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Mineralogy, geothermobarometry and magmatic series of Natanz 
plutonic complex 
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Abstract: The Natanz plutonic complex is located in north of Isfahan and in the Orumieh 
– Dokhtar magmatic belt. Based on petrographic studies, the Natanz complex is 
composed of six rock types, which are granodiorite, quartz-diorite, diorite, gabbro, 
quartz-monzonite and granite monzogranit. The intrusive rocks of Natanz are related to 
the calc-alkaline magmatic series and I-type granitoids. These rocks are mainly 
composed of plagioclase, quartze, amphibole, alkali-feldspar, biotite, and pyroxene. The 
composition of olivine is Fo67-70. Pyroxene is Na-poor. The Composition of 
clinopyroxenes is in the diopside – augite range and orthopyroxenes are enstatite. All 
clinopyroxene analyses display compositional differences between cores and rims. Calcic 
amphibole with magnesiohornblende composition is one of the mafic minerals in the 
rocks. Composition of plagioclase is An11 (the minimum value in granite) to An92 (the 
maximum value in gabbro) and in some samples this mineral has normal zoning. Micas 
are Mg-rich biotite. Application of Al in hornblende barometry indicates a pressure of ≈
2 kbar for the intrusion. Thermometry yields low temperatures, which probably reflects 
late stage, post - magmatic re-equilibration of the minerals. 

Keywords: mineral chemistry, geothermometry, geobarometry, calc-alkaline, Orumieh – 
Dokhtar, Natanz. 
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�4&"+���N �7
�� �7��&�5 .�
76M-.-&
- ����  ���9 % ���� �1J8 �JT� yyx

 - &*&
� �69 �
 % #R91
SR3��- �.> #.�A�- 4�%>��A
 �A8 2#_
 !�9%&"3 &:,"8 �9 H1A� #- $7A  ���&8 bc��� �� �1N1� 4�5

 7�:�5 !�9%&"31�"J9 .!�9%&"3 �J9 �1c �8 OAl- �A�<�� 4�5
 �-�16� �� 1�"J9 % 1*�- #-Q – J)EF mA-($�� 4-&A8 �A9-

!�9%&"3 47�8 ��- $7  ����,"3 �5]j[�8 �:�8-% P&:�' �� �
!�9%&"3 !5> 4�5�21
("�� �O"�J9 �� �-&K �-� �F���o �7�&"'

 �� $7
� $7 ��
 �-�16� �� !�9%&"3 !
- ��1  O
7A� #- &"�	 �5 
7�:�5.

- I1�,��	M%(�� 
EFA  4�A5�1J8 r�1A0 �A8 ���9 !
- EFA  �A6"� �A* �-� �� �-�

 �� $7
� ��<�� 4�5%&8�'�1  .!�9%&"31*�- L"9&* �"M�� 4�5 
);%7Ni(JK �� �A� �-&AK �"*�:�A�- %&6 �&A"' .n
-7AN 4-&A8

 .-("�Fe2+%Fe3+4����,"3 V%� #- ]g[7 $��/:�- .70��

��16� a65 �"*�:��- �)"9&* P&:�' �� �5En 65-69 $7A  bAK-% 
��- .�-�16� �� �F���omB-�� $75�,� �-7�� �1 Al2O3��

!�9%&"31*�- r-&A""d* �A8 �)�A� �%&8�A' �� �1N1� 4�5 Mg#

�A�16� �� �A�% �A�- �8�� Y�)
&�* �A
�1
� �A8 �:�A8-% 4�A5 �A5
 r-&""d*Al2O3�8 �)�� Mg#��A�- �N1* E8�K .�A��M !A
-

 �A� .-(AA"� !:A	� _�AA8 #- �AA �� 7AA�-1*Al2O3�AA6'�� ��!"AAM
 .-(A"� n
-(A	- �A8 �9 -&o �7 �8 �6'�� �1J)* % n
-7N Al2O3

!�A9%&"31*�- #- n"3 #R91
SR3 4�5�1J8 ��6'�� �A� �1AJ):� -
�%�% &AA�- &AA8 �AAT":� �� % 7�1AA Al�#R91AA
SR3 aF)AA  �AA8 

!�9%&"31*�- #- �5Al�� &"�	 7�1 ]i[.�A8 �:�8-% &
���� Cr
�Na%Ti�-7A�� n5�A9 LA���* �A8 !�A9%&"31*�- �� �1N1�

Mg#)�"*�:��- 70�� (n
-7N aN�� n
-(	- �8 �*��)l �8 �
 %
n5�9 n"8 % O9 ��6'�� �1J)* %��7�8�
 .

$��<C���9 V#-�&3(
� t
�:� �54!�9%&"31�"J9 )Cpx ( B��- &8j�5��6� �.}"�9- 4�� $7  $��/:�- 65;%7N a�5E��  :gb : �%&8�'dio :
 ��
�1
�grd : % �
�1
�1�-&'gr : ��"�-&'7�:�5.

dio dio dio dio gbgbgbgbCpx 
{�/��  y�/��  �x/��  ��/��  �{/��  x�/��  ��/��  x{/��  SiO2

