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S(.�=�#��; 6�7��� f%K�I�Q 0 C0(�G� �, �
�&. �:� 3�#�-

�. (7� ���. *
� *�#��; �
�&.�7�:4� !(:  )9): mC.(
���K��6�
�:4�=  �
�:���. 6�:7 �:'%-N� 6R�F���:G �� !(:  

!�� 3��)4�69) ���%-� �� 8 �� h!(  !��0Q (��.
��"� ]=4 (7�%  D�4� �,6�#:�� ��:��. 3��):4� �� �:7

!��6�&E�� @0�  �, 8 �� 6!(:  ��:JQ !(�0��:G ���:4�1� 
�, �4� �, ��/="� �. 6�%X !(==.�G C�%U6*�, ���? 6��	 

�:���1 6�7�%&,)9): �{:�� (�:, 6���%:� �� 0 *�:.0��G 0
!�%5 C�%U �:4� !(:  �:���1 *�#:��; 6� .�:G �� �:�5�-7

 ��:G ���:4�1� �r� �, 0 ��/="� 9�)#5 ���:. !(�0 �:��0� 6�:7
 ����)4�)����1) (9) �[(�=�#��; e
�X �� ����� �� �
 0

���. 0 ��/="� Y� 6(�I�%4 6�7)9) �S(!(:  9�)#5
�4� .�:���%, 0 �:
��G%)��. ��
��G)9): �C(�:��. 6�:7

 !�� 3��)4� �� !(  �
�4�=  6(�I�%46�:. (=/�:7 8 �� 
!�IE �� �/#�, �"/�)  0 �77�� !(
� ���0� 3��)4� 6� (�%: 

)9) �S(!(=7� 3�#� *
� �6���. �#�� �� 6(�I�%4 6�7
�&E��6�#:�� �� 6��/?�4 9��%' +�� 0 !(�0��G ���4�1� 

3Q�4�7 .3��)4� �� YG ���:. �3Q �, 3��R-7 �
�� ���. 0 �
��-
6(��.� 6��4)��5�-72�:�5%1 (6(�I�%:4 �)0 ��:4%)��.

�::��\
� (::=,�. 0Y::� �5�)�::�.L��2�::
�0�Q (�::X R::��
 �R�0�, 6�7(=
Q�	�
!�� 3��):4� �� 6�:/	�1 C�%:U 8: �� 
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�%G ��5 ��-
� ��n� 3��
� �4�=  ���. 0 �4�= �%&, �&N� m��

8��C){�� (����1 �=�#��; !�� �� C0(�G� 0 ��/="� 9�)#5)PPL(Z)[(:40 �, ����1 3(  ���-�4 0 �1( ��?��&6�� ���:&. 0 R5��%:. 
�&E��6��4�1� �A�
����)PPL(Z)S(�:�1� �, !(�0�#�G 3��)4� x<A �:
����A 3��):4� 6�:7)XPL(Z)C(�=�#:��; !�� �� �:
�&. 9�)#:5

 �&E�� �� f%K�I�Q 0 C0(�G�6!(�0��G ���4�1� )XPL(Z)�(6��~/?� j
W' :Gr : ��:���1Mag : ��:�/="�Epi : �C0(:�G�Cal : ����:&.Qz :
 �R5��%.Clt : ��
�&.Am :K�I�Qf%.

�����1� ���4�1�6�
�� ���. 0

!(�0��G �&E�� 
���4�1� �&E��

��R�0�, 
*��G !(�0��G)IV(*�#�G !(�0��G)III(

!(�0�#�G �&E��)II(
��%1�1� �&E��2j��5��%4�/� �,)I(�7 ���. 

����1)�
�(���1(
(��G%
�2�
F�K�(7 
���%��52/.����%=� 

C0(�G� 
�
�&. 
R5��%. 

��5
�)�
&�4

�
��G 
�
��G%)��. 
����%, 

��4%)��. 
���\
� 

�7(
�I�
%4

��/="� 
��5�-7 
��/p%1 �7(

��
.�

���&. 
��.L�� 2�
�0�Q ��5

�=,
�.

8��DK�� ���%-����6���. 6R�F���G 8 �� !�� 3��)4� �� �%;%� 6�7.

