!$R��&  (fo�3fn�"3&"' 0 �@�� fo

�3fi�' \  �> �#� �@�� ���H#12� 1H�� �� \  0 �"�0� ?�&@
 �#� (�- ��J
� _&R"9�4 .�H"3&"' /� �HB1' �� �H' .>1H
/ �H -
���� �&;0 _�B�� ?�&@ .�' ^"� .9#� �� �H"�0� ���> P
 ��&!%

N!#  �*� �7
�&
�&��12 5�  �� (��&- .�' ��R��C �"3�T4 ?�&@
 �� (�
� ��/&# 5� �&$' ���*H� �> ��&- �4 ��&H' �
�H�2�� 5

�#� .
�"��12� Q��&�� (�&H3 /� �7"��12 5�  �� dHA�0 5�H"6&7"��12 5

(�&3 0 ��a% \" �1'� (&> ����- _�
 _�
 �� 517,[&> 5K&9� 5
�' �> (&> .
� �'1C <�2 �$"#0 _��H- �H�0� �' �
�  �A1H-–

(�H- 5�04 dH�; ��H#� (�- �J' �; �'1C U&!; �H�� .YH">13
N!# �"��12&!"H# ��"��120^�&� /� �9"= <��- �I�0 .
� 5� 

 �#� �"��12 �
�"$A ��s#�$	 �"��12 �3 .���� /� N!# .
� �	�'-
<,- ��"� 5�  �#� (�- <",*3 ��� .^H"� P"7H#�>�3�> �	�'

 �HH� (�H
� d=�HH�� /� 5���H`3 �� �HH> �&H- �HH' �4 ��H�4 ?�&HH@
�"3&"' �� �$,-12� (��H'0� �&$R3 0 � /�>&
M�T 0 �  ̂ 3��&H> 5

8/�>X��(�4 /� 5���`3 �> (�"*> 5� �!$R��&  0 �"3&"' �/�>&
M�T �' �"���&3 /� �,"T&,#01,"� 1
&Z3 (�H- ��#12� �
1$> 0 ?0�"T� �' � 
 �' �B1' 0�$"#0 *��; �"7!)� 0 �"3&"' 5(�- ."��� .U(�' .9#� �(�- ��#12� /�>&
�T ��!$R��&  �' �
�&
�&��12 /� �T&,#01,"� 1
&Z3 ��&!%

 �"3�T4 ��"�0� ���> P
 ?0�"T� 0 ��/&# 5�  .(Pl) �/�>&
M�T (Qtz) �^3��&> (Mic) �."$>01,"� (Bt) ��H"3&"' (Hb) ��H!$R��&  (Sph) �.9H#� 
(Ep) �?0�"T� (Ap)�"3�T4 .

8/�?X�� (�H�&�� �� (�H- ��H#12� 5� �H!$R��&  0 �H"3&"' �."$>01H,"� �H' (�1H�  � /�>&
M�T �� �",�1"� �	�' �7
�&H
�&��12 5�H  .U(
��a!� 5���� �> /�>&
M�T ��
1>&!	 �H"3�T4 0 .9H#� ��"3&"' �' (�1�  �#� 5�!' .(Pl) �/�>&H
M�T (Qtz) �^3��&H> (Mic) �."$>01H,"� (Bt) 

��"3&"'(Hb) ��!$R��&  (Sph) �.9#� (Ap)�"3�T4 .
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���"�4 �� �s# �(�
�12��1
� �#�!- ���> 0 �#�!-�&$' �$J� qr�

 �� (� �*��&- .�	�' 1)
� /� N!# .
� �� _0��7� 5�  �� � -
�1> (��-� �",�1"� ^"� 0 �"31T �' ��&3)<,-iX��fQX��l.(

���> (�! � <",*3 �$@� 5� N!# .
� 5�
�H"$A ��sH#�$	 �H 
fi �3 go^3��&> ��@�� mo�3go�T 0 �@�� /�>&
Mfi�3mo

�_&HR"9�4 ��
&,#&� ��"3&"' 517�> ����� �' ."!}�  ��#�
 N!# .
� �� . 4 5� �"�>� 0 �"3�T4 �.>1
/ �.9#� �&H;0 � 

�HH���� .�HH"��12&>&� /� �HHB1'�HH' �HH�a!� 5�HH  ��&HH212� �HH$%
(�- �7"�&$"� �,"��!
� ���)<,-iU.(

�H' � /�>&
M�T /� ��`' � 0 �2�H-�1B ?�&H@ �$,H-12
 �� (�
���&- .�H /�>&
M�T �� �**> 0 5��*	 5� 01"� 1"��3

 <H>�� 0 �J!,- ��&� �	�' ��J
� 0 � �&$' �� <,- 1""V3 �%�'-
�4 �� ���'�3 0 �,"��,� 5�  �&a# 5�7#�� �� ��#� (�- � C

�7	�
 �-� �"�
1# 0 �
&,#&� � /�>&
M�T ����� .�
&,#&�
 �' �|&�`� � �
&��� ?�&@ �)7�,- �N!# .
� 5�  <",*H3 �H 
�#� (�- .