{�/xy�/xy�/x�x/x��/x{�/x��/x��/xTiO2

�{/�m\/W\i/W\j/i�x/�j[/imf/W~f/iAl2O3

Wj/[�{/���/���/���/��x/���/��x/�FeO 
xx/x�{/xx{/xxx/xxx/xx{/x��/xx�/xCr2O3

��/x��/x��/xy�/xyy/x{y/xy�/x{�/xMnO 
��/��  �x/�{  {�/��  ��/�{  yy/�{  xx/��  x�/�{  ��/�{  MgO 
�y/��  {y/��  �y/��  �{/�x  ��/�x  ��/�x  ��/��  �y/��  CaO 
y�/xyy/x�{/xyy/xy�/xyx/xy�/xy{/xNa2O
x�/xxx/xxx/xxx/xx�/xxx/xxx�/xxx/xK2O
xx/xxx/x\W/\xx/xxx/xxx/xxx/xx�/xNiO 
�x/��  �y/��  ��/�xx  y�/��  ��/��  ��/��  x{/��  y�/��  Total 
�x�/����/��y/����/��y�/��y�/���{/����/�T- Si 
x�{/xx�y/xx�/x\fh/\x��/xx�{/xx��/xx��/xT- Al 
x��/xx��/xx�/xxx�/xx�{/xx�/xx��/xx��/xM1 Al 
xx/xxx{/xxx/xxx/xxx/xxx�/xxxy/xxx/xM1 Cr 
x�/xxy/xx��/xx��/xxy�/xx{�/xxy�/xx��/xM1 Fe3+

x�y/xx�/xx�/xxx�/xx��/xx�y/xx��/xx��/xM1 Ti 
�{/x���/x[~[/\[ii/\�x�/x�y�/x���/xg~[/\M1 Mg 
���/x�y�/xx��/x���/x��y/x�{�/x���/x��y/xM1 Fe2+

xx/xxx/xxx�/xxx/xxx/xxx/xxx/xxx/xM1 Ni 
xx/xxx/xxx/xxx/xxx/xxx/xxx/xxx/xM2 Mg 
�y/x�x�/x���/x���/x���/x�{�/x�x�/xx��/xM2 Fe2 
xx�/xxx�/xxx�/xx��/xx��/xx�y/xx�/xx�y/xM2 Mn 
�y�/x���/x���/x�y�/x�y�/x��{/x���/x���/xM2 Ca 
x�y/xx�{/xx��/xx�{/xx��/xx��/xx�y/xx��/xM2 Na 
xx/xxx/xxx/xxx/xxx�/xxx/xxx/xxx/xM2 K 
x/{x/{x/{x/{���/yx/{x/{x/{Sum Cat. 
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7JNig$��6  �m("
�3 �im[[ ���9 ��� ����� –!""]* % �T����,	 . . .yy�

- II1�,��	M%'	�, 
C�� �� ���9 !
- �A"M�� �A
�1
�(*�-19 % �A
�1
� �%&8�' 4�5

 ��-� �1N% .!�9%&"31�"J9 Q"�J9 H1� #- &:,"8 �5]O"�J9�-� [
7�:�5][[.��16� �� �"A �M #- LA"9&* &""d* $7  �
(T* 4�5

 �� $7
� (9&� �8�1  .!�9%&"31�"J9 L"9&* &:,"8 ��<�� 4�5
 %- % 7"�31
� H1� #- ��- �
S.!�9%&"31�"J9 $7A  �
(T* 4�5

);%7NW(��" �M ��Fe/Mg 4(9&� n�8 �8 �)�� 4&:,"8
 ��<�� &+��,� �9 7��-� ���A9 !A
- �� 4��Al 47�8 �A��5 .!A
-

 ��,A	 % �A�� r-&A""d* �8 -� �:�5 % �" �M !"8 �)"9&* r%�/*
 $�-� �)�� �1]0 !6� �6'�� 7�-]~[�F"��M ��]i\[�A�<�� -

�Al 47�8 ��,A	 �� n
-7AN #- �A �� -� !�A9%&"31�"J9 �� 4�
 �-78> 4�6'�� �1]0 �
 % �8��)�8�� 4��� �� (!A
- 4%� &5 �
 %

�� E�-1l7�-� .�-7��Fe3+ !�9%&"3 �� .-(A"� �A8 �+:�A8 �5
 .> E"F,A* u"v� .}"�9- r-&A""d* �-�1A6� 4%� #- % ��-� �A5

AlIV+Na �8 �)��AlVI+2Ti+Cr �A�- �8�A
#�- E8�K]ii�
iW[.�-�16� �� �F���o)EF f�A(�� �GMR� &:,A"8 �1A 

��16� uA? 4_�8 P&:�' �� �5Fe3+
= 0�A� �-&AK 7A�&"' .!A
-

 a�#-1� B��- &8 �-�16�Alo �A"]K1� �� �1N1� A��A8 ��N%��
Al%Cr3+ �A�- $7A  �A�8 �A�N% �,A5 �"]K1� �� �1N1� .

�� !
-&8��8 ��16� 4&"'�-&K �/' .-1* �� �5�8$7A ��
 u? 4_
 Y_�6:M- .> 4&"'�-&K % .}"�9- a:"��'1	 .�18 _�8 a��,� �� �A5

 E"F,* u"v� �� .}"�9- a:"��'1	 .�18 !"
�3 a��,� u? &
#
 �����>]iW.[;�M !"l ��]im[�A�16� aJA0�	 �8 uA? #- �A5

Fe3+$7  �%>��
 % $�&9 $�� - �A�16� aJ0�	 �o &5 �9 7�- #- �A5
 &:,"8 u? !
- a:"A��'1	 �-7A�� 7 �8 ]���A�7� [�� .}"�A9-