Gr 

0.25 mm

)@(

)>*�(

Epi

Gr 

Mag 

0.3 mm0.25 mm

)�(

Qz-Cal

Gr 

0.2 mm

)A(

Am

Clt

Epi

Cal

Cal-Qz-Epi-Clt
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(&; ���!��-  ���G�
R���� �U�=' �-�  *��� �� ����1 ���. �-�  0 �.�? [��-.. . .m��

Mag

Gr

ب

0.1 mm 

الف

Cpy
Gr

He

0.3 mm

Gr

He

0.2 mm 

0.2 mm 

ت

Bo

He 

Cpy 

ب

پ

8��E){�� (�4� !��. �G �� ����1 6�7�%&, 3��� 6��	 �;0 >%? ��/="�)XPL(Z)[(��5�-7 �, ����1 �=�#��;)XPL(�)S(�
��G%)��.
 � �� �%? 0 �4� !��.�G �� ����1 6�7�%&, *�, 6��	 *.�G b�)  9)  �, �&E�6�, (_, �:4� !(  *�#��; ��5�-7 �&�40)XPL(Z)C(30��

 6(:�p%&. �:	�, �:, ��5�-7 �, �
��G%)��. �=�#��; �����%, �, �
��G%)��. 6( �)XPL .( 6��~:/?� j:
W' :Mag : ��:�/="�Gr : ��:���1He :
 ���5�-7Cpy : ��
��G%)��.Bo :����%,.

�G%)40�)�� xX��� �� 6����, �� ����1 �-��&. ���. ��=52
!(=7� 9�)#5 �5�)�&�46�� ��-  �, ]=4 *�:, 6��	 0 (
Q

 ���. �� 3Q 6�7�%&, �-��&. ��J 6�72R5��%:. (=��� �5�)�&�4 
�4� !(  �G ���&. �
)9) �[ �{:�� .(�� �:���1 6�:7�%&,

 3��)4� �'%-N� !�� 6�:76H
��:  �� �_�:40 {:�X 8: �� 
���. 0 �/	�, 3�#� �� �/?�= ��(:=7�)9): ��[ �{:�� S�

C(!��(�� �� 0!(:
� �:/-�&�� (:=d �:5 R:
� ����, C0�I/� 6�7
��(�%  .����1 !�%5 6�K-7 �, 8
�R� 6�76]:�� �:, 6o%I� 

!%�A ��4 6��"���:-7�� 0 (=/�:7 �%:&, �: �� 0 !�:�5 �5 6�
 ��<=� 0 �'�<A 9.�� �(
(  �:� 3�#� �%? �� R.�� j7 6(=,-

(=7�)9) ��{�� [(:�0 �(���� �/
���(�Q P�.�5 �/#�, �.�
����1 R
� 6�7 �:�%-� �� ��:��� 6�:K-7 �:, 8:
�R� �%&, 6�:7

 !%�A ]�� �, �/4� � RK4 !�1 0 * 0� 6�
� !(�6���� 0 �(�% 
 P:�.�5 �:, 0 (=/�:7 ��"���:-7 !�:1 0 H4%/� 6��"���-7��

 8
�R� �L%4��1(��5 .��<=� �
����. 6(=,)'�:<A �:
 ���4%��(
�1\
0 �� �)
 �. ����1 * 0� 6�7 0 �4� 3��)4� �
�?o �� �7

 9::��)5 �
��-�:: %)
R�	 H
��::  �,�::
��� �� 6��::
� !��I/::4�
3��)4� ����1 �� 0 ����� �7 :��0��	 �:, 8: �� !�� 6�7�!(:
� 

�� �% )9) �[ �{�� .(

����3 � FG3 
�
�� ����
 ����� ���� ���� 

4��,�.�? [��-. �U�=' 6%"�� ����1 �� ��, 6��
� 8-. �7
 !��:  9��)5 0 �/	�1 9) 6�7(=
��	 �?�=  �:76��:���1� 6

�� (=.]�[.�=�#��;REE �� !��I/:4� �:, �:���1 ��/?�:4 �� 
�� f�/=. 3Q 6�%&, �-�  0 ��/?�4�%  .f%��	 6���� ��/���1

 ��%-' �
��-� X3Y2Z3O12(=/�7 .f%��	 *
� ��X9��  
�� 0� 6���%�5�. �:/�	)Ca �Mg �Mn �:
 Fe2+(�
���:-7 �:, �

��
�5 �#7Y3%�5�:. 9��  �:/�	�� �:4 6�:7)Fe3+�Al 0
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�%G ��5 ��-
� ��n� 3��
� �4�=  ���. 0 �4�= �%&, �&N� m�i