P
�� 5�"#� 5� )�"$T4� (Q(�&3 �H' ��'41"*H� 5�"6&7"��12 5
P
�� �#� (�- daA �7"$T4 5�  .P
�� ����� /� 0 1H"V7� �H 

l�7��# �0�I �3 17�io�7��H# �H#� 1H7� .�H"$T4 .
1HB4 �H 
 �� U&�F� P"�$	 5��2�� 5� /�	 �' �> ��&- 0 P
�� ?�&@ 

(�1> K&9� ."*"T 5� �I�0 �0�� <"#��� .�H"$T4 NH�� �H' �H 

 ���&$' ^
� �B�# 0 �"��1201,"� Y">13 �' +1> �3 �"9# .�H	�'
�4 51,- ���� � )�7"$T4 (���� �' �#� �B�&!,
 5�!')<,H-i
�.(

N!# .
� �$@� ���> ^3��&> W!H3 �H$% �' �> �#�  5�H 
 H#� (�H- �;&� �-&��B 5���� �&$R3 /� bT�.�H' 0 /�>&H3��

 ���> /�>&
M�T 17�> ����� N!H# .H
� 1H)
� �$H@� 5�H  �H 
�!7�  .N!# .
� ���> /� �  ���H> /� ��0 1"�	 P"	�� 5�  5�H 

 �!C �"3�T4 0 .>1
/ �.9#� �!��� �%1	��13 .(��0�1	 �
&��� 5� 
N!# .
��"�
1# 0 �
^"60/&!"$> �?0�"T� � ���.

+&R�01' 5� ���&301,"� �7
�&
�&��1201,"� 0 �7"Q+&HR�1' .H
� -
<,- �' 5�  �H' 0 5&�H"' 5�  ��H`'� �H' 501H> ?��H�moQfo

�7��# �"H-�I W�' �� 17� <HB�� �� 0 5�H"6&7"��12 (�&H3 5�
�
�&
�&��12 0 � �"���&3 �� (�
� � ��&- .N!# .
� ��7R�H� �H 

 ���H> YH">13 1HS� /� 0 (�&' ���� ^
� �H' �'�*H� ����H> �H#�!-
#N!�!7�H  ��*H��'^"� 5�  .���H> � �&H- �7	�H' 0 �H#�!-

 +&R�01' �> �#� �4 /� �>�I �"H-�I WH�' (�H- ��H
 5�H  5
(�&3 d
1# ���J�� (�&' �  �J"7� �� �> ��� �$H@� W�' �&`@ 5

�' 0 (�- �`aA �`aA ��2���4 �� +&R�01' ?�&@ (�H- 1 �� � -
��� .���> Y">13 +&R�01' �#�!- ���> <��- �  H  �/�>&H
M�T 5�

�#� _&R"9�4 0 �"3&"' ��
�"$A ��s#�$	 �^3��&> .

8/�@X��f(���H> �' (�1�  /�>&3�� �� �"31T �	�' /� �,"T&,#01,"� 1
&Z3 /�>&H
M�T 0 ^3��&H> 5�H  .XH���(�&H��1"T �� �H",�1"� �H	�'
���> �' (�1�  /�>&
M�T 0 .>1
/ �.9#� �/&3�� 5� �"3&"' .U(N!# �� �
&��� �
&,#&� ��J
� 0 ^3��&> 5��&� �	�' 0 (��'0� �&$R3 �"��12&>&� 5� 

�7"�&$"� .�(N!# �� �7"$T4 P
�� /� �T&,#01,"� 1
&Z3 ��a!� �7"��12 5�  .(Pl) �/�>&H
M�T (Qtz)  �^3��&H>(Kfs) ���sH#�$	 \"H#�7T (Bt) 
��"3&"'(Mus) ��
&,#&� (Sph) �.9#� (Zrn) �.>1
/ (Myr)�",�1"� .
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���
� 
�2E
0 �#�1' 5�1' (�&3 �
�"�"-&6M 5�  �H�a!� 5K&H9� 5�H 