 .> E"F,* u"v� �A�- $�1A8 &:,"8 �5 .�A9 !A
- �A8 �AN1* �A8
 .1"*�9 H16T� o �"]K1� 4�5 A� 4��:?�A� ;1A�&	 �� ��N%��
!�9%&"31�"J9 &8-&8 �5WEFA  �-�1A6� �� ���- f�B�� �A9 

.-("� .>Al �A8 �)��SiO"A�&* !�A9%&"31�"J9 �� �1AN1� 
���- $7  �A�16� a"J9 �A5)�A
�1
� % %&8�A' #- OAl- (4_�A8 ��

u?Si +Al = 2 �� �-&K 7�&"' .�� �A9 �A�- .> 4�A
1' �A9
!�9%&"31�"J9 o �"]K1� �5�.1"*�9 �8 Y���6* ���N% �� 4�A5Si

.1"*�9 #- �,�8 %4�5Al)AlIV(.1"*�A9 a"�8 % $7  ;�d - -
4�5Al �	��-)AlVI(A  ��-% ��N% �,5 �"]K1� �� $77A�- .

��16� 4&"' �-&K �A� �A9 ��- !
- #- �9�M $7 ��
 u? &
# 4-
 .1"*�9 a65 ���* 4�5Si %Al $7A  ��N% �,5 $�+
�N ��-%-

.1"*�A9 ��"]K1� !
- .7,� E"6F* E"�� �8 �FJ8 �7�- �A� 4�A5

 E")K #- &+
� �:"	&� Ti�Cr%Fe3+$7A  .> ��-% ("� 7A�- .�A8
 �	 ���A9%&"3 !"�o &+
� r��)l �A�N% �,A5 21A"�"�1�> 7AK

)AlVI (�AA�- .�-7AA�� �AA9 �AA�- 4�%>��AA
 �AA8 2#_Al �� 
!�A9%&"31�"J9 ��A
# 4�5��,A	 �� �A5 )3.5Gpa >(a<A�-18

 n�9-%)a(!"
�3 4�5��,	 �� %)0.5 – 1.2 Gpa(n�A9-% �A8 
)b(�� ;&:�9 �1 ]if[.n�9-%)a(#- n"A8 ��6l- ��iW\ 

�� �� &:�1J"9 75�]if[.
NaAlSi3O8=NaAlSi2O6+SiO2 (a) 
CaAl2Si2O6=CaAl2SiO6+SiO2 (b) 

!�9%&"31�"J9 �
�"6"  L"9&* �9 �T�> #- LA"9&* #- �]8�A* �5
 !
-&8�A�8 ��A����> P7�#�A� 4�A6'�� E"F,* u"v� % �
�"6" 

 4�5�-�16�)EF f�D,C (���*�AlRc- 7�-1* �A8 �A<8-� �� -� 
E"F,* �
�6'�� 4&�C�� P7�5� 7A5� �AI-�- �5]ih�ij[.(

�� $75�,� �5�-�16� !
- �� �F���o !�A9%&"31�"J9 �1A  4�A5
 �F5> % �:"w�1* P&:�' �� &:,"8 �"M����
�"JK )�
�A"JK �)  (

�� �-&K7�&"' .!�9%&"31�"J9 !
- �1AN1� H-1A�- �8 ��
��� �� �5
 C�� �� #- �
�"JK 4�5Si��U 7�&* .-�16� �� �F���o EF �f�

E�� �GMR� !"8 �:)�� a<8-� �1 Ti %AlIV �� $7
� ��1A 
 �-�16� �� �F�> ;�M Ti�Mg��- .%�-% �<8-� !
- �)EFA f

�F(�� �9 ��",A��N #- �8�*#�8 7�-1*CaTiAl2O64�AN �A8 
Ca(Mg,Fe)Si2O67 �8 &
# a<8-� &8��8 :

MgVI + 2 SiIV → TiVI + 2 AlIV 
;> $7A
- ��",��N P7��9 ��,� �9 �<?Ti-AlIV �� �A�-

EF f�E��- $7  O"�&* .��16� �-�16� !
- �� !"
�A3 �� �A5
 u?)�6�AlIV ( �A:	&' �-&K �A� .�,A� �A9 7A�- 7A5�Al ��

 o �"]K1����",��N &+
� �* �:	&' �-&K ��N% �� �
�A*%� 4�A5
 E��  �9 -�Ti �� .-&)N �1 7�9 ..-("� .�18 O9 �8 �<8-� ��

Cr2O3�� �5�1J8 !
- �� !�9%&"3 !
- �9 �/' .-1* QA
 #- �5
 $7A  �1AJ):� �,
-7N 4�6'�� 4�A6'�� &A+
� r��A)l �A8 �7A�-

 Q
 n
-7N E0�M �1? % $�1)� �"�%- ���<�� 4�5%&8�' P7�#��
QAA
#�8 4�AA6'���AA�- $�1AA8 &AA*.�AA8 �)�AA� �AA�<�� 4�AA5%&8�'

�
�1
� 4%�M �5 Ti 7�:�5 4&:,"8 .�A9 �A�- ���AM �� !A
-
 �5%&8�' �� �1N1� !�9%&"31�"J9Ti �A�16� �8 �)�� 4&:69-

�
�1
� �� �1N1� 4�5 7��-� �5 .�� O"��A:"* .-(A"� .�18 !"
�3
 !�9%&"31�"J9 !
- L"9&* �A"�6J
- 4&:,"8 �-7�� �1�M �8 �5

 ��- �:�8-% �5%&8�' �� .�A"�6J
- �1AJ)* �A8 -&
#Ti �1AN1� ��
!�AA9%&"3 % $7AA  �AA"�6J
- aF)AA  ��-% &:,AA"8 .1AA+8> 4�AA5

�AA� &AA"�	 21"��AA:"* #- ��AA"�6J
- �AA8 ��AA
(657�1AA .Ti4+��
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�4&"+���N �7
�� �7��&�5 .�
76M-.-&
- ����  ���9 % ���� �1J8 �JT� yy�

!�9%&"31�"J9 �� �5 �-7A6JK �JA0- &�A�l QA
 .-1�l �8 7�-1*
�1  .��N% �,5 �"]K1� &��l !
-M1�A� ;�d - -� % 7A�9

 r%�/* &c��8 �"	&� !"8 4�5Ti4+�A8Mg %Fe)�A9 !A
- ��
 7���8("� �"]K1�(4&"+
�N �Ti !�A9%&"31�"J9 �1AJ8 aF)  ��

 �A�- .��(65 ��",��N %� 7��#�"� .��A�� &A+
� r��A)l �A8
 ��",��NSi4+→Al3+2�AT�- �:�
�8 ��N% �,5 �"]K1� ��

 �1 ]ig[.V%� #- �F
 .1"*�A9 ;��)* a
�3 &8 �T����� 4�5-
4�AA5Mg %Fe ���AA9 !"AA81�"J9 % ;1AA)"/�> 4�AA5 !�AA9%&"3

 ��- ��
(65]i[[�A�� �A8 -� ���9 %� !
- ;��]* 4��� �9
�� 75�)�F"��A�
�1�&* EA��9 ;��A]* 4�-&AK&8 �A8 �F"I�T�> #-

 �� 4&:,"8 .��"6c- ��1J8 .1�-&"3 LA"9&* #- -�A� ��A -� .-1*
 ���9 !
- 7A  $��/:A�- �1AJ8 a"A �M �� �A5) (EFA h�A.( �A8

AA
- ����AA]* 4�AA�� V%� !AA
- #- $��/:AA�- aAA�16� �� ���AA9 %� !

�%7M �� �:
�1
�[\\ ��- �-&+":��� aN�� .EFA  ��h�B
�-�1AAA6� #- $��/:AAA�- �AAA8Cr2O3�AAA8 �)�AAA� Al2O3]i~[��

�� !�9%&"31�"J9 !�9%&"31�"J9 �1J)* .��# �� ��,	 .-1* -� �5
 �&A9 ��%>&A8 !"A�# a:A�13 �� �1N1� 4�5��,	 ;��]�)nA�8

 �� ��,	 ;��]� �-�16� 4_�8 �A�- �:A 1'(4�%>��A
 �A8 2#_ �
!A
- �1AJ)* ��,A	 ��1A� �� �J9 ��%>&8 Q
 �-�16� !
- �9 ��-

 �� �I-�- ���97�9 .&A"G� .-&+,5%}3 #- �?&8 !"�X65]W\[%
]Wi[�)�A� �9 7�7�:]�AlVI/AlIV �1AJ)* .�A�# �� ��,A	 �A8 

��-� �6"�:�� a<8-� !�9%&"31�"J9 .!A
- .�1A8 OA9 !
-&8�A�8
 �)��)\f/\�m~/\(!�9%&"31�"J9 �� �A� �A�<�� 4�5 7A�-1*

 Y�:)�� ��,	 &8 4&+
� E"�� !A
- �1AJ)* u"Av� &A8 O9�M !"
�3
�1  �-76JK ���9 .

$��< D���9 V#-�&3(
� t
�:� �54!�9%&"31*�- )Opx (&8a
�3 j.}"�9- .
gb gbgbgbgbOpx 
��/�y  53/26 ��/�y  y�/�y  ��/��  SiO2

��/x��/x�{/x��/xy�/xTiO2

[[/\~j/\[j/\~\/\[~/\Al2O3

y/��  ��/��  y�/�x  �x/��  �{/��  FeO 
x�{/xxx/xx�/xxx/xx�/xCr2O3

��/x��/x�{/x��/x��/xMnO 
�{/�{  ��/�{  ��/�y  �x/�{  ��/�y  MgO 
��/x��/��/�y�/���/�CaO 
xx/xx�/xx�/xxx/xx�/xNa2O
x�y/xxx/xxx/xx�/xxx/xK2O
xxy/xxx/xxx/xx�/xxx/xNiO 
x�/�xx  �y/�xx  �/�xx  ��/�xx  y�/�xx  Total 

���/��{�/����/��{�/��{�/�T- Si 
xy�/xx{�/xxy�/xxy�/xxy�/xT- Al 
xx/xxx/xxx/\xx/xxx/xM1 Al 
xx�/xxx/xxx/xxx/xxx/xM1 Cr 
xx/xx{�/xx��/xx�/xx�{/xM1 Fe3+

xx�/xxx�/xxx�/xx�/x\i/\M1 Ti 
��y/x~~m/\~~m/\��/x~~/\M1 Mg 
xx/xxx/xxx/xxx/xxx/xM1 Fe2+

xx/xxx/xxx/xxx�/xxx/xM1 Ni 
y�y/xy{�/xyx{/xy{�/xy�/xM2 Mg 
��y/x���/x���/x���/x�x�/xM2 Fe2+

x��/xx��/xx�/xx�/xx��/xM2 Mn 
xy�/xx��/xx{�/xx��/xx��/xM2 Ca 
xx/xxx/xxx�/xxx/xxx�/xM2 Na 
xx�/xxx/xxx/xxx�/xxx/xM2 K
~~~/mx/{x/{���/yx/{Sum Cat. 
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7JNig$��6  �m("
�3 �im[[ ���9 ��� ����� –!""]* % �T����,	 . . .yyy

� �N)A(!�9%&"3 E"F,* u"v� �� .}"�9- �:"��'1	 !""]* �-�16��5]iW[!�9%&"31�"J9 L"9&* �5&:,"8.�,� )�A� .�1A8 _�A8 P7�5��
.> �1J)* .��# �� .}"�9- a:"��'1	�5���)B($�+
�N H�) - .-("� !""]* �-�16�o��N% ���!�9%&"31�"J9 �� �"]K1� �5o��N%���Y�A��6* ��A8 

.1"*�9�54Si ,�8 %�.1"*�9 #- �54Al)AlIV (.1"*�9 a"�8 % $7  ;�d -�54Al	��- �)AlVI ( �"]K1� ���,5�N%�$7A  ��-% �7A�-)C%
D(&� !""]*4
�6'�� �!�9%&"31�"J9 L"9&* #- $��/:�- �8 �5]ih�ij[!�9%&"31�"J9��54�"M�� &:,"8 �� P&:�' :"w�1A*�%AF5>���
�A"JK 
)!��F�> p�� (� �-&K��7�&"'(E) r-&""d* �-�16� Ti �8 �)�� AlIV!�9%&"3 �� �54% ��<�� (F) r-&""d* Ti �8 �)�� Mg �A5%&8�'� 4�A�<�� 

�
�1
� �8 �)��%�M �54Ti&:,"8 4EF  &"G� �5��6� �7�:�5 m7�:�5.

� �O)A(��� !""]*4(65 ;1)"/�> % !�9%&"31�"J9 ;��]* :
�1
� a�16� �� ��
�][[%)B(�#% 70�� �-�16��Cr2O3�8 �)�� Al2O3�� 
!�9%&"31�"J9]i~[.EF  &"G� �5��6�m7�:�5.

Fe3+=0 

(A)

(C)

(B) 

Si (cpx) 

(D) 

(E) 
1:2 

(F) 

(B) 
(A) 
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�4&"+���N �7
�� �7��&�5 .�
76M-.-&
- ����  ���9 % ���� �1J8 �JT� yy{

DL$%P	��� 
;1)"/�> $�&:�A' a��-� �� �5 &5�A� �A�� % ��,A	 u
-&A  #- 4- 

�� #�� #- % 7�1 '7��.C�� 4��l C�� $}
18 !
�=> 4�5 4�5
 �F5> H1� #- ��%���C�A� % �
�"JK ��6A  �A8 ��1A'&'� 4�A5

��7�
> .���l16T� ���A9 !
&A:6�� ;1)"/�> ("� (�<� 4=1/� 
C�AA� �� $}AA
% �AA8 QAA"	�� �AA�- �AA�<�� uAA�-%7M 4�AA5 .

;1)"/�> 47A�8 $�� B�A�- &8 ��<�� 4�5][[Q"�AJ9 H1A� #- 
]7��-� O"�J9 [7�- .$�� �� ���A9 !
- 47A�8]WW[$%&A' �� (A"� 

;1)"/�> J9 4�5 Q"�)Q"�"J91��] (EA"� Q* [4�A5&:�-��3 �A8 
(Ca + NaB) ≥ 1%0.5NaB <%Ca > 1.5P�� &A
# (A"� %

Ca > 0.5%( Na + K )A ≥ 0.54&A� %Ti < 0.5�-&AK 
�� 7�&"')EF j–A%B(;1A)"/�> �.> �A8 s8�A<� �A9 4�A5 

$��&AA
# �� $7AA  �AA
(T* % 7AA�J)��15 �7AA�J)��151
(�+� 4�AA5
 K �"�1�":9- �� �-& 7A�&"' .�-7A�� �A9 �AT�> #-Fe3+;1A�&	 ��

;1AA)"/�> 4��:?�AA� �� �1AAN1� 4�AA5%(�1��AA
�1
�1�-&' % �AA5
�"�-&' �
�1
� #- �?&8 ("� % �5 �A�- Q
 #- &:,"8 �5);1A�&	

 B��- &8 ;1)"/�> 4��:?��im4����,"3 V%� % .1"*�9 ]g
[��- $7  �)��v� (�A� !
-&8�A�8 -&A8 -� %&A	 7�1,A"3 .-1A* 4

C�A� !A
- �� �1N1� 4�57�J)��15 4�-�+��� �&A8 ��A9 �A8 �A5
);%7Nm.(#- �AF
 �A��* .�"� !
- �� �9 ��- 4�%>��
 �8 2#_

;1)"/�> �A8 ^18&� 4�5]h[;1A)"/�> P&:�A' �� Na �-&AK �-�
���&"' .�-�16� �� �F���oA�� $7
� ��16� �1  �:�A8-% 4�A5

 C�� �8 4�5%(�1� 4-�-� �:"�-&'Na 8&A+
� �A8 �)�� 4&:,"
��16�7�:�5 �5 .

$��<F���9 V#-�&3(
� t
�:� �54;1)"/�> )Amph (&8a
�3 &8 Wm.}"�9- .
gr grd grd grd grd dio dio dio dio dio Amp 
���/{�{�/{�{�/{���/{�y�/{���/{�mh/fg��/�y��/{���/{�SiO2

y��/x�x/���/xy�/���/�{�/�{�/���/x��/���/�TiO2

iW[/j��/�if/h{x/�Wj/jW[/j��/��y/�ig/jg[/hAl2O3

yx�/��y�/����/���{/����/����/�y{�/��{�/����/�{�y/��FeO 
xyx/xx�/xx�/xxy/xxx/xx�/xx�/xxx/xx�/xxx/xCr2O3

��{/x��/xyx/�x�/���/��y/x���/x��/x��/xyx/xMnO 
���/�x��/����/����/���x/����/�{�x/���y/����/�y�x/��MgO 
{��/���y/���/��{/�xy�/�x��/�x��/����/��{�/���y/��CaO 
���/x�x/�x�/��x/���/��/���/���/x��/x��/xNa2O
{�{/x{x/xyy/x{�/xy�/xy�/x{�/x�x/x{�/xy�/xK2O
xy�/xxx/xxy/xx�/xxx/x�/xxx/xxx/xxx/xx�/xNiO 
��/���x/���y/����/����/����/���x/��x�/��y�/����/��Total 
x{�/����/�x��/����/��y�/��{�/����/����/���{/�x��/�T- Si 
���/xx{�/����/xx��/�x��/�x��/����/�{��/xx��/���{/xT- Al 
xx/xxx�/x\jW/\xx/xxx/xxx/xxx/xx�y/xxx/xxx/xT- Fe3+

xx/xxx/xxx/xxx/xxx/xxx/xxx/xxx/xxx/xxx/xT- Ti 
x/�x/�x/�x/�x/�x/�x/�x/�x/�x/�Sum T 
��/xxx/xxx/xx��/xx�/xx��/xxy�/xxx/xxy�/xx��/xC- Al 
xx{/xxx�/xxx�/xxxy/xxx/�xx�/xxx�/xxx/xxx�/xxx/xC- Cr 
���/x{��/�y{�/�x��/��{�/���y/x���/x�x�/x���/x��/xC- Fe3+

x{�/x���/xx��/x��/x���/x��/x��y/xx��/x�y�/x�y�/xC- Ti 
y{y/��yy/��x�/��{{/�fig/Wi~h/m��/y�{�/yxx�/yWg~/mC- Mg 
��y/��xy/x���/x�{�/���{/��{/x���/x��{/x���/x���/xC- Fe2+

x��/xx�{/x���/x���/x�{�/xx��/xx��/xxyy/xxyy/xxy�/xC- Mn 
x/�x/�x/�x/�\/h\/hxx/�xx/�xx/�\\/hSum C 
���/�hih/ihj/i���/����/����/����/���/���y/���{/�B- Ca 
���/xy��/x��/xyy�/xy{�/xyx�/x���/xx��/x�x�/x�{�/xB- Na 
x/����/��y�/�x/���y/���{/�x/��{�/�xx/�xx/�Sum  B 
x��/xxx/xxx/xxx�/xxx/xxx/xx{�/xxxxxy�/xx��/xA- Na 
x��/xx��/xx��/xx��/xx��/xx�y/xx��/xx��/xx��/xx�/xA- K 
�{�/xx��/x\ji/\x��/xx��/xx�y/x�y/xx��/����/xx��/xSum A 
�{�/����/�{�x/�{x��/��xy/��x��/���y/�����/�{���/��x�/��Sum Cat. 
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7JNig$��6  �m("
�3 �im[[ ���9 ��� ����� –!""]* % �T����,	 . . .yy�

r-&AA""d* �-�1AA6� �� Ti�AA8 �)�AA�AlIV)EFAA jC -(aAA65
;1)"/�> #- &A:69 �A50.5OA*- Ti 7A��-� 4��:?�A� ;1A�&	 �� .

;1A)"/�> 4-&A8 -� &AG� ��1A� �-�1A6� �X���o �� �1AN1� 4�A5
 !A
- aA65 �O"A�9 O"A�&* �A��'-7N �+�A� ZAJ:�� 4�57M-%

 �-�1AA6� �AA8 �8�,AA� 7AA�%� 4-�-� �AA5�-�16�j�C�-7AA�� % $�1AA8 
.> #- 2-79 &5 �� ;1)"/�> �* &/0 !"8 �5Wh/\�A� &""d* 7A�9 .

�-�16� ��j�C.-("� n5�9 �8 Al oA�.-(A"� ���N%��Ti ��
;1)"/�> �� n5�9 �5 n
-(A	- #- �A �� �1? n5�9 !
- �9 78�
 

Si �A��6'�� n
-7AN �	&,"3 q&]� % $�18 �1J8 ��:?�� �� .
n5%}3 4�5]Wm[�� .�,� �-7�� �9 75� .1"*�A9 4�A5Fe3+�

Ti �NaA%KA.> ��",AA��N % ;1AA)"/�> aF)AA �� 4�AAT8 �AA5
 �-7A�� �8 �:�8-% �&+
7F
Alo �A"]K1� �� �1AN1� A���N%��

�AA�- �1AAJ8 ��:?�AA� .�AA)"9&* r%�AA/* �AA9 ;> $7AA
- �AA��M ��

;1)"/�> ��
(+
�N !
- �8 �:�8-% �5 �A� ����5 LA"9&* ��A
�8
��16� �
�*%� �-�16� �� �5AlIV H16T� �8 �)��Asite + 2Ti 