Cr ( 0 ��;0 �#7 �
���-7 �,Z,�9��:  �/#Si �
���:-7 �:, 
�4� ��;0���d]h[.�:� R:�� �.�:? [��-. 0 �pR; �U�='-

����1 6�%&, ��/?�4 �� (=��%5 (= �, �/ �� �%�E �7 .D�:4� �,
4��,��76�
��-�  6��"� �%&, ������1 60� !(  $�N�� Ca2+

�, �,�#� ��%
 @�_ REE��,�=, ����� �7 
�*HRE ���4Q �, �7
�� 3%�5�:. *�#:��; (=��%5Ca2+�)K:  �� 6�:�/���1 6�%:&, 

(�% ]�[.�:
� C�%:U �:, �
�(:���1 �:���1 �=�#��; +=.�0
 �4�]�[:

Ca3(Al,Fe)2Si3O12 +3REE3+
(aq)+3(Al3+,Fe3+)(aq)=

(REE)3(Al.Fe)2(Al,Fe)3O12+ 3Ca2+
(aq) + 3Si4+

(aq) 
!��� �L%4��1 (��; f%&`� 6�4 �, �/�,�0 �)���=
�%��5 6�72

�::`�;�5 �=�#::��; (::
%� ��
���(::�QHREE 0 �L%::4��1 �� 
LREE �4� �/
���(�Q C�K�.�5 �� ]�[.�1(:  �R; �, �R; �

�#�� 0REE ����1 �� �7 �:� �7 � (:��%5 H
��:  �:��t5 �:r� �
��
�:��pH!��:  �:. ���::�� (:=��� �!��:  P::�.�5 �:
 0�::76

�� �� j7 �, 6%; 0 �
�-1�� (:7� �� �(:�R��Q]�[.�� C0�:I5
 6�7%"��REE �� �� �7 P
�:} �:. �&��%:' �� �V� b�U 3�%5
�(::;
�::U�=' +REE !��::  0 �::���1 *�::, 6��::���1� 6

)( / fluidgr
REED�� ���t5 �� ��� ��}%5 (=7� .�:. P:�5�5 *
� �,

 !��(::�� �::, �::���1 (:: � �::1�6P
�::} (:: �, x
�::4 �	�::. 
)( / fluidgr

REED�,8
�R� ���. �<4 60� �`<4 [a; 9����
6%"�� �N�/� �� 0 ��%, (7�%?REE (:7�%? [�:��1 �,�#:� �7 

�%,]�[�0 �����:A�, f��:_5 3�,R�� ]=4 0 !��  *�, �1� (: �, 
����1 �U�=' �� �7HREE *:
� �:V&J ��:
� �%:, (=7�%? ��5 

�4� *�
�G C(  �, !��  �� �U�=' .�,6%:"�� �:&. �%XRRE 
����1 �� �7 0 �%:&, (: � �'�4 ��%&, �-�  x,�5 ����)4� 6�7

 0 !��:  �
��-�  P�.�5 (=��� �;��? 9��%' x,�5 6��
� (E �5
 %:� 0 ]=:4 �:, !��:  �K�:� �3�,R�� ]=4 �:=_
 ���:���1� @

�#�G��/	���	 �
 �m�4� ]�[.6%:"�� e:�A� ���I5 �*
��,�=,
REE ����1 �� �7 *:
� �:-7 */	�:1 �:V� �� �:, ����)4� 6�7

 3�)�� 9��%' �%, (7�%? �
aG .�:, �:1�R, �� C0�I5 6��:N=7 �:7
)$%:�G0�%
 6��N=7 �, 9M�Eu/Eu* ( �="-7�:� [�:5��, 6�:7

 �����4 �� �&`�6)�� ]=4 3�,R +��  �����1�6(�:4�]�[.

