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95
J��, (�	�?>B0M� ��%�9��:"$ �� )PPL(`C(") �?  3& R
3() ��6!"�:0%�16���0� 3& �%�9��:"$ ���!�"� �� �? ��6!"�:0%�16 �
�� 7,�,0� UL N
�I �� ;�+� �#3& 3I� `�(�14&"#� �? "160%�16 )XPL (7(�
�9�? »R4& �(& �36 �,���9��:"$ !«.���!, ��6!"�: �, >"y, 

�$,  3��<� �E�?)PPL(.���6 >���9L, UX{2 �I �,]m[�$, .

�������
 ��
����������� %�
 ��������� ��� 
���0)!": S�6")�9���)!3
": 3& �%�9��:"$ >�I "? !"$

 W�$,�$�"?���6 >�I �9	�? h?,!� ! �$�%& ��#�0?���I
3& �%�9��:"$!   3& �%�9��:"$ ���!�"� �� �?�
��,�0&.

��������� ��K�@�'���%�
 
���$�"?>�IH%$ �
, �:04$!"4�� ���6 �, �X�
��? ��I >�I

 R��& ���!, �X�<#�� �
0��!,)5P(%��6!"�:0)�, �)�P%�x(%�
��6!"�:0%�16)b%�5(%R%��$, �)�)�(%���6 '�� !>�I

 ��9��:"$ R��& ;0#"#�)\P) (%�9�
� 3%�>�I �R�)!'
"6 
�9�= �
��,'�� ��
�0#(�K��) ����0�")�3��6, ! ���0%�96=
 �I=��  3
�3�0&.

6!"�:0)�, >�
��? ��
�<#�� ���:�
"9+�? �
0��, �, 
�? �6 ���,� ,� ��,!,"	 7�0t�&�� ��,��? !�
'A) �? R4&

H%$ �
, �� ��9��:"$ �? U6 �#3&��  3
� �I 3�0& .��
��0<� �, �L"?��6!"�:0)�, �I�? �I �9&� R�)!'
"6 �? 73& >,

 �$,  3& �
'A))R4&^��,.(��6!"�:0)�, >,�,� S1@, 
�� >�I!  �0?  3�<L �� ;�+� ,� >3
3& �14&"#� 3I�

)R4&^C.(

��6!"�:0%�16 ��  3
� U6 �1�L _.��� �� 3�0&.
�? ��6!"�:0%�16 ! ���0�") �? S1@, !  �0? R4&

 3& R
3() ���0%�96, �$, .�#��*9�4& ! �I �� �I
 ��6!"�:0)�, ! ��6!"�:0%�16 �? ��! �$,  3& ": R�)!'
"6

~-?�>�����6 �36 �#� �� '�� ���16 !��  3
� �I0&�3
)R4&^�(.R%��$,R4& �<���? �) �,� R4& �0? !�L"? �? 

��,� 7�0t�? �&�� >�I��  3I�+� H%$ �9� �� R4&�0& .
R%��$, �, �L"? ��? >�~	 !  3& �9�4& H%$ �?  ,"<I �I

�*9�4&�� ;�+� �6 �$,  �"6 ": �
0��y ��9��:"$ ,� �I 3I�
 R�4+)�*9�4& �
, �� ��9��:"$ ���6 �I�?>�I3%
,"	 ����
�9L�$>3-? �9�?,!  �0? ,3�)R4& ^7.(

�	�? �����?"@ �9�I �
�<#�� �
0��!, >�
��? �D�?"@ ,�
 �$,  �,� R�4+))R4&^�.(�9�I �, �L"? �9(�, �I !�

�9�4& ��-� R�4+) �
��,'�� �, D�<9Z, �? �6 3��,� 
 3& 3�,]�.[ �,0
� ��9��:"$>���?"@ R?�E >�I"(�	 R��&

 "? �0<2 �6 �$, R�)!'
"6 �, >�,0� �
!� �J$ �,0
� W�<) -
>���?"@�9�I !>���?"@�$,  3& _E,! .�(�>��!"�? 