 ���`3lf�H� ��*H� �� �2�/�&  <A��I �> N!# ��&�� ��H����
 �
^J3 5�1' �' �$@� 1@�!% 5XRF (/��H�� ^"� 01
��H�� 51H"2

 �0� �' �>�B ���� ICP-MS (�)*H
��/4 �' ALS Chemex 
> �&*> ���- _�#�� �����)_0�H;f.(����H`3 .H
� /�i�H�&�� 5

��HH7"��12g�HH�&�� ��7"��12&HH>&� 5i�HHI�0 �HH' �7�HH'�0 �HH�&�� 

�
�&
�&��12Q��H"���&3 iN!H# /� �H�&�� 0 ]H#�0�I 5�H l
���&' �"$T4 ��&�� .(��� �/��1T 0 �#�1' +1H� /� (��97H#� �H' � 

 �&HH[ XHH$7�� 5�HH ��^	�Gcdkit �Igpet 0Newpet +�HHJ�� 
�	12 .�
�"$A O&�J� ���&��–b"$"# ]ff[5��tH)��� 5�1H'
N!# �� �
�"�"H- �0� �' ��0�� .
�K4 5� )<,H-j(�H6���

 ��&�� �> �#� (�- ��a!� 5�  1
&ZH3 �4 �� �H#�1' ��&H� 5
(�-��� .

A���BN!# O�&�� �
�"�"- ^"���4 �
�7� �#�1' ��&� 5� )1' �$@� 1@�!% 5� �"�>� Y�I 1' U�"�> 1@�!% 0 ��/0 �@�� Y�IPPM.( 
�"��12 �I�0

MSGI 34 KF 6 MSGI 12 MSGI 5 MSGI 42 Samples 
O ides

Major elements, wt% 
lo/jy��/����/����/����/��SiO2

r�/�pp�/�p�q/��qq/�prq/��Al2O3

�p/���/��p/���/�q�/�Fe2O3

pq/�p�/���/��r/���/�CaO 
pr/�p�/���/���/�p�/�MgO 
��/pr�/���/��q/p�r/�Na2O
q�/��q/ppr/���/���/�K2O
��/�<��/�<��/�<��/�<��/�<Cr2O3

lk/o��/���/���/���/�TiO2

�r/���/��p/���/���/�MnO 
��/���/��r/��q/���/�P2O5

��/�p�/���/�p�/���/�LOI 
��/�����r�/����/����/��Total 

Trace elements, ppm 
��/r�r��/��q��/q����/rr���/���Ba 
��/�rq�/��p�/q���/����/q�Ce 
pr/�r�/�qr/���/���/�Cs 
��/���/����/���/���/��Cu 
p�/���/q��/�q�/�qr/�Dy 
r�/�p�/���/���/���/�Er 
��/�qr/�r�/�r�/�r�/�Eu 
��/���/qr�/���/���/�Gd 
��/�qp/���/���/���/�Lu 
p�/����/�p��/����/����/��Nb 
��/�r��/����/����/����/��Nd 
��/�p��/�p��/�r��/����/�pPb 
��/�����/���q�/��q�/���q�/��Rb 

��/���/pq�/���/�pp/�Sm 
����r�r�p��r��rSr 
��/���/pr�/���/���/�Ta 
q�/���/��q/���/���/�Tb 
r�/����/���q/����/���q/��Th 
q�/�<q�/�<q�/�<q�/�<q�/�<Tl 
li/oqq/���/���/��p/�Tm 
p�/���/qp�/p��/�rr/�U
��/����/����/�q��/���/�pV
��/���/p��/���/���/�W
��/�q��/����/����/���/�Y
��/�jk/m��/���/���/�Yb 
��/����/����/�p��/�r��/�qZn 
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���"�4 �� �s# �(�
�12��1
� �#�!- ���> 0 �#�!-�&$' �$J� q��

 A���B����� .
�"$T4 �"��12&�&� 

LOG 2 MSGI 2 SGLG 7 KP5 SGLG 4 SGLG 1 Samples 
/Oxides 

Major elements, wt% 

p�/�q ��/�r ��/�� ��/�� ��/�p ��/�p SiO2

ji/fl ��/�� ��/�r ��/�p� p�/�p ��/�p Al2O3

��/���/�pr/��r/���/��p/�Fe2O3

��/���/���/�r�/�pp/�p�/�CaO 

�p/���/��q/���/���/���/�MgO 

p�/p�q/�rp/���/p��/p�q/�Na2O

p�/���/���/��q/q�p/pp�/pK2O

��/�<��/�<��/�<��/�<��/�<��/�<Cr2O3

�q/��r/���/���/���/��p/�TiO2

��/���/���/���/���/���/�MnO 

��/���/���/���/���/���/�P2O5

r�/���/���/���/���/�q�/�LOI 

q�/�� ��/�� ��/�� ��/�� q�/�� ��/�� Total 

Trace elements, ppm 

��/��� q�/�q� ��/���/p�� ��/�r�/p� Ba 

��/�� r�/�� ��/r��/���/�� ��/qCe 

��/���/��r/�r�/�p�/���/�Cs 

��/�� ��/���/���/q��/r��/qCu 

�q/���/���/��r/�q�/�p�/�Dy 

q�/�q�/���/��r/��p/���/�Er 

��/���/���/���/���/��q/�Eu 

��/���/���/��r/���/�pp/�Gd 

p�/���/���/��p/���/���/�Lu 

��/q� q�/�� ��/r� ��/�q ��/�q q�/��� Nb 

��/���/�p�/���/���/pq�/�Nd 

��/�� ��/�� ��/p� ��/�� ��/�� ��/qq Pb 

q�/�p� ��/��� q�/��� ��/��� ��/��� ��/��p Rb 

��/���/���/�r�/�qq/���/�Sm 

��/��� ��/�p ��/�q ��/�� q�/�p ��/q� Sr 

��/rr�/���/�� ��/rq�/�� ��/�� Ta 

r�/��r/���/���/���/���/�Tb 

r�/�� ��/�� ��/���/pq�/q��/rTh 

q�/�q�/�q�/���/�q�/�q�/�Ti 

p�/���/���/���/���/���/�Tm 

��/r��/r��/qpq/qq�/���/�� U

q�/�<q�/�<q�/�<q�/�<q�/�<q�/�<V

��/���/���/���/���/���/�W

��/�� ��/�� ��/�� ��/�q�/�� p�/�� Y

�r/���/�q�/��q/�r�/���/�Yb 

oo/fo ��/���/�r ��/q��/�� ��/�� Zn 

gy lyi fmfgylmZr 
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A���B����� .
�"���&3 0 �
�&
�&��12 �I�0 

MSGI 22 MSGI 33 MSGI 2 MSGI 9 MSGI 44 Samples 
/Oxides 

Major elements, wt% 
��/r� r�/r� oo/jm jo/ji io/ji SiO2

�q/�r �q/�q ��/�� �q/�� �q/�� Al2O3

r�/q�r/q��/ppp/�pq/�Fe2O3

�r/q��/q��/p��/�r�/�CaO 

�r/�p�/���/���/���/�MgO 

��/���/p��/q��/qp�/qNa2O

�q/���/��p/���/���/�K2O

��/�<��/�<��/�<��/�<��/�<Cr2O3

��/���/�q�/�p�/�p�/�TiO2

��/���/���/���/���/�MnO 

��/���/���/���/���/�P2O5

��/���/�q�/���/���/�LOI 

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

Trace elements, ppm 
��/p�� ��/q�p ��/q�� ��/p�p ��/�p� Ba 

��/qr q�/q� ��/��� ��/�� ��/��r Ce 

p�/�p�/���/�r ��/���/�Cs 

��/�� ��/�� ��/���/�� ��/�� Cu 

��/��q/�rp/���/�r�/�Dy 

��/��q/�rp/���/�r�/�Er 

p�/��q/�r�/���/�r�/�Eu 

�q/p�r/p��/rp�/r��/�Gd 

�r/���/���/�p�/���/�Lu 

��/�� ��/�� r�/�� r�/�� ��/�p Nb 

��/�q r�/�� p�/pq ��/�� p�/p� Nd 

��/�� ��/�p ��/p� ��/�r ��/�q Pb 

p�/�r ��/��� ��/r� r�/�� ��/�� Rb 

��/p��/��r/r��/rqp/rSm 

��/�r� ��/p�� ��/q�� ��/qr� ��/q�� Sr 

��/�r�/���/���/���/�Ta 

r�/�qq/���/���/���/�Tb 

p�/p��/�� �q/�� r�/�p ��/�� Th 

q�/�q�/�q�/�q�/�q�/�Ti 

�q/���/��q/�p�/���/�Tm 

��/���/���/��r/���/�U

��/�� ��/��� ��/p� ��/�� ��/�� V

��/���/���/���/���/�W

��/�� ��/�� ��/�� p�/�� ��/�� Y

rq/���/�p�/���/���/�Yb 

��/�� oo/nm ��/q� ��/rr ��/r� Zn 

��q fnm ��q �q� mfi Zr 
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���"�4 �� �s# �(�
�12��1
� �#�!- ���> 0 �#�!-�&$' �$J� q��

 A���B����� .
N!# �I�0 ]#�0 �I 5�  

MSGI 40 MSF 37 MSGI 38 MSGI 7 MSGI 26 Samples 
/Oxides 

Major elements, wt% 

��/q� r�/q� ��/q� ��/qr ��/qr SiO2

��/�r qq/�� �q/�� ��/�� qq/�q Al2O3

p�/���/r�q/�p�/r�q/rFe2O3

r�/�� ��/�� r�/�q�/���/�CaO 

��/��q/�� ��/��r/���/rMgO 

q�/���/���/���/���/�Na2O

��/��r/�q�/���/�p�/�K2O

�p/���/��p/���/���/�Cr2O3

��/��r/���/���/���/�TiO2

�p/���/���/���/���/�MnO 

��/���/��p/��p/���/�P2O5

��/���/���/���/���/�LOI 

��/��� ��/�� q�/��� ��/�� ��/��� Total 

Trace elements, ppm 

��/q�� ��/��� ��/�� ��/pq� ��/��� Ba 

��/�p ��/�q ��/�q ��/�� ��/�� Ce 

��/���/���/��q/��r/�Cs 

��/q� ��/�r ��/�r ��/�� ��/�� Cu 

��/�qr/��r/��q/prq/�Dy 

��/�qr/��r/��q/prq/�Er 

��/���/���/�p�/���/�Eu 

�r/�rq/�p�/��q/��q/�Gd 

��/���/���/�pr/���/�Lu 

��/�p ��/���/���/p� p�/�� Nb 

q�/�� ��/�� ��/�p p�/p� ��/�� Nd 

��/�� ��/�p ��/�r ��/�� ��/�� Pb 

��/p� q�/�� ��/�r r�/�r ��/q� Rb 

��/���/�p�/��q/��� ��/�Sm 

��/pq� ��/��r ��/��q ��/r�� ��/pp� Sr 

��/���/���/�q�/���/�Ta 

r�/�qq/�r�/�p�/�q�/�Tb 

��/��q/p��/�qq/�r�/rTh 

q�/�q�/�q�/�q�/�q�/�Ti 

��/���/���/�q�/���/�Tm 

qp/���/���/���/���/�U

��/�q� ��/��r ��/��r ��/��� ��/��� V

��/�<��/���/���/���/pW

lo/fk ��/�� ��/�� ��/�p r�/�q Y

��/���/���/��q/�pr/�Yb 

��/�� ��/r��/�� ��/�� ��/�� Zn 

��� ����rrfof Zr 
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�$;fk(���- �g���7��/ fmky N!#&6M 0 �#�!-(�&3 ��"- 5�"6&7"��12 5. . .q��

8/�C�%&�J� ���&�� b"$"# �' �R�� �
�"$A 5]ff[N!# 5�1'�#�1' ��&� 5�"6&7"��12 5� .

��&�� (��� <> ���&�� �� �  b"$"H# �H' �R�H� �
�"$A 5]fl[
(17�2 W
��; 5�1' �
�"$A �R- 0 �
�"$A 5� )<,-nXH�� (0

���&HH�� ��)(FeO tot/MgO �HH' �R�HH� SiO2]fm[5�1HH'
 (17�H2 W
��; �H, 4 5�H Q�7"c�&H3 0 �
�H"$A )<,H-nU(

(�- 1
&Z3 �� (� �*� �,��![ ���� �H�&�� �&- (17�H2 �� �H  5
�, 4Q�7	12 ��1A �
�"$A ���.

_0��7� <,- �)�&)[ .""`3 5�1' �0� .
13 ��H�2�� 51"2
 ���H� 0 U�H"�> ��$H@� 1H@�!% ?�1H""V3 5� ���&�� /� (��97#�

 �#� �>�B .�H' �R�� �$@� 1@�!% ?�1""V3���&��SiO2]fg[
�� ��*� 1H"S� 51@�!% �> � �CaO �TiO2�Fe2O3�MnO 

