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Zoning and chemistry of garnets in eclogites and blueschists in ophiolitic 
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Abstract: The ophiolitic complex of eastern Birjand consists of various rocks of a complete 
ophiolitic complex. Except for basaltic pillow lavas which are changed to metabasites such as 
eclogites and blueschists under metamorphic conditions, all other rock types of an ophiolitic 
complex could be seen in this sequence. Chemistry of garnets and their zoning patterns 
indicates the occurrence of subduction in the study area. The presence of the low-temperature 
and medium-temperature eclogites in the study area also may show the collision process 
between Lut and Afghan Blocks which has occurred after the subduction process. This 
collision process has lead to the occurrence of medium-temperature eclogites in response to 
the increase of temperature in the study area and then uplifting of the eclogitic rocks during 
the emplacement of area ophiolite in the suture zone between Lut and Afghan Blocks. 
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� 

�$# &�4 �,�95)]����e��1[) (?a41�C, D : ( 
�,$�U�# +\5�#9G←�,�Q9
� +�,F�K 

�
J97G# ��9)()� ~'# �
�,��G =:9;<� �� &'{B: �6G#(B!� D�E
 ' �,$�U�# (- �B,aF
�9
\,%� B ��B	9G97) D�B�,��G ��B���) +

�#� 6
�B$ �,U$ D�a,�)�B,<%	 ' �B,�9)#��Q (D��#9B� �� '
&�9- n���5 n�[ �� \,� �
9a�� _�FB$�T� ��$# 2
# (- �G ��#

�����$# &�4 8�<�# ��!�7.�# (!�P%� &�. �#� �� �<%$�� 	 .
>%$ 2
# 3# �p�- �� B,��G =:9;<� �����5 D��� ' �� 	 �E �
�

 &�B�K �B$� �- \,� �,�9F,U�K �
 ' �,�9F,U�K _'�,Q# o���W�
 ��� 2,�3 9�J O�- �� �G �$#��#9B%: �K �
�B!� �<%$ �� 	 

&�4��#.
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�%,�# ��#� �[9!	 w�

931A>�
J97G# 3# �
��,$�: &�95 D�E D#e&3#�) � ��- �W�$ �,F4 �G A
\) n�;4 D(!�97,G �
�� CG �!�#3�- D�E BE�%!� )�B- �B
�
 @(4 n�;4 �;$ .(B>�
J97G# �9;%W� &�95 D�E �� D#eA
\) n�;4 D(!�97,G )@(B4 n�;B4 �;B$ �B- �
� .(C>�Q9aB$'(a,� SBa: 

&�95 �
J97G# �	�- �G ��-Z9$ D#���E#D�� �� � #� �,$�U�# ��#'#(	 '�E� )XPL .(D>&�95 �
J97G# �Q9a$'(a,� Sa: �G A
\) n�;4 D#
�) ��'(�Q ��9)()� ?V�[ �G _'�,Q# ' �
(7G ��,F�K ��
\,�'��- ' �,F�K ' �,�Q9
� 6E�� �4� ��,$�U�# ����o����) ��# �B$# y� B� �K �� 
)XPL(.

E>1>������� ����� ����#�5�#�� 
�B- �7�B) q�BF5�# �B- ' �%!�BE �!
39!�B,4 D#�#� ��.%$ 2
#

>%$ &�
� 2,�3 D'� �� \F$ ��,4 o���W� D�E �B� ��9B4 .
�,B$�U�# D�B�,��G ���.%B$ 2
# 3# �a
 �Q9a$'(a,� jM�� ��

)�'�BB[ ��1��BBV�� + (�BB���))�'�BB[ ��e�BBV�� + (
�BB,P%
' B �BB
\,�'��-)�'�BB[ �� e�BBV�� + (B ��BB	9G97)

 �,aF
�9
\,%�)�'�[ �� e�BV�� + (\5�#9BG)�'�B[ �� e
�V�� + (�,F�K)�'�[ ����BV�� +()#��Q ��
9a�B� ' �B,�9