1. Chemicocrystallography 
2. Fractionation 
3. Diffusive 
4. Advective 

4��, D�4� �,��76����1 60� �/	�1 C�%U ��/
�(:���1 6�7
����1 �� �=J 6�7Al)6�L%4��1 ('%� 6%"����1(:  �:=J 

��HREE�::�5 0�� �1(:: LREE�::, �::, !��::-7 6��::N=7
 8d%.Eu �� 3�#� �� (=7� .����1 9,��� �� �� �:=J 6�7Fe 

)�/
���(�Q (@%-N�REE �1(:  �:=J 6%:"�� 0 (���� �=�
�G 
��LREE ��5 0�� �1( HREE �, �, !��-7 (
(  6��N=7

 �KM� 0Eu�� +
�-� �, �� (���a1]�[.
6%"��REE ��%-� !�� 3��):4� �:, �/�:,�0 �:���1 6�:76

30� �� !(  � ���, 8 �� 6�:K-7 �:, 8:
�R� ����):4� 6�7
!�%566o%I� )����1 !%:�A 6�76�(�:���1 0�:, 8:
�R� 6�:7

 ���� 6�K-7)����1 !�:�5 RK4 �5 RK4 6�7 (9):  ���3�#:� 
!(  !��� .REE ����1 �
�(:=. �
��:�� D�:4� �, �7C1 ]i[

!(  ��N=�,(�� .9) �� �)��=d��
� !(�Ŵ��:. (�0� 0� �% 
 ��/	� �� ���/�REE �:� !(:
� �7 (�%: ) :�(�:���1 �:, 6�:7

 �=J 6%"���1(  �� LREE �� �1(:  ��5 0HREE 0)�(
����1 �=J 6%"�� �, 6�7 �� �1(: HREE �:�5 0�� �1(: 

LREE .��%-� 6�7DG18 0DG19)9) �(�:�%-� �� �.6
� RK4 ]�� �, �/4�
� !(�3��)4� �� (�%  6�K-7 �� �0� 6�7

 ��K; �, 8
�R� 0 !�%56!(  � ���, ���� (�� .�:�%-� 0� *:
�
��5 �1(:  ��LREE �� �1(:  �:=J 0HREE �%:? �� �� 

�� 3�#� (:=7� .�:���1 �:1\
0 �� %:"�� *:
� �� �:=J 6�:7Al 
)6�L%4��1 (�4�]�[.��%-� 9,��� �� 6�:7DG21 �DG15 0

DG02)9) �(3��)4� �� �. !�%:5 6�K-7 �, 8
�R� 6�76
!(  � ���, 6o%I� !%�A ]�� 0 (�� xX�:�� �� 0 �/ �� !��5 6�

 O��� �/: �� �/
���(:�Q �1\
0 R�� �:=J C0�:I/� 6%:"�� �(:��
 �� �1(:: LREE�::�5 0�� �1(:: HREE �::, �%::? �� �� 
�� +
�-�(���a1 .����1 ��%1 *
� �:���1 �:, �,�#� 6��/	� �7-

�� �=J 6�7Fe)�/
���(�Q ((����]�[�:, �:;%5 �:, *
��,�:=, �
(�0� �7�K REE (:���� �/
���(:�Q P:�.�5 �7 .:, �:V� ���-

6��N=7Eu ����1 ��, �/
���(�Q 6�7 L�, 0 �KM� 6��N=7)�:,
 ��%-� !\
06DG02 ( ����1 0�, *
� 6�L%4��1 6�7 6��:N=7

 {�I? ����, 9) �, ��)�I=� �
 �KM� (�� 3�#� (=7�)9): 
�(�, R�� ��/	� *
� �����1 �1\
0 [�5��, P�5�5 0 �/
���(�Q 6�7

 �4� 6�L%4��1]�[.

��,�=, �:� ��:���1 @%� +
�(�G �� �r%� 9��%' e�I&5 �, *-

�:, !�%:5 6�:K-7 �:, 8:
�R� 6�7 ����1 �. �I1 3�%5 :
��6
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(&; ���!��-  ���G�
R���� �U�=' �-�  *��� �� ����1 ���. �-�  0 �.�? [��-.. . .m��

]=
��.�	0�(�7 (=
��	)Hydrofracturing(�:, 0� �.�E 0
!�%5 6L�,6�� !��%
� ]=4 �
�0��5 +
�R	� PK4 �. 6o%I� -

3Q ���/?� �� !��  6��
� jNE P�5�5 *
� �, 0 �!( �A �7 �� ��
 !��:  �K�� �. �<
��  �� 0 �(= �, !��. ( � �'�4 �, !���

 !��  �� !�%, L�, !��%
� ]=4 �,�76�
�:-1�� !�"/4�? �, )�:.
 ��(::�� �̂::/_�KXFe (::���� �
L�::, (��::���1� �::X66o%::I� 

)Infiltration metasomatism (P:�.�5 �a:� 0 (�(  �/#��
 (���� �/
���(�Q .��
���6U�=' 6%"�� *:
� �� �.�:? [��-. �

����1 @%� !�%:5 �� �:U�=' *:
� 6%:"�� �:, �76!�� 6o%:I� 6
0� �:7 �� �:U�=' *
� 6��/	� 6%"�� �7�K  6�
%1 R�� 8 ��

 �, ��4� ��%-� @%-N� �. 6�%XREE �:=J 0 L�, 0� �7 �� �7 
8K4 �.�? [��-. �U�=' �1( )LREEs ( �:U�=' �, �K��

 *�"=4 �.�? [��-.)HREEs (��� !(7�# �%: )9): i.(
����1 �� �/4� *
� *
�,�=, �, ��K  �
%"�� ��7REE �:�,���1 6
(���� �
�-1�� !�"/4�? �,)6%"�� �, �;%5 �,REE !�%:5 �� 6
!��  �̂/_�KX �. 6o%I�6�1\
0 *�=d 6���� R�� 3Q �� 9U�E -

�4� 6� .( �:���1 9:,��� �� �:r� �� !�%:5 6�:K-7 �� �0� 6�:7
 %X +=)-7�, !��  C(� ��L�76]=4 �, �6aI=� 3�:,R�� 6�7

�, !(�Q �%;0 �-�  �, �����4 �5 �4� !(  PK4 ��� *�-7 0 (��
 3�,R�� ]=4)!��  �� 06���"�� (�%  �	�, .(:�0� ���:5REE 
����1 @%� *
� !�%5 �, �76]=:4 ]���G +�� (
%� R�� 6o%I� 
7��-7 0 !��%
���76L�, 6�%:
� ]=:4 �:, [���1 �:4� !� .��

0 !�%K� L�, ]=4 �, !��  �K�� �"
� �<
��  *�=dFe �	�. 
����1 �N�/� �� ��%, (7�%�� D�/4� �� 0 �/ �� ����Q ( � �7

 � �� (=7�%? 6�L%4��1 �K�.�5]�[.3�#:����)-7 0 ��T:4�1
]�[60� �:. ��,�#:� �_��<� �� REE 3��):4� 6�:7 �:���1 

f�%�; 30�. 6WX)CrownJewel(��:)
��� */"=: �0 ���
� �
!��� $�N���/	�
 �4� ��,�#� �
�/� �, (�� (:�� .(:=/	�
�� 3�#:
�
 ����1 �. �� �:=J 6�:7Al)6�L%:4��1 (�:=J 6%:"�� 6����

 �� �1(::  HREE �::, �K�::�LREE �::N�/� �� 0 (=/�::7 
�����1�6!��%:
� ]=:4 �:, [Q �K�� �. �<
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�G �� (�� ����1 �. ���E �. �/
���(�Q 6�7
 �� �1(  �=J 6%"��LREE �, �K�� HREE 9:U�E �(:���� 

�����1�63�:,R�� ]=:4 �
�0��5 �. �<
��  �� 0 !�%, 6o%I� 
�1(==)  (=
��	 �r� �,)Fracturing(!��  �� �/	� L�, �76�:, 

(=/	�1 9) �
�-1�� !�"/4�?.

8��H��-. �U�=' 6��/	� 6%"������1 �� �.�? [!�� 3��)4� 6�768 �� .6��~/?� j
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8��I��
���6!�%5 3��� �.�? [��-. �U�=' 6%"�� 66o%I� )�&M� ��W' �, (�/
���(�Q P�.�5 �, 6�7 ����1 0)W' �,!�
�� �� (3��)4� ��
!��68 �� )!��� f0(; �� c%,�� 6�7�!(�Q (��.(

	
��� ���� 
�::���1 �-�::  �::'%-N� �� �::76S%)::40�)�� �::, ����)::4� 

�4� !(  *��_5 ��0�/)�� !(�����GR
� .�� Y:G �%V=� *
� 6��,
�4��, �:���1 P:4�=� 6�:7�%&, �
�4�=  0 �G%)40�)�� 6�7

)(:�Q ����1 @%� 0� �7 6�L%:4��1 0 �/
��� (x:<�� 0� ��(:_5
 ��, O���6!���Q 0 3��� 9��U 6�0��:	 C����`5 R.�� �, 6��4

 (:=/	�1 ���:A +
�:��Q ��%� 0 !(  !��/4�	 3��
� ��(_� ��%� .
��%-� [�:�/�� 3�:4�1��� @�%�� �� 3�)�� (E �5 !(  �4��, 6�7

 e�A� ��0Q�, (=��%/, �5 (�(  � �:p��� �:���1 �-�  �� 6�5 (:=7 .
�R:;� 3�%:=' �:`5 �:. (:���� �%;0 ����1 �&U� ��%1 + 6