 �,0
�>���?"@�?;!�� �� �*9�4& �
 ! �01? K
 �"� ;,0%2

D3� *

E F
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":�9� �9	�? h?,!� ! �$�%&>�I. . .mo�

�$, �01?]n[.��0<� S1@, ���%�9��:"$ >�I ?  3& �	�? �
���?"@ �$, �%& �2�$ �	�? >,�,� �9�I �)R4&^i.(��
�	�? �%& �2�$ )hourglass(�9�I ��9��:"$ ����?"@ �, 

 �,0
� ��9��:"$>���?"@ k��+) R?�E����;�+� ! 3%I�>
�*9�4& 
�I ���,� ��? �"� �� �$�I)R4&^i(]n[.

��&�Z �� �	�? ��M�16>A� �, R4+9� �
0��!, ���6 �20<-
��0<� �, �L"? �� K��) ! ��9��:"$ ��
"16 ��,�'
� >�I �I

��  3I�+� 0&�3.
�	�? 3& RME UI �� (inter-locking) 7�0t �? 
�*9�4&H%$ �, �L"? �� 3%��� �4(& >�I  3I�+� �I

�� �0&)R4&^�.(
�0� "
���� W�$, "?>���6 >�
��? �� �X�<#�� >�I

"$ >�I ��)!3
":�9��%�9��: 3& �	�? ��,!,"	 '�� !>�I �(&
�9�
� mesh texture )�
0��, �, �:(��
�9�?)�, �:

��6!"�: (���9��:"$ >[�? >�0� "
���� !���0)!": S�6")
H%$ �
, �0& �� �?�
��, ��#�0?���I �I.

��3�'�3 ��������� ���%�
 
>���#j
!H%$ �
, ��#�0?���I 3%��<I �I >�I%�9��:"$� 3& 

����J%� >��0� �$, �$�"? .H%$ �
, �� �, �X�
��? �I
���6 R��& �X�<#�� >�I �
0��!,)5P%��x(%��6!"�:0)�, �

)x(%��6!"�:0%�16 �)x%�b(%R%��$, �)�)�3t�� (�0~Z
�,��3.3�,  3& �
'A) ��9��:"$ �? ��6!"�:0)�, ! �
0��, .

��6!"�:0%�16 >�����6"9+�?��0�") �? �/=R
3() ���0%�96
,  3&3�)R4&xC(.G0� �, z[�<9Z, �
"16 "
���� �� "160%�16

�0& ��  3I�+� �I ��0<� �, �L"? �� "9<6 .
���6 �20<A� H%$ �
, >�I )��(2 �I3%�,:

Ctl + Lz ± Atg + Tr/Act ± Mt ± Cchl + Crn + Opx +
Cpx + Ol                                                    

���6 >���9L, UX{2 �, �I]x[�$, .

���������� ��
��>���$�"?�:04$!"4�� ���0<� �
, �Iz{��6 �%�9��:"$  3& 

���6 ��y= z�(
"�) !R?�E �9�$ �? ���= �� ���!, �X�<#�� >�I
  3I�+��$,�<�  3I�+� z{t, �
 !0&�3.���6 �20<A� >�I

H%$ ��(2 ��%�9��:"$ >�I)3%�,:
Ctl + Lz ± Atg ± Cchl ± Mt 

H%$ ��0<2 �	�?�1L,3) �(interpenetrating) �� �6 �$, 
;= �V�) 7�0t �? ��9��:"$ >�I3%1?�9�= R?�E ! �
�0#

 �04$!"4�� "
� �� k��+) �$,)R4&x��,(.! ���16
�#� �� �
0��y 7�0t �? �I= 3��6,�*9�4& ! �I �I �9&�(�,

  3&3�, .�16 "160% 3�+6 7�8Mt 7�0t �? �? �1L,3) H�� 
 �,3�, �� ! 3�M$ �) >"9�6�L �) 7!�M9� >�Imm 5x/P��

 3I�+� H%$ �9��0& �� ;�+� '�� �#3�<L ���Z !
�� 3I� )R4&x�(.�� D0<-� �0J? "160%�16

��%�9��:"$ �X�I �$� �, z{��6 ,� �0L �X�<#�� ���!, �	�? �6
 �,� �	�? !L,3) �1�� ;�+� ��  3I�+� �3%I�0&�3.