0MgO �'5�&7F� W
�^	� SiO2�� ��*� W �> ��! �K2O

����� W
�^	� �'SiO2��� �*H
�^	� �H�0� �	1*H"T �H' �1H
/ �H�
 �4 ����� �W
��; (/��2 �� �  �� W
�^	� (����"A�' 5�� �H3 �'�


 ��&- � ��s#�$	 ��7B�# ���0 �
���)<,-k(��^H"� �Al2O30
Na2O�HH�� ��*HH� �� �HH@�B �H�0� �HH� �HH> �H � 1HH�� �� �HH��&3

 �-�' 5���12� �!��� 5�`' 5� �!
41	 .�H' 19�H	 �"�>� ���0�1	
 W
�^	�SiO2� �� �%&�J �H�0^� 1"# �#�1' ��&� P"�&3&$T 5

���� .�2E
0 �' ��0� .
� O&H� 5�H  ��2�� 5� I���� ���&H��  
]fi[)<,-yX��.(���&��A/CNK �R�H� A/NK �H' �H> 

\"��3 ���&�� �;�� G�#� 1' � ��2�� 5�!' �H!"�&�4 /� O�RH-� 5
�HH#� �01HH`�]fj�fn[5�HH ��2�� (�)7HH#�B ."HH"`3 �� ^HH"� �

"��12 (E
0 �"� � 5�"6&7 ���� 5� .N!H# ���&H�� .
� 1'�!' 5�H 
�HH%&�J� �� �HH#�1' ��&HH� 01HH�$A �� ��'41"*HH� PHH"�&3&$T 5

O&� 5� �"6&7"��12I(17�2 �� 0."�&�41T ��> �3 ."�&�4�7� 5
(�- d
/&3 ���)<,-yU.(���H> �&�HI �' �;&3 �' (1H"3 5�H 

 N!# �� �"3&"' 0 �!$R��&  �$@� 0 �H�a!� 5�H  �&�HI +�H% 
���> /� �!C 5� Al .H
� �� /�HT&3 0 +0�H�01> ��
1
�1> �!��� 
N!# �4 G&!"�&�41T �" �� �  �H�� �� �  5� �H!
�1	 �H' ��&H3

 W�' �� \�  �7H#&T �
|�H' 0 ���H"� 5�H  (��HA 5�7�H'�0 5�
��HH��� .�HH2E
0 .
�1'�HH!'(�HH! � ��*HH� |�HH' 5�HH  �HH" �� 5

N!HH# G&!"�&�4�HH7� �HH#�1' ��&HH� 5�HH  �HH" �� 0 �HH#�
 �4 G&!"�&�41T�� �� �  �H"I�� �� U4 ��^"� �' ��&3 �H7B��2 5
��� �R�� ��-]fk.[

U�"�> 1@�!% ?�1""V3 �H' �R�� SiO2��)<,H-fo(\"H#13
 �#� (�-.�� ��*� <,- �,��![ �� � 1@�!% ���0�1	 U0Rb 

�' &7F� W
�^	���H� �H�0^	 �H' 0� �H�2�� b"$"H# 5���tH2 0
1"S� 51@�!% Ni �V�Zn 0Cr ��0� �> ����� ��0^� 1H""V3 .
�
 �� �� � ��0� 1	 �H' ��&H3�5� �H!
 W
��H; ��� �R�H� 5�&H$' .

 [
 D

ow
nl

oa
de

d 
fr

om
 ij

cm
.ir

 o
n 

20
25

-0
7-

05
 ]

 

                            11 / 18

http://ijcm.ir/article-1-490-fa.html


���"�4 �� �s# �(�
�12��1
� �#�!- ���> 0 �#�!-�&$' �$J� q�p

 

8/�DX��(�%&�J� ���&�� b"$"# �' �R�� �
�"$A 5]fl[.U(���&�� )FeOtot/MgO(�' �R�� SiO2(17�2 W
��; 5�1' �, 4 5�  Q
�7"c�&3 0 �
�"$A ]fm[&�� ����, 4 0 �
�"$A ��"� (17�2 �� �  Q����� ��1A �
�"$A .

8/�E��'41"*� 5� �"6&7"��12 b"$"# �' �R�� �$@� 5� �"�>� ?�1""V3 5� ���&�� ]fg.[)<,- �'�*� \6�%n.(

�;&�

;&� �
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F G

H I
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�$;fk(���- �g���7��/ fmky N!#&6M 0 �#�!-(�&3 ��"- 5�"6&7"��12 5. . .q�q

8/�JX��(���0�1	 ��0^� 1"# P2O5����� W
�^	� �'SiO2�%&�J� ��5��'41"*� P"�&3&$T .uB�- �' ��0� .
� O&H� 5� ��2�� (E
0 5�  I\H 
 ���� ���&B]fi.[U(?�1""V3 ���&�� A/CNK �' �R�� A/NK �;�� .""`3 5�1'�!"�&�4 /� O�R-� 5]fj�fn[���&�� (17�2 �  ."�&H�4 �RH- 5