 �,<%	)�'�[ �� e�V�� + (?,5'� +�
\,�'39%,7G �_'�,Q#
 �B
(7G ' �
\,�'3 ')�'�B[ �� ��BV�� + (�2UB$# ��B,5�QK

 �B:(	 D��,��G �#9%: �- 2EK �,�G# ' AQ'# D��,��G)Y�B:9;<�
 �'�[ ����V�� (�B� &�E� � ��9B4 .�B- &��'(�BQ ��9B)()�

�) ?
�BBF5 �BB- �BB,�9F,U�K _'�BB,Q# o���BBW� �_'�BB,Q# �BB- �BB��
 ��B
\,�'��- �- �,$�U�# ?
�F5 ' �,F�K ' �
(7G ��
\,�'39%,7G

 �$# y� � �
(7G' �,F�K .�Z�B- ��.%B$ 2
# ��9)()� =+��
 �B	�- ' �B,�9F,U�K _'�B,Q# B �B
J97G# ���K ��9)()� o���W�

Q9a$'(a,�,��a,!${-97,a
9Q9�#() ��a,!${-'(,	�9Q ����K �/
 �;� ' �a,!${-'�,b� �$# �a,!${-95 .D��#9B� �� ��.%B$ 2
#

 �B!	�
 n9BT5 �B-K ��B,4o���W� �B- B ��B	9G97) �9B+' `�B�#
 �B� �
9��| y��W �,F�K ' �,aF
�9
\,%� 2B
# (B- �B7,�� �B�#95

�4�- �#�W�.

(��GH I�� 
#(TV _����M� 3# SQ�
' �- 
$�%4 >%$ &���4 y� � �

J97"# �"
�4 ' �E,���ED-K�#�#� (d� ��9� D)�����E�

��M%� Y�F��m �" �%!�E�%-D3 ���K 
� (,-9W �- �9/$'(/�

�
� &����94 .;E �-,�� 2,&�(F��� D��.%$ 3# ��9;� �%f ?
#(-D$�(- ,��D��M%� �%-D� ',�3 \,��� 2�<%$�� 	 �

�5 3# SQ �" ���4 k��!�#,V �3�� jc��� =,7���� ����K 
�7.�# (!�P%� &�. �#� 2,�3 897: &'() ��! 3# &��U!$# �- '

�
�'(!/�# o��3#�(Q\�`�%!	() �#(i \,���K ��9� ��9� &�.!$� 
 E'�Q ��" 2
# �� &��U!$#��3 &�.!$� A
 ,9Q 2
�W�$ �
6!�,$ �- �G �9- �
(F;GQX- 2000 ?V' ��9U�GK �W�$ 
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D�%- ��M%� �;,4 '����) D�E �� �9+9��
J97G#��,4 ' �E D�E. . .wv

�
\<5 ' �$# &�9- �- �E
�DJ(�# &�%4�Q �%$ k�%,- 95(Q X�- 
�'�[ �� �i� 1/e���4 8�<�# ��3' �V .J�!�' A
 �- I3#�(Q
 o�%E� k�!4kv u�'I��;4 ���3 �- we(E D#(- �,��| 

Y{Fi �G �	() _�9V �
\<5 ��G�9W �,Ts5ZAF &��U!$# �- 
���s5# �#\	# 8(� 3#ZAF4/FLS�9- &��K ?;: �- .?,�� �-

 �a%
#EPMA�#��� Fe2+'Fe3+�;� #� #�+ ' 2,,�5 ��#95
 ��%GFe _�9V �- �
 �
�- ��,��GFe2+_�9V �- �
 'Fe3+&�#� 
�94 . E'�Q ��" 2
# ����%��� D�#� 2EK D��,��G D#(- 
Q,2�"'(b$# ' ���!���) ��E,?%5'�U!� D��!F�� �G �E�3#