���6 >�I�36R4& �<�� z��0<2 �? �) �,� ��! �3%9�I R4&
R4& 7�0t �? >�,3-)��  3I�+� '�� �,��%��� �� �6 3�0&>

 3%6,": H%$3�, .�	�?�9�
� �(&Rt�Z �
�9�? �,�
'A) >
0)�,��6!"�:'�� H%$ �
, �� �I 3
����0&)R4&x7(.

�������� �L��"�
@L8 
��������� ��� ��
�������� ��3@
��� M���
%�
 

'����= �
�9� �,  ��M9$, �? N�? �
, �� H%$ �X��<�& ��0� >�I
�$�"?��)!3
":�9� ���0)!": �
�<#�� S�6") ���J%� >�I

 3& k�+�,3�.�,3-)a��)!3
":�9� �, ��0<� >,"? ��J%� >�I
9�, R6 H%$ �<�& '����=3& C��3��? !'����= �!�XRF �� 

�
'A) ;,"�) �<), >Y"�, ;����$3�3& .D!3T��
, �
�9� 
�
'A) �� ;�+� ,� �I 3I�.

>,"?;�,� ;�+���)!3
":�9� ���0)!": S�6") ��0� >�I
�$�"? �,�0<� �, Ol-Opx-Cpx ]�m[3&  ��M9$, �. �,� >�I
�1t,H%$ �,�0<� �
, ��  3& �
'A) >�IU$�  3&,3��? �

��1�� �,�0<� �? �T0)Ol-Opx-CpxH%$ "9+�? ��? >�I
�T��>�%�9��:"$ ;3& �� [�?  "9�#>! ��#�0?���I 
H%$ �T�� �? >�I>�%�9��:"$ ;3& �� ��X�:  "9�#>

 3& _E,! ���!�"� 3�,)R4&a.(

�N��, F����O
 ��&@"� ����� 
,"��V) ! �2"	 ! �1t, "t�%2 �$�"? >,"?;= 7�I�? �(�� 

MgO "t�%2 �, ��3&  ��M9$, �"89� .
TiO2:3�!�>��!'� N
,'	, �? �(��MgO��� ;�+� �6 3I�
TiO2���!, RZ,"� �� >���6 ��,! �X�<#�� ! �
0��, >�I

3+� ��6!"�:0)�,�41? �>3-? RZ,"� �� ;!�� �? �4(& 
���6 ��6!"�:0%�16 >�I R%��$, ! �"6 B0M��$, �%-
 �

��6!"�:0)�, ! �
0��, �, �: ��6!"�:0%�16 ! R%��$, R�4+)
 �0? �$, )R4&\��,.(
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Al2O3:N
,'	, �? �(��MgO ���,� ��!'� 3�!� �6z[�<9Z,
;�+�  3%I�>�4(& �� "�%2 �
, �!�! >���6 ! R%��$, >�I

 ��6!"�:0%�16�$,)R4&\C.(
Ni :�<� ;�+� ,� �t�L 3�!� 3I�.,�? z[0<-� "�%2 �
 R���

 ��,! �X�<#�� ���!, RZ,"� �� U
'�%� ! �I= �? ��0
 G�-& �?�+)
�� ��6!"�: ! �
0��, �0&)R4&\�.(

Cr :�� ;�+� "�%2 �
, ��!'� 3�!� ���!, RZ,"� �� �6 3I�>

3+� �
0��, ! ��6!"�:0)�, �4(& ��,! �X�<#����� z[�<9Z, !
��,�,>16 ��,! �01() �$,  3& ��6!"�:0%�)R4&\7.(

V:�"41<2 �? ��(& >��9	� z[0<-� "�%2 �
,Ti �� 
"	,3%
 ��,� �01() ! C!B >�I .3%��<I �6 "�%2 �
, ��!'� 3�!�
Ti �$,;�+� � 3%I�>�4(& �� "�%2 �
, >"�*
�T >

���6 �01() ���
�: RZ,"� �� ��6!"�:0%�16 >�I�$,)R4&\
�(.