���
�Gh�� �/?�=  (�%  :S0��G)Mg3Al2Si3O12(*
(:��-�Q �
)Fe2+

3Al2Si3O12(*�5���T4� �)Mn3Al2Si3O12(�L%40�1 �
)Ca3Al2Si3O12(�
���(::�Q �)[Ca3(Fe3+, Ti)2Si3O12](0

�
00��0�)Ca3Cr2Si3O12 .(��%1 R:�� ��(,Q 6� �:. ���� �%:;0 
�L%40�10�(�7)[Ca3Al2Si2O8(SiO4)1_m(OH)4m](!(:����

���%  .����1 �/#�, xA�0 �� 6�4 �7 �� 6(:��; f%:&`� 6�:7
 (=/�:7 ���:
�G �R:; (:=d �
 8
 .�
�:5 �:4 ���%:-� D�:4��,

�L%4��12�
���(:�Q 2)*�5���:T4�2*
(:��-�Q (e:
�X �� �:.
�K4�`� �, ���
�G 6��'� (�(�Q �4� ����1 �!�� 3��)4� 6�76

!�/�1 �� 8 ��6����1 �:� ���:A �/
�(:���1 6�7 �� 0 (:���1
 

5- .End member 

 �
���(�Q @%�20 *�5���:T4��-. (U�� ��=5 0 (=/�7 �L%4��1 
(���� S0��G)9) �.(�K4�`�6���
�G 6��'� ���
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 P�.�5 �. ���. ����1 �/?�=  �� �7���5�m��
���(�Q (U�� 

�� �5 �i�5 ��L%4��1 (U�� ���:5 �I:U 0 S0�:�G (U�� ��
�:� �:��t5 *�5���T4� (U�� (:=.)f0(:;�.(�:I�X 6%:"��

){�XEDS ( ����1 �/
�(���1 P�.�5 6�
%1 R�� ����1 ���.-
!�� 3��)4� 6�76�:4� 8 �� )9): ��.(P:�.�5 6%:"��

��::.��::���1 �/?�=:: !�� 3��)::4� 6�::76�::, ��K:: 8:: �� 
3��)4� �4� 3��; 6WX 0 *7Q �Y� 6�7]����[)9) ��.(

��<=� �4��, ����1 �� 6(=, �� �
�(���1 6�4 6�7 (:��%5
�����4 �?�=  6��, 6(�I� 6�-=7��6(: �, 3��)4� 9�)#5 

]��[.�::4��, ���::. �/	�::�-7 60� !(::  $�::N�� 6�::7 0 �::7
��K���� ��  6�76�:���1 �� �:�<=� �:, 6�:7 �� ���:4%� 6(:=,
3��)4� �:� 3�#� �7 ��: �E 0 R:.�� 9�)#:5 6�:�� �:. (:7�

 �-� ��� �a� ��4� �"
()
 �, ��K  ����1 6�7�%&, 9:��' (:��%5
 !(
(G *�=d ����1 ( � $�"=7 6� ( �, �7]��[.!�0� C����t5-

+K=; �r� �� ��#	 6� �.�E !\
0 �, 0 �&�1 6�76�7 �-/�� 
+K=; *
� ���,�} 0�:� �:7 !�0� C��:��t5 PK:4 (:��%5 �� 6�
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(&; ���!��-  ���G�
R���� �U�=' �-�  *��� �� ����1 ���. �-�  0 �.�? [��-.. . .mm�

Gr Ad

Sp+All

� �/	�-7�[Q >��1 �r� �� R!�%:5 C�0�N� �� 6%; 6�7 6�:7
 [Q *
� �.��#� 0 6o%I� �����4 �� �7 6�:7 �:� �,�:��1 (:��%5
�1\
0 �� �5����t5 PK4%)
R�	 6�72�
��-�  )Eh, PH, T (

!�� �76�����4 *
� �%  �7 .[Q *
� �. �N�Q �� �rs/� ���"�, 6�7
 *��� �`<4 6%; H
��  ��!�0� C����t5 �a� �(��3Q 6��� �7-

�����4 �, (��%5 ���a1 ��rs5 �,���1 6�7]�m[.