+ AlVI + Fe3+]Wf[�A8 O"�:�A� uA? Q
 4�:�-� �� Y���6* 
�)����8�7�&"' �-&K .��1"*�A9 aAl16T� &A+
� r��A)l �A8 

2Ti + AlVI + Fe3+.1"*�9 ("� %4�6� �� �1N1� 4�5A�A9
 E�� NaA%KA�� �A8 O"�:�A� �A<? aA<8-� �:�A
�8 7�1 

 .1"*�9 �-7�� 4�A5 AloA�7�A �8 �:A -� ��N%�� .�� �AF���o
EF )j�D(�� $7
� ��16� �1  aA65 �� �A��&8 ��1A� 4�5

 �* %&8�' #- ��<�� 4�57M-%%(�1� Y�A)
&�* 7A�%� QA
 �� �A"�-&'
 �A� �-&AK �<? �A� .�,A� �A9 7A�&"' �� �A)"9&* H1A�* 7A5�

;1)"/�> C�� H-1�- #- 2-79 &5 �� �1N1� 4�5 b8�A* ��<�� 4�5
 .-(AA"�AlIV%.1"*�AA9 ��
(+
�AAN 4�AA5Fe3+�AlVI�Ti%

A)Na+K(��- ��N% �,5 �"]K1� �� .

� �Q)A%B(�5�-�16�4$��7�84�-�+��� %4;1)"/�> �5]WW[1)"/�> �;�54$7  �
(T* &:,"8$��&
# �� �54% 7�J)��15 �7�J)��151
(�+� 
� �-&K �"�1�":9-��7�&"')C(6��-�1Ti �8 �)�� AlIV;1)"/�> �� ��6* �5�;1)"/�> #- &:69 �50.5 O*- Ti�:?�� ;1�&	 �� �47��-� .�)D(
r-&""d* �-�16�AlIV �8 �)�� H16T� Asite + 2Ti + AlVI + Fe3+]Wh [��16��54��1� ��&8���a65�57M-% 4�* %&8�' #- ��<�� 

%(�1�<? Y�)
&�* 7�%� Q
 �� �"�-&'�&K� �-��7�&"')E(C�� �� �1N1� `"J"� �-7�� �-�16��8 �)�� �7l Fe#;1)"/�> ;1)"/�> ��5�54
�U ("� !5> #- �C�� `"J"� n
-(	- r-#-1� �8 �l16T� !
- �� �1N1�����7�1 .EF  &"G� �5��6� �m7�:�5.

(D) 

(E) 

(C) 

AlIV

(A)

Ca+Na 
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�4&"+���N �7
�� �7��&�5 .�
76M-.-&
- ����  ���9 % ���� �1J8 �JT� yy�

 ���9 4�-7
�3 �8�A
#�- �� �?�A  �1:9�A	 QA
 !
("��%&	 4�5
 �� ��� % ��,	 ���6'�� ��6T�- ;1c .�� !A5> .-("� ���&8 �8

 �� �(�<� �	�)65 ZJ:�� 4�57M-% ���9 �9 �	�
�� .-1* 4�A5
 !
("��%&	);1)"/�> ;��� 4-&8 (�A8 �Al16T� !A
- �� �1AN1�

 �� ��U ("� !5> #- �C�� `"J"� n
-(	- r-#-1�7�1  )EFA 
j�E.( 

�T":� # �� .}"�A9- a:"A��'1	 .-(A"� ��1� �� �9 �
- .�A�
 !�9%&"31�"J9 E"F,* ��1A� �� �7A�> ��78 �J)K n�8 �� �5

;1)"/�>�� �70 ("� �5 7�9)EF g�], AWh[(_�A8 7A
�� %
�A�- ;1A)"/�> �1AJ)* .��# �� .}"�9- a:"��'1	 �)�� .�18 .

�)��FeOt / (FeOt+MgO) n
-(A	- �A8 7�J)��151
(�+� �� 
#- �n
-7N 7�%�iW/\�*fW/\�� n
-(	- 8�
 7)EF j�F.( ��

C�� ��U &:,"8 C�� L"9&* �7��-� O"�J9 ;1)"/�> �9 �
�5
 ��- !5> % `"J"� #- .;1)"/�> L"9&* &""d* &""d* #- � �� ��5

 �A�- �
�A6'�� `"J"A� �A"��]	 % .}"�A9- a:"A��'1	 �� .��
�7 �8 &:69 .}"�9- a:"��'1	 �o &5 ��"�MFe2+ �A� 7A�-1*

 �1  !
(+
�N 7�J)��15 aF)  �� 4&:,"8 �-7�� �8 ..�1A8 _�A8
 �)��Fe3+/Fe2+ &:,A"8 ��",A��N �l�8 Mg aJ"A�% �A8 Al 

�� �1 ]Wj[.���A9 !
&A:�-%-&	 #- �F
 ;1)"/�> �� $&A"* 4�A5
�l16T� ��- (�<� 4=1/� !
�=> ..�1A8 �A�U 4�A
1' &A�- !
-

 > P7�#�� #- �1J)* ;�M �� 4�6'�� �A�- p.Y_1A6]� ;1A)"/�> #- 
�Al16T� �� �6'�� �1J)* u"v� &8 O9�M ��,	 !""]* 4-&8 4�A5

 �� $��/:�- 47"I1:"�-&' �1 )u
-&A  !:	&A' &AG� �� �A8 �:)�-
 ���A9 !"A8 ;��A]* �1N% �8 ^18&� �9 �0�? &AG� ��1A� 4�A5

��-.(]Wg[����]� �-7A�� �8 �<8-� �� -� 4-Altot 7A�J)��15 �� 