!��- )�
'A)>��<�& 
���)!3
":�9���%�9��:"$ ! �I>�I !"$)N:� 3+� '����=BD :k��+) R?�E 3Z �, "9<6.(
Sample number Major oxides (wt%) �/�m �/�m �/� �/� �o �� 

SiO2 qo/m� �q/qo �m/�� o�/�p q�/�n �n/�� 
Al2O3 �m/o �n/o �n/� ��/� �q/� �p/o
Fe2O3 ��/m qp/m �n/� ��/� p�/� q�/�
CaO o�/o oq/o �m/� �n/� �p/� o�/o
Na2O BD BD BD BD BD BD 
MgO m�/q� ��/qo ��/�n np/�p ��/�n o�/�� 
K2O N N N N N N
TiO2 o�/o o�/o op/o op/o oq/o o�/o
MnO o�/o o�/o ��/o ��/o ��/o ��/o
P2O5 oo/o o�/o o�/o o�/o o�/o o�/o
LOI �q/�� o�/�� nm/�o m�/�o �q/�� ��/�q 
Total �o/�� p�/�� op/�� o�/�� pq/�� nn/�oo 

Trace Element, ppm 
Cr 5\P5 5]^O ��qn �q�o �pp� b^P\ 
Ni �a5� �xOx �nq� �pm� ��qn �]xb 
V �n �n �n �m �� �m 

95
P��)!3
":�9� ���0)!": S�6") �� !"$ >�I �,�0<�Ol-Opx-Cpx ]�q[.
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��, C

� 7

�

95
Q"?,"? �� "t�%2 7,"��V) >�I�,�0<�MgO.

��(� �������R�� /��' 
��%�9��:"$ >�I !"$ �,�0<� W�$, "?Cr �? �(�� TiO2]�n[

�� �9��0�	, >�I  "9�#Mid Ocean Ridge (MOR)  
!(SSZ)  Supra Subduction Zone �9	"# �,"E 3�,6�? �

>�I ��0<� �? S�)")�T�� �? >�%�9��:"$ ! ��
� U6 �9�?,!
3�,)R4&]��,.(�*��#!� �
, z[�<9Z, R��� �?;3& �,3?= 

H%$ 3
3& �I�$.�$�"? ��0� >�I ��0<��,�0<� ��>�I 
Al2O3 – MgO – CaO !FeO – MgO – (Na2O +

K2O) ]�n[�� �>  "9�#? �9�?,! ;0#"#� >�I ��)!3
": �
���0�	, �,"E �I 3�, �9	"#)R4&]� ! C.(

"
���� Al�� �h
,"& �%�9��:"$;3& ��0#"#� !�;,3%�
�<� "��V)3%6 .�>,098Al2O3��)!3
": �� �M
� �, �I >�I
 ��E ;!�� >,)N�:W0���E, R�4+) �, ("�@ ��&�Z �<$ �?

 ! R��6 W0���E, �) D�-	�:;!� ;= �, �+�,�!"	�� U6 0&�
]�p[)R4&]7.("
����Al2O3�� ��%�9��:"$ >�I !"$

 �? "?,"?)(wt% 5O/���x/P�$, .W�$, "?��
��� �,�0<� >,
>,098�Al2O3��h�8� >�I�����9L�$�19�� ]�p[�

��)!3
":�9� ��0� >�I�$�"?��%�9��:"$ �?�+� >�IPan-
African"�� �"& >,"8t �� ]�][�G,0�, �,��)!3
": >�I

��&�Z>��)!3
": ! D�-	 �$0���E, >�I�� �?�
��,3�0& 
)R4&]7.(

 �,� �? S�)") �
3? h�8� ��0� �� ��0T0� >�I ����
�9L�$��)!3
": R�4+) �I��,� _.�E "f� ;,0) �<� .��!�?