Fe2+/Fe3+�#��� ����#� Fe3+�'�� =����� 3# &��U!$# �- ]�[(-
�Q
<%$(s%: =�D��,��G 
��'K (- &�4 ���4.�� �- ,# ?
�/%

��;5 ��#�#����K ,�E\D&��U!$# ��9� ��� _�F$�T� ����� 	 
<%$��+9� ��4 ��Z9c -,# �[ 3# O
� �!49� 2�#�� �94
# ��
� ��%5 �!49� 2,.��,�!� 2
���K �,� \
����) I3#�(Q \�ED

n'�+ �� ����M� ��9�D�E u�5��!� ' �$# &�4 ��#�#
�
\<5
�$ �
��" (,����]�[&�4 &��'K��#.

�Q (-
� \,���K �
�!� =
3#�(Q\D�'(!/�# �>%$ D��,��G D�E
�9)()�����	 �("��# @9	 ,>%$ 2
# C7!�� D��,��G ��- �E

�c9-(� �#\	# 8(�]�[���	 =F$�T� D#(- �G ��K �$� �-,�
&��U!$# \,� �U7!�� �#(. E'�Q D��4'� 3# C7!�� D��,��G

�$# &�4 .9%: �- n�H� �#7G D#(-,��%�G'(,Q9%-3# &��U!$# �
I'�]�['I'� �- 3{G9
J{Q D#(-]w[�4 �F$�T� ���.

��� _�F$�T� D#(- �c9-(� 6�� �#\	# 8(� '� ��,� 3# 2,%P;E �
<%$�� 	��%�
 TWEEQU2�(- ]�['Thermocalc 

n'�Q ' �%7E]�[�#\	# 8(� 3# �D(.
� �G �� 83Z _�T,Ts5
$�T�� 8�<�# ��" �9W _�9V �- #� _�F��4 &��U!$# �E� .

��9;� =;E �� 2,%P;E<%�;E ��E�R$95 �G �U7!�� D�E
� ��#�# �U7!�� �#(. E'�Q��	() �#(i &��U!$# ��9� ��94.

JK�
8�$� �
����) �#'#(B	 �B���M� ��9� D�E ���BG 2
(B5 ' �B�!
J97G# �� �BE

 ��,4 3# �p�- �M%� �-K D�E=M� ��9� ���� / B5 #� ,?�B� -
E� �
J97G# �� ' �% �7V# ���G '� 3# �a
 �E�����BW� 2,,�5 o

�9)()��>%$ 2
# D�#�.��� \,� '�E!�BE�%.���BG 2B
# �BED
>%BB$D�BBE�9BB)()� ��BB�M%� CBB7!�� �(!�BBP%� &�. BB�#� �� 

R$95 ��!�7.�# n'# o����.� �
\<5 ��9� �
B�'(!/�# I3#�(Q \�

1- Active exe 

�!	() �#(i ) D�E\,���K '��!���D
n'#�+ �� &�4 ���5���#�# 
&�4��# .�
\<5 2
# �
�!� �B� �� B� �BE �B���) �BG �BE� �� �BE

>%BB$D�BBE�9BB)()� ��BB�M%� D#�#� �BB�M%� CBB7!�� D�BB%-
 �s� � �
�,;,4�%!�E 2
# (d� ��9� �G  E'�Q ��"��$# .

�9;� ��=A595 ' ����� 2,- �
J97G# )D-3a�(�B���) ��BE
 ����) z#9�# 3# �
J97G# D�E &'() D�EC]�[�%!�BE .�(Bc 3#
 �B�M%� (.
� �B%E� �� B� �B���) y� B� D�B%-o2B
# �B4� 

����) LB;: O
#\	# 2;r �E�' 6
\B,%� O
#\B	# �B- �B+95 �B- 
�,4�[ �- \G(� 3# \%.%� ' 2EK OE�G �B$# )]�1��[(.