�8 �8�":�� 4-&8 C�A� �� �.> �1AJ)* ��,	 47A"I1:"�-&' 4�A5

 �#- ��- r��)l �9 ��- $�&9 ����,"3 
P = (± 0.6 kbar) = -3.01 + 4.76 Altot r2 = 0.99   )�(

L"*&* �8 V%� !
- #- $��/:�- �8 ;1)"/�> �1J)* s6lhi/W
)�
�1
� a�16�(�Wm/W)�
�1
�1�-&' a�16� (%\[/W)a�16�

%(�1��"�-&' (J"9�� ��%>&8 ��81�1  .]Wh[4-&8 -� ��1�&	
a<8-� �� #- ��"/J* bK-% �� �9 7��&9 �I-�- ��,	 a)��v�]Wg�

W[[�T����� a<8-� ("� % �]W~[��- .��&5 �;1�&	 !
- �� 
�-7�� 4%� &8 �9 -� 4&:�-��3Al�� &"��* 7�J)��15 �� 7��-�'

).}"�9- a:"��'1	 % ��� ���,	 ( �:	&' &G� ��$7��-:
P[±0.6Kbar] = -3.01 + 4.76 Altot – {(T [C˚] – 675) 
/ 85} × {0.53Altot + 0.005294 × (T[C˚] – 675) 
a�16� �� 7�J)��15 �1J)* 4-&8 $7�> ��� �8 ���,	 V%� !
- �� 

�8 &8-&8 �
�1
�1�-&'[i/i��- ��81J"9 .

]W~[�� 4-&8 -� � %� ("� ;1)"/�> �%# #- $��/:�- �8 �T����
7A��&9 �AI-�- ��
(65 #R91
SR3)�A5#R91
SR3 V%� !A
- ��

 ��<�� 4-�-� 7
�)� ���&8 bc��� �� H1�1� !
- �9 7� �8 47�8
 �A��&8 �� O5 ���<�� �:
�1
�1�-&' 7M-% �8 �:�8-% P7  4�A5

C�� ���&8 �� O5 % �:?��  4�5SEM �A	&' �-&K 7"
�* ��1� 
%bc�A�� �� $7A  $75�,A� 4�5#R91
SR3 a"J9 �� �:
�1A
�1�-&' �

��<�� 7,� $75�,� �)"9&* 47�8(.C�� 4-&8 ���* V%� !
- 4�5
 7A0�� % (*�-1A9 4%�M �9 u�-%7M % 47"�-An#R91A
SR3 

#- &:69 ���>0.92O*- �-7�� % ��18Si.> 4��:?�� ;1�&	 �� -
#- &:69 �57.8�A� ��9 �8 ���- �%� .V%� !A
- #- $��/:A�- �A8

 �8 &8-&8 �
�1
�1�-&' a�16� �� #R91
SR3 % ;1)"/�> ;��]* 4���
m/~g[ !
1J9 )ih/g\h�-&+":��� aN�� (�� ��%>&8�1 .

T [±311 K] = 0.677P [kbar] – 48.98/ - 0.0429-
0.0083144 ln {(Si-4/8-Si)XAb

Plg 
- ��A":�+� .�A�(65 �1�AM �9 ��- 4�%>��
 E8�K % !/A�

 �
�1
�1�-&' �� ;1)"/�> �8 $-&65 (*�-19�"�-&' % �5 ��<�� 4�5
 !A
- P7�#�A� 4�A6'�� �� .}"�A9- a:"A��'1	 .�1A8 _�8 !")�

C�� ���5]m\[.a:"��'1	 �-7�� �69 a)��v� �8 LJ<� !
-
]����7� [&
# a<8-� �8 .}"�9-]m\[�� 7"
�* �1  .a�16� 4-&8

 �-7�� ��<�� �:
�1
�1�-&'log ƒO2�C�A� E"F,A* .��# ��
 �8 &8-&8)bars (mg/ij��� ��� �8 7
>.

log ƒO2 = -30930/T + 14.98 + 0.142 (P-1)/T   
 �'}
% #-;1)"/�> �
�"6" 1IS 4�5 a
�3 &8 &:,"8 �9 �5

�"�1�
# ���&8�: 1' 4�5 a�
��� 4-&8 �$7  E0�M �
-
�'}
%u"v� 4����&'� 4�56'��1�1:F* 4�5 ZJ:�� �
�)�8

u"v� $}
%4�5 n�-�%&	subduction .�"� %�v/0 4-
intraplate ( ��- $7  $��/:�-]mi[.;1)"/�> �8 �:�8-% 4�5
�n�-�%&	 Na2O%TiO2!"
�3 .�"� H-1�- �8 �)�� 4&*
�v/04-)I-Amph (7��-� .��)c �-�16� B��- &8 47�8

 �
�6'��1�1:F*]mi[;1)"/�> 4�5"8 ��<�� P&:�' �� &:,
;1)"/�>4�5 n�-�%&	 sc��� �8 �:�8-%)S-Amph (�� �-&K-
7�&"') .EF g�B.( 

FL��R���� 
#- �AA�<�� �+�AA� 4�57AAM-% ���AA6* �� #R91AA*�- % #R91AA
SR3

 ���A9 !
&A:6�� % 7��-� �1�M 47"�- �* Q
#�8 Q"�AJ	 4�A5 
C�� �� p1�v� �"M�� 4�57�1  .�
�"6"A  LA"9&* �T�
- ��
 !
-���9 �5);%7Nf(O9�AM �
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