�� ��1A ."�&�41T ��> �3 ��1"2)<,- �'�*� \6�%n.(

�> �J�4 /� 1H  �*
��; �&$R3 0 �*�' .7B��2 5� �!
41	 
(�
�T ��J
� �' 1J!� 0� <,H- �� ��'�*H� �
�H�� 5�H  51H"2

N!# �H� �
�H�2�� 5�H  ��HR3�� (� �*H� �H' .
�1'�H!' ���&H-
 ��&�� 5��0�*
&B � �H!
�1	 .H
� /� PH
 +��H> �H> �
� �
�' �� 

 �H#� +/| _�&H# .
� �' �#�T 5�1' ��!7�  ��R3�� .
� YR��
/� �&HH- (��97HH#� �HH@�B 5�HH ���&�� .�HH ���&�� /� ��HH`' ��

 �� \#� 1)
�,
 �' �R�� ��2/�#�� 1Z!% 0� ?�1""V3�&- .1H2�
 ^H"� ?�ZH7�� ��HR� /� �> �7R�� �aB ��0� ��2/�#�� 1Z!% 0�
 ."H' ��HR3�� �$H@� �H!
�1	 ?�&H@ .
� �� ��! � ��*� ��t)'

N!# �H#� �*H
��; �&$R3 �  .��H2 ?�&H@ .H
� 1H"C �� .7B
 �#� ��R3�� �$@� <��% (�)7#�B �' _��`7� �*�']fy.[

���&�� K2O-Rb ��&�� 5�1' �� �R�� Y"- �' �aB ��0� -
(�&3 �' �7�'�0 5�  �� ��*� ��'41"*� 5�"6&7"��12 5�H> � �

 (�! � ��*� <,H- �� �*H
��; �&$R3 5�H�&�� .H
� 51H"2 �H 
�!7�  .?�1""V3 ���&��TiO2QSiO2��*� (�! � W
��H; 5
TiO2�#� �*
��; ��0� �= .��H"% ?�1H""V3 ��^"�TiO2�� 
N!# ��a!� ]#�0�I 5� N!# �� 0 ��
/ �#�1' ��&� 55�H 

�#� \> 5�"#� .1Z!% 0�Ti0V���&�� �� TiO2QV�= ^"�
 �� .
� �> ��-�� ��0^� 1"# �*
��; �"7!)� <",*3 �' ���&3

  4 5�; �' 1Z!% 0� .
� �!"*��; 0�,R- �� .�= �"7!)� 5
�-�' �7�'�0 �
��; ��0�]lo) [<,-ff.(

�HH
 +&HH"!"�&�4 /� O�RHH-� Y
1HH� (ASI)�HH' �HH#�1'�1' �HH> :
ASI=[Al/(Ca-1.67P+Na+K)] �R�HH� ^HH"� 0Na2O +

K2O - CaO �' �R�� SiO2^6�HI � �"6&7"��12 O&� .""`3 �� 

�HH"� ��HH��]lf.[�HH%&�J�HH#�1' ��&HH� �HH"6&7"��12 55���� �
ASI<1 ���HH�� 0Na+K<Al (1HHH�/ �� �HHJ"7� �� 0 (�&HH' 

�H� ���- �' ."�&�4�7� 5� �"6&7"��12�0� .?�1H""V3 ���&H�� /� 
Na2O�HH' �R�HH�K2O]fi[�HH� O&HH� �
��HH; 5�1HH' ��&HH3

 O&� 5� �"6&7"��12I0SN!#���&�� .
� �� ��1> (��97#� �� � 
(17�2�"��12 5O&� 5� I(�- 1
&Z3 ��� )<,-flX��(.

��K$��4��5�
��� ��K���L � 	�L�� 
<,-51"2 �H!�T 58�!!H# Q(�2�H
� /� �H> ��;1"H# ."H�/-

�7B�# ���"� �� �$> 5(��&B ."[ ��&� 5{�4–��1HA �"���"  
' �������7#&T /��!"�/ 5��&; b"73 �#&��"A� �H#� �7�H'�0.
�#�1' ]"F� .""`3 0 \�"3��2�� ."�/�7B�#"-�I �� �5�H 

 (��A _�`	 �2�H"}"T �H' �?�H�; 5��"�' /� 5� �6� �H
�13 0 �H 
 1' ��&H� (��&H�  YRH# .
�H' 0 �#� �;�&��/� 5��"�H' �H#

��1)* 0ET �#� (�&' ]ll[.���#� (�- �`# �J!
� 1'�
�T5
]"F� �U�"�> 0 �$@� 1@�!% ���0�1	."�/ (�)7H#�B 0 �7B�#

 �
��2���%&�J�5��&� 5�"6&7"��12 1'�#� u�*� &-�.
��&�� �� 1@�!% /� ��`' �
�"�"-&6M ��7	� �' �7"��12 5� 

 �"��12 /� ��&�� �![ 0 �H,"6���; ��$"- /� ���*9*34 G&A 5� 
 (�- ��
��� ���% ���)<,H-flU.(�3&HR,!% 5�H ���&�� ��

 ��'41"*H� �H7"��12 �I�0)<,H-fm(<H"	&7"� 1H@�!% 1HS� /�
�&
 ~�^'(LILE) ��� �!La�Rb �K�Ce  0Th �2�H- �!C 

�� ��*� �� �!-0� �H' 0 �! � ?�H- �H' 1H@�!% /� �R�H� �&H=
 �
�H- ���"�(HFSE) �H!��� Nb �Ti �Y0Yb �H�3 �2�H-

����� .�2E
0 /� �2E
0 .
� ���*9*34 G&A 5� �"6&7"��12 5� 

�;&�
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���"�4 �� �s# �(�
�12��1
� �#�!- ���> 0 �#�!-�&$' �$J� q�r

�#� W���01	 �=�!� �' �7�'�0]lm.[��&�� .
� �H!C PH
 �H 
 1@�!% �� �2�- PR# �>�B ����(LREE) ��3 P
 0�2�-

 ��HREE �' ^"� 0�� �9!� 5��J! Eu �H� ��*� �� �H! � .

�' �9!� 5��J! Nb 0 W���01H	 �' �7�'�0 �=�!� uB�- ^"� 
���1>(��A _�`	 5�  �#� 5�]lg.[

8/�9M$"# �' �R�� U�"�> 1@�!% 5� �"�>� ?�1""V3 5� ���&�� ��'41"*� 5� �"6&7"��12 b"]fg.[)<,- �'�*� \6�%n.(

8/�99��&�� �� �
193 ��0� �#�1' ��'4 1"*� 5�"6&7"��12 5� ]fy) [<,- �'�*� \6�%n���!-�'.(
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�$;fk(���- �g���7��/ fmky N!#&6M 0 �#�!-(�&3 ��"- 5�"6&7"��12 5. . .q��

8/�BNX��(���&�� W
��; �"��12 5� O&� I0S1)
��  /� ]fi[.5� �"6&7"��12��'41"*� ��(17�25�"��12 5� O&� I�� ��1A 1"2��)\6�%
 <,- �'�*��.(U(��
��� 5�"��12 �� 1@�!% /� ��`' ^>1�3 ���*9*34 G&A 5� �"6&7"��12 �' ��'41"*� 5� �%&� ��&�� ��0� �"�� �H' �'�*H� � 

�"��12G&A 5� �$"- ���*9*34 5�  �#� )��&���"��12 �' �R�� � �7*T 5�  5�  �#&��"A�(ORG) ��J!�'(�- ���]lj[.

8/� BOX��(��&�� 5�1' �>�B ���� 1@�!% �3&R,!% ���&�� �7"��12 5�  �7
�&
�&��12 0��a!�5�#�1' ��&�(��� G�#� 1' �
��H!> 5�H ]mn[.
U((��� G�#� 1' �>�B ���� 1@�!% �3&R,!% ���&�� �
��!> 5� ]mk[�#� (�- \"#13 .

�� 5� ���&��]li�lj[�"��12 z�F� /� �� � ."�/ �7B�H# 
<��H- �(01H2 ��H�[ �' :�H"��12 �17�H2 �0/ 5�H (ORG) 0

�HH"��12 �HH' ��HH�/ \HH  5�HH ��&HHB1'(��HHA 5�(Syn-COLG) �
�"��12 �F9@ �0�� 5� 5�(WPG)�"��12 05� �H!'1�> 5� 

W���01	 �0/(VAG)  \"��3 (�- ���� �H�&�� "��12 5�H 7�H"6&
 �� ��'41"*� (17�2 5���*9*34 G&A (VAG) �� ��1A �H�1"2

0(�&3 5.
� 5�"6&7"��12 (17�2 5� �"6&7"��12 �2E
0 ��7�'�0 
�'���1>5�  (��A �� ��*� �� _�`	 5� 0 �H"3&"' 5���� �> �! �

 O&� 5� �"6&7"��12 /� 0 (�&' �!$R��& I7�  �!)<,-fg.(

�HH2E
0 �HH' �HH;&3 �HH' ���HH> 5�HH (��� 0 �HH#�!- &HH6M 5�HH 
 �6�"�"-)1H@�!% ���0�1	 0 d
/&3 ��$@� 1@�!% ^>1�3 �)�&)[
��2/�HH#��(O&HH� /� �HH�a!� 5� �HH"6&7"��12 �I5�1HH' 0 �!7�HH  

N!# .
� (�)7#�B 5&# /� � ]ln�lk[�H6��� 1H
/ ���!*"T �#
�#� (�-:

fQ�7#&T �*�' U0K(�- (����01	 �#&��"A� 5
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