�Q (-
=]���1e�1[��M%� z9� 2
# D�%- �B" �B4 897�� 
��) �4���O�#�'(	 �%
K(	 �c �E�!	() ?/4��#.

�9;� ��=&�95 �
J97G# ��-Z9$ D# )SF-22(����) �3# �BE
 ����) z#9�# �
J97G# D�E z9� C�%!�E .�B- �B+95 �B- �	(c 3#

 ?a4��Cz9� �
J97G# D��!���) &'() �� ��,��G 2
# C]�[�-
���D2,
�Q ]�[�� �#(i ���(,) .2,%P;E (-�B%- �9B;� �BH7H� �#

 ?aBB4��DD�BB�!
J97G# D�BB�!���) �#�BB,� �� �BB�,��G 2BB
# 
�M%� �-� � �G �a
(�K 2a�,��#(	=6,B$(5 ��$# ����M� ��9� 

&�4 �9;� A
 ' ��#=A
�\� �-�#�,� RB$9!� D�B�!
J97G#]�[
�%�
 z9� D��!
J97G#B]v[�$#.�B�M%� (.
� �(c 3# D�B%-

 ����) y� � 4 (- �%- ��9;� 2
# D�E ?aw�%E� �� �o�B4� 
����) 2
# ' 6
\B,%� O
#\B	# �B- �+95 �- L;: O
#\	# 2;r �E

 �,4�[ �- \G(� 3# \%.%� ' 2EK OE�G �B$# )]�1��[(.
�- �+95 �-]���1e�1[��M%� z9� 2
# &�%E��� B� D�%-
����) �4� O�#�'(	 �%
K(	 �c �E�$# .
����) �9;� D�E=
J97G# 3# D(.
� �&�95 D�E ��B-Z9$ D# 

)Sb-1(\<5 (!�BP%� &�. B�#� �� ��9B� 2�T� R$95 �" B
�
�� ' �&�4]1w[��	() �#(i &��U!$# ��9� �B
J97G# �#�,� �� -

D�E �-R$9!� D��� �5 2,
�Q D��� ]�[z#9�# C'B]v[�#(Bi
�!	()��# .�,4�[ ����) 2
# D�E �
J97G# z#9�# �#�,� �� �E D�BE 

�- !� D��� �!	() �#(i R$9 ��# Lc�B%� �B- #� �B��K �.!�-#' �G 
D��9W(- )]��11[(� �� � ��%E�)?a43�C&(
#� �E.(83Z

�- 
�'K ��D(- �G �$# �Q
=_�F$�T� ����<%B$ �� B	 �]�[
�
J97G# 
&�4 �� D��!
J97G# &'() �� �-' 2B;7G R$9!� D��� 
�#(.
�]v[\� �B- �B+95 �B- �G �$# �!	() �#(i �B,G(5 �Ba
�
,4�[=D�B�!
J97G# �#�B,� �- ��!���) 6
\,%� 3# �%m �B- D�B�� 

�� �R$9!� z9� 3# �
J97G# 2
# �G 2
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�%,�# ��#� �[9!	 w�

#�,Q ��%,;c# �$# R$9!� D��� �(B" �� �Ba%
# �B- �B+95 �B- `
_�F$�T�����<%$ �� 	 �,4�[ �!
9,!G# =��,��G 2,,�5 D#(- 

���W� D���o� �
J97G# �$# �!	() �#(i &��U!$# ��9.

L���-\<5 �
�!� 
=�
�'(!/�# I3#�(Q \�����) �9;� �� �E=4 D#�#� �
J97G# ,39!�
����� �! )D3a(���'�+ 8�;5 �� n.d.= not detect '
ave= average.

Sample No D3a D3a D3a D3a D3a D3a D3a D3a D3a 

Oxides/Min. gt3 gt5 gt6 gt7 gt8 gt16 gt17 gt20 gt-ave 

SiO2 ��/�v v�/�v ��/�� 1/�� �e/�v �/�� ��/�� �w/�� �/�� 

TiO2 e1/e e1/e n.d. n.d. n.d. n.d. n.d. n.d. e/e

Al2O3 ew/1 ev/1 ��/1e e/1 ve/1e ��/1e ��/1e ��/1 e/1 

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

Fe2O3 1w/e �/e n.d. �/e �e/e ��/e �/e �v/e 1�/e

FeO e�/1� 1�/1� ��/1v ��/1� 1v/1� ��/1� w/1� ��/1� e�/1� 

MnO �w/ v1/� 1�/w ��/w �/� 1�/1 �1/ �/e 11/�

MgO ��/1 e�/1 v/ �v/ ��/ �/1 �v/1 we/w w�/1

CaO ��/� 1/v ��/v ��/v w�/v 1�/v ��/� vv/� ��/�

Total �e/�� 1/ee �/ee we/ee vv/�� �w/ee e�/ee ��/ee 1�/ee 

Formula (corr.) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 

Si e�e/� e1e/� e/� eve/� e�e/� e�e/� e�e/� e1e/� e�e/�� 

Ti n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Al ��e/ ��e/ eee/1 ��e/ �ve/ ��e/ ��e/ ��e/ ��e/

Cr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Fe3+ ee/e ee/e n.d. ee/e e�e/e e1e/e ee/e e1e/e ee/e

Fe2+ ��e/ ��e/ �ve/ �e/ ve/ �1e/ ��e/ �we/ ��e/

Mn �e/e 1�e/e 1�e/e ��e/e w1e/e �e/e 1e/e e�e/e 11e/e

Mg �we/e 1�e/e 1e/e 11e/e 1�e/e �ee/e �1e/e �e/e �ee/e

Ca ��e/e �e/e �we/e ��e/e ��e/e ��e/e ��e/e w�e/e �ee/e

Total e�e/� e�e/� e/� eve/� e�e/� e�e/� e�e/� e1e/� e�e/�

Almandine �we/�w ewe/�� 1e/�1 wee/�e ��e/�� e�e/�w eee/�� w�e/�w v�e/�1 

Spessartine ve/w w1e/� �ve/� e�e/ �ve/� e/� we/w ee/1 �1e/v

Pyrope 1�e/ �e/� �ve/� wve/v �ee/v ��e/� vee/e �e/v �ee/�

Grossular �ve/� 1�e/1e 1�e/1 ��e/1e 1we/1 �1e/1e e�e/� ��e/� �ve/� 

Andradite we/e 1e/e n.d. ee/e ��e/e 11e/e ee/e �e/e �e/e

L���1\<5 �
�!� 
=�
�'(!/�# I3#�(Q \�����) �9;� �� �E=&�95 �
J97G# ��-Z9$ D# )SF22(
Sample No SF22 SF22 SF22 SF22 SF22 SF22 SF22 SF22 

Oxides/Min. gt1 gt2 gt3 gt4 gt5 gt6 gt7 gt-ave 
SiO2 v�/�� vw/�� �/�� ��/�� ��/�� e�/�� �1/�� �v/��
TiO2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Al2O3 ��/1 �/1 �e/1 ��/1 ��/1 1/1 w1/1 �e/1
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D�%- ��M%� �;,4 '����) D�E �� �9+9��
J97G#��,4 ' �E D�E. . .w�

Cr2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Fe2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
FeO �e/1v we/1� /1� v�/1v ��/1v ��/1� e�/1� vw/1v
MnO w�/ ��/e ��/ �/ �v/ ��/� e/� e�/1
MgO 1�/� �e/� ��/� �1/w �/w ��/� w�/� v1/w
CaO �w/� w1/� �/� e�/� ��/� ��/� �/� v�/�
Total ��/�� �e/�� �e/e 1/ee w/ee �/ee �/e w�/ee

Formula (corr.) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 
Si e�e/� e1e/� ee/� e�e/� e1e/� e1e/� ewe/� e1e/�
Ti n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Al �ve/ eee/1 ��e/ ��e/ ��e/ �ve/ �ve/ ��e/