8��J-� �
RN5 P�.�5 x
�%5 ���% !(�0�.R
� 6�76����1 ��0�/)�� !�� 3��)4� 6�763Q ��
��� 0 8 �� ����1 P�.�5 �, �7 �/#:�� @�%:�� 6�7-
�76����)4� ]�����[.6��~/?� j
W' :Gr : ��L%4��1Ad : ��
���(�QSp : �*�5���T4�Al :3(��-�Q.

1�-':����1 6��/?�4 f%��	 �K4�`� !�� 6�76D�4� �, 8 �� ��3\��.� j5� .
K$���/ �� �E→+
�-�G �→R.�� �� �E→+
�-�G �→R.�� R.��→+
�-�G �→�� �E 
�
&�
 G1-1 G1-2 G1-3 G1-4 G1-5 G1-6 G1-9 G1-10 G1-11 G1-12 G2-14 G2-15 G2-16 G2-17 G2-18 G2-19

SiO2 ��/�m i/�m ��/�h ��/�h ��/�m ��/�h h�/�m �/�m �m/�m ��/�m ��/�h �h/�h h�/�h �i/�h ��/�m ��/�h
TiO2 ��/� �i/� �i/� ��/� ��/� ��/� ��/� �/� m�/� �h/� ��/� ��/� �h/� ��/� hh/� ��/�
Al2O3 �h/�h �i/�h ��/�h ��/�h �/�h ��/�m m�/�h ��/�h ��/�h �/�h h�/� ��/�� mm/�� ��/�� i�/� i�/�
FeO �i/m ��/m ��/h �h/m �h/m i�/m ��/m �i/m hi/m ��/m ��/�i ��/�� ��/�� h�/�� ��/�� ��/��
MnO mi/m mm/� h�/� mh/� �h/� ��/� �m/� � ��/� ��/� ��/� ��/� �/� h�/� hh/� ��/�
MgO ��/� �h/� �m/� ��/� �h/� ��/� �i/� ��/� ��/� ��/� �i/� m�/� m�/� mh/� h�/� m�/�
CaO h�/�h ��/�� ��/�h ��/�h ��/�h �� �m/�h m�/�h m�/�h ��/�h ��/�m ��/�m �h/�m mm/�m m�/�m mm/�m
Total ��/�i m�/�h i�/�h ��/�� h�/�i ��/�h ��/�h i�/�� ��/�� ��/�� �m/�� m�/�� ��/�� �/�� �/�� ��/��

�&�0�
 ��-L0�$�/ �3 � 9:�#�M
� N0� 
Si �i/� �h/� �h/� ��/� ��/� �i/� ��/� �m/� ��/� �h/� �m/� i�/� i�/� i�/� im/� i�/�
Ti ��/� �h/� �h/� ��/� �h/� ��/� �h/� �m/� ��/� ���/� �m/� ��/� ��/� ��/� �h/� ��/�
Al ��/� m�/� �h/� ��/� ��/� ��/� mm/� mh/� mm/� mm/� �m/� ��/� ��/� ��/� �m/� �m/�

Fe3+ �i/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/� �m/� ��/� ��/� ��/� �m/� �m/�
Mn ��/� ��/� ��/� ��/� ��/� ��/� �h/� ��/� ��/� ��/� �m/� ��/� ��/� �m/� ��/� ��/�
Mg ��/� ��/� ��/� ��/� �i/� �i/� m�/� ��/� ��/� ��/� �m/� �h/� �h/� �h/� ��/� �h/�
Ca �m/� �h/� �h/� ��/� �m/� �h/� ��/� �m/� �h/� �m/� ��/� �m/� ��/� ��/� ��/� ��/�

Sum ��/� ��/� ��/� ��/� ��/� ��/� ��/� ��/i ��/� ��/� ��/� ��/i ��/� ��/i ��/i ��/�
Andradite% m�/�� ��/�� ��/�� i�/�� m�/�� h�/�� i�/�� ��/�� ��/�� ��/�� ��/�� mm/m� �m/m� �h/mi �i/m� ��/m�
Grossuler% ��/�� ��/�i ��/�i ��/�� ��/�� �i/�i ��/�� ��/�i ��/�i ��/�� i�/�� h�/mi ��/m� ��/mi ��/m� �h/mi