�? �T0)�$�"?>�I��)!3
": R�4+) D�<9Z, ! �9	�? ! �I
��%�9��:"$ �8� K
 �� Rt�Z >�I�++6 h��<� h�8� ;,0)

�9L�$ ���� ;!�� ��E ��&�Z �
 ! >,>�� ���= >,"? ,� D�-	 



�1���I"?, �;Bu� ��1@!, �12 �T�Z � �,�3<8� ;,"
, �$�%& ���6 ! �$�%&�01? �1A� mon

�	"# "f� .�
��,'�� R�4+)/�
0��, �
'A) �, Rt�Z R�)!'
"6
���?"@ �	�? �� ]�O[C��"# ��0#"#� �? ��� W0���E, �6 >�I

�9+: �$, �9�?,! �$0���E, ;��� >�I]�o[.W�$, �
, "? 3
�&

 ;,09?�L �*9$�9$0: >>,"? ,� �9��0�	, ! �$0���E, 
��)!3
": ��0� >�I�$�"?���,� R<98� "9+�? .

95
S��,(�,�0<�Cr �? �(�� TiO2]�x[�� ! C(>�vI�,�0<� Al2O3-MgO-CaO !FeO-Na2O+K2O-MgO ]�^.[�v�0<� �v
'A) >�vI
  "9�# ��  3& ��)!3
": >I 3& _E,! ��0#"#� >� �3�,7("
���� Al2O3��%�9��:"$ �I��h�8� >�I���� �9L�v$ �v19��]�a[��v
��� !>

��0<� >�I ��0����= �? �$�"?.

Whole-Rock Al2O3 %

b)

7

��,

c) C �
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�3�<�& ������T���� ����
 � ��@K�K& ������& 9�5U
 
��
�������� ��� %�
 ������������ 

H%$ ��J%� �� ��)!3
": >�I>��0� �$�"? !  3& ;�$"#�
��%�9��:"$ ��)!3
": ! �I �%�9��:"$ >�I 3&  3& R�4+) 

�$, .
H%$ �� ��0#"#� U9��$ �4%
, �? �T0) �? �9�)!3
": >�I

 R��& "9+�?MgO-SiO2-H2O�, �<6 "
���� �? Al2O3

�$,)U9��$MASH ( �%�+��T !Fe-Mg ��
�: �12 �? 
�,3�� ;�0?Fe��)!3
":�9� �� � ;,3%� �I ��<I �? ����� U�

N%6,! ����<9Z, >�JL �9&,� "f� �� �? �R����� ,� �I �� ;,0)
 D3� U9��$MASH ") K
�'� ����? �-E,! U9��$ �? �6 

�"6 �$�"? ��I��	 >,"? 3Z,! ����-	 �9	"# "f� �� �? �$, .
�%�+��T ;�0? �!38� �12 �?���6 �� ��0�)�6 >�I >�I

 �, �%@MgH%$ !3
":�9� >�I ����-	 �9	"# "f� �� ��9�)
�<� ��A
, >��
� >�JL 3Z,!3%6 .�$�"? �? �J%� �
, �?

N%6,!�$,  3& �9L,�": ��0#"#� h
,"& ! �I .
��� �($�8���0#"#� >���9���)!3
": c"	 �? !"$ >�I

 �, ��X��� >�~2, >,"? 3Z,! ����-	����"?THERMOCALC 

version 3.1  ]��[�3&  ��M9$,)%6,!N>�IR-1 �) R-2.( 
���6 >���9L, UX{2 �I �,]m[3�3& �&,�"?.
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2CaMgSi2O6 + 3MgSiO3 + 9H2O =
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3Mg2Si2O6 + 3Fe2SiO4 + 4H2O + O2 =
Opx       Ol    fluid  oxygen 

2Mg3Si2O5(OH)4 + 2Fe3O4 + 5SiO2 (R-3) 
 Lz/Ctl               Mt           Qtz     
 
3Mg2Si2O6 + 4H2O = 2Mg3Si2O5(OH)4 + 2SiO2

Opx           fluid              Lz/Ctl           Qtz       (R-4) 
 
3Fe2SiO4 + O2 = 2Fe3O4 + 3SiO2 (R-5) 
 Ol         oxygen    Mt        Qtz 
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4CaMgSi2O6 + 5MgSiO3 + 9H2O =
Di                         En                   fluid 

 2Ca2Mg5Si8O22(OH)2 + 2Mg2SiO4 (R-6) 
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2CaMgSi2O6 + 2Mg2Si2O6 + 2H2O =
Di                         En                   fluid 

Ca2Mg5Si8O22(OH)2 + Mg(OH)2 (R-7) 
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