Fe3+ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Fe2+ �e/ v1e/ �e/ �1e/ ��e/ ��e/ ��e/ �e/
Mn ee/e e�e/e ee/e �e/e �e/e 1we/e 1e/e we/e
Mg �e/e v�e/e �we/e ��e/e ��e/e wee/e we/e ��e/e
Ca wve/e w�e/e w�e/e �e/e w�e/e w�e/e �e/e w�e/e

Total ��e/v ��e/v eee/� ��e/v ��e/v eee/� �ve/v ��e/v

L���M�
�!� 
\<5=�
�'(!/�# I3#�(Q \�����) �9;� �� �E=&�95 �
J97G# ��-Z9$ D# )Sb-1(.
Sample No. Sb-1 Sb-1 Sb-1 Sb-1 Sb-1 Sb-1 
Oxides/Min. gt19 gt25 gt29 gt35 gt36 gt-ave 

SiO2 �/we v/�� ��/�v ��/we ��/we w1/�� 
TiO2 e�/e �/e �/e ew/e ew/e e�/e
Al2O3 e�/11 wv/1e wv/1e ��/1 1/11 w�/1 
Cr2O3 e�/e e/e e1/e ew/e e�/e e�/e
Fe2O3 n.d. n.d. n.d. n.d. n.d. n.d. 
FeO v�/� v�/1� �v/1v ��/� �w/� w�/11 
MnO �e/e w1/ �1/ �w/e w�/e �v/e
MgO ��/e e�/1 ��/1 ��/e ��/� 11/v
CaO �w/v �/ ��/� 1�/� �e/� 1�/�
Total �w/ee 1v/ee ��/�� 1/e v/e1 v�/ee 

Formula (corr.) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 
Si eee/� e1e/� ��e/1 e1e/� e1e/� ee/�
Ti n.d. ee/e ee/e n.d. n.d. ee/e
Al �we/ �e/ ��e/ ��e/ ��e/ ��e/
Cr n.d. n.d. n.d. n.d. n.d. n.d. 

Fe3+ n.d. n.d. n.d. n.d. n.d. n.d. 
Fe2+ 1�e/ v�e/ ��e/ ve/ 1ee/ w�e/
Mn e�e/e ee/e e�e/e ewe/e e�e/e e�e/e
Mg �e/ 1�e/e ��e/e �e/ e�e/ �e/e
Ca ��e/e ��e/e ��e/e ��e/e vwe/e v�e/e

Total e1e/� ee/� ewe/� ee/� ee/� e1e/�
L���N\<5 �
�!�
=�
�'(!/�# I3#�(Q \�����) �9;� �� �E=&�95 �
J97G# A
\) n�;4 D# )F3(.

Sample No F3 F3 F3 F3 F3 F3 F3 
Oxides/Min. gt6 gt9 gt23 gt27 gt31 gt36 gt-ave 

SiO2 �e/�� 1�/�� �v/�� ��/�v ��/�v w�/�� 1w/��
TiO2 e/e n.d. n.d. n.d. n.d. n.d. e/e
Al2O3 e�/1 e�/1 1�/1 e�/1 ev/1 e�/1 e/1
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�%,�# ��#� �[9!	 �e

Cr2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Fe2O3 11/e 11/e ev/e e�/e ��/e 1�/e �/e
FeO �/1� w/1� ew/�e w1/1w w�/1� ew/1� ve/1�
MnO ��/e e�/ ��/e �/v �e/ e�/1 ��/1
MgO w�/� ��/� ��/� �v/ vv/1 ��/1 ��/1
CaO 1/� ww/� e1/� ��/v vv/� ee/v v1/�
Total �1/ee ��/�� ��/ee v�/�� 1w/ee w�/ee 1e/ee

Formula (corr.) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 
Si e�e/� eve/� eve/� e�e/� e�e/� e�e/� e�e/�
Ti ee/e n.d. n.d. n.d. n.d. n.d. ee/e
Al ��e/ ��e/ eee/1 eee/1 ��e/ ��e/ ��e/
Cr n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Fe3+ ee/e ee/e n.d. n.d. e1e/e ee/e ee/e
Fe2+ ��e/ �ve/ eee/1 ��e/ ��e/ �we/ �1e/
Mn e�e/e eve/e eve/e w�e/e �e/e we/e �e/e
Mg we/e wee/e w1e/e �e/e ��e/e �e/e �we/e
Ca ��e/e ��e/e �e/e ��e/e ��e/e �ee/e ��e/e

Total e�e/� eve/� eve/� e�e/� e�e/� e�e/� e�e/�

L���O\<5 �
�!�
=�
�'(!/�# I3#�(Q \�����) �9;� �� �E=A
\) n�;4 �
J97G# )FGE3(.
Sample No FGE3 FGE3 FGE3 FGE3 FGE3 FGE3 FGE3 FGE3 
Oxides/Min. gt4 gt5 gt6 gt7 gt8 gt10 gt11 gt-ave 

SiO2 1/�� �w/�� �v/�� ��/�� ��/�� 1�/�� e�/�� e1/�� 

TiO2 n.d. e�/e v1/e e�/e �1/e n.d. 11/e 1v/e

Al2O3 ��/1e v1/1e �v/1e �w/1e v�/1e v�/1e ��/1e ��/1e 

Cr2O3 n.d. ev/e n.d. /e n.d. n.d. n.d. e�/e

Fe2O3 w/e 1/e 1/e �/e e�/e e/e e/e �/e

FeO �/1� v�/1� w�/1� ��/1� �/1� /1� e�/1� ��/1� 

MnO ��/e vw/e �1/e �1/e v�/e �v/e ��/e �w/e

MgO v�/1 1e/� ee/� ��/� v/� ��/1 vv/1 e�/�

CaO �/� �/� v1/� v�/� ��/� �1/� e1/v ��/�

Total w�/�� ��/�� ��/�� e�/�� ��/�� ��/�� v�/�� �w/�� 
Formula (corr.) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 

Si 11e/� 1ee/� 1�e/� �e/� �e/� 1ee/� 1ee/� �e/�

Ti n.d. ee/e e�e/e n.d. e�e/e n.d. ee/e e1e/e

Al ��e/ ��e/ ��e/ ��e/ eee/1 ��e/ ��e/ ��e/

Cr n.d. ee/e n.d. ee/e n.d. n.d. n.d. ee/e

Fe3+ ee/e ee/e ee/e ee/e n.d. ee/e ee/e ee/e

Fe2+ ��e/ ��e/ �ve/ ��e/ ��e/ ��e/ ��e/ ��e/

Mn eve/e e�e/e eve/e e�e/e e�e/e e�e/e e�e/e e�e/e

Mg �we/e ��e/e �ve/e wee/e ��e/e ��e/e �we/e �ve/e

Ca �e/e �ee/e �ee/e ��e/e ��e/e �ee/e �1e/e �ee/e

Total 11e/� 1e/� 1ve/� �e/� 1ee/� 1ee/� 1e/� 1e/�

L��� P\<5 �
�!� 
=�
�'(!/�# I3#�(Q \�4�[ ,����) ��9;� �� �E=�4 �!,�9F,U�K _'�,Q# �
J97G# oA
\) n�;4 )F2(.
Sample No F2 F2 F2 F2 F2 F2 F2 F2 
Oxides/Min. gt15 gt20 gt29 gt30 gt31 gt32 gt33 gt-ave 

rim rim rim rim rim rim rim rims 
SiO2 1v/�� ��/�� ��/w� ��/�� ��/ ��/�� ��/w� ��/�v 

TiO2 n.d. n.d. n.d. n.d. n.d. n.d. e/ew e/ew 
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