Pyrope% ��/�� m�/�� m�/�� m�/�� ��/�� ��/�� h�/�� hm/�� mi/�� m�/�� h�/� ��/� i�/� ��/� ��/� ih/�
Spesartine% ��/i ih/� ih/� i�/� ��/� ��/� m�/� ��/� ��/� �m/� ��/� �h/� ��/� ��/� ��/� �m/�
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��(7� ., ��: �E �:, R.�� �� ���
�G 6��'� C����t5 (U�� �%:&

 �R:;� �� ���t5 �
�
%1 R��6�:, �:4� *�5���:T4� 0 �L%:4��1 
��%1 (:U�� ��(:�� �/#�, *�5���T4� (U�� �, eX�=� �� �. 6�

 �::4� �::/-. �L%::4��1)9):: ��.(9)::  ����(::U�� R::�� 
�%:&, R:.�� �:, ��: �E �� �. ����1 �
��/�� 6�7%�' C����t5

 !(  j�4�5 �(:�Q (U�� ��(�� ���t5 �"���, �(�� �L%:4��1 0 �
��

 ��%1 �, ��4� ����1 ���. �� �E �� �. 6�66���4 (U�� �%&, 
�:4� �L%4��1 6���4 �� �5L�, �
���(�Q)9): ��.(L̂�:-/E�

�/�76�L%4��1 60 ��#:	 �:`5 �����:4 �. �<
��  �� �%&, 
�/: ���, �:r� �� �:���� �� 0 !(:  9�)#:5 !�%, �
��E� H
�� 

 ��  + %; 0 ��#	 3(  [Q �0�0 (
�  0 !9?�� �, 6%; 6�7
 �:��E 0 !(:  w%:' !��:  �
��-�:  %:)
R�	 H
��:  �����4
 �#:�� 6��:, H
��:  �:N�/� �� 0 !��:. �(:�G 6�:5 �#
��.�

�4� !(  ���� �
���(�Q .

8��99�
%~5 BSE +
�-�G 6�/4�� �� ����1 @%� C����t5 (U�� ���%-� 0 ����1 ���. )R:.�� ��: �E �:, (!(:�0�.R
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(&; ���!��-  ���G�
R���� �U�=' �-�  *��� �� ����1 ���. �-�  0 �.�? [��-.. . .mm�

Calcit

Garnet

8��9:�
%~5 BSE ����1 ���. )�%&, R.�� �, �� �E �� (!(:�0�.R
� �G%):40�)�� +
�:-�G 6�/:4�� �� �:���1 @%� C����t5 (U�� ���%-� 06
��0�/)��)!��� +
�-�G 6�7�f0(; �� �.(

	����3 
::4�3��)!�� 6�::76���::. !�1(::
� �� 8:: �� @%::� �� �/?�=:: 

3��)::4� (=/�::7 �::���1 6�::7 .�::'%-N� �� �::���1 ���::. 
3��):4� !�/�:1 �� �::�<=� *::
� 6�::76(::��; f%::&`� 6�::4
�
���(�Q2���:A S0��G 0 *�5���T4� 6R�d�� (U�� �, �L%4��1 

�����1 .�� �V� �, P�.�5 �. (4��766�L%4��1 0 �/
���(�Q 
�(; �� 6���/� +��
�U�=' +REE �����1� (=
��	 �X 60

�/ �� 6�%&, ( �(�� .L�:, ]=4 �, !��  �K�� �. �<
��  ��
 !��  ( �,�76�
L�:, (:U�� 6���� �-1�� ��-N�� �� 9U�E Fe 

� �����:4 �<
��:  *�=d �� �(=/�7 :
 0 !�%:, !��:  f�:/=. �
�4L�, �%&, ( � �'�4 .����1 =d �� �. �
�7 (: � �/��E *�

�� �:=J �:, 9:
�-5 0 (:���� �/
���(�Q P�.�5 (==. �� �1(: 
 �U�='LREE �:U�=' �:, �K�� HREE (:���� .�� 9:,��� ��

 !��  jNE �. �<
��  �:� �:	� !�%5 ��-N�� �� 9U�E �7 �(:=.
 �:� *�
�:G R�� ]=4 �, !��  �K�� f�:/=. �� �����:4 0 (:/	�

 �� ���A 3�,R�� ]=4���1 .� *
� �� 0 !�%, $��Q �%&, ( � H
�
����1 !(:  9�)#:5 6�L%:4��1 P�.�5 �, 6�7 (:�� .�:�%1 *:
�

����1 ��5 �7 �U�=' �1( LREE �:U�=' �:, �K�� HREE 
�� 3�#� ��(=7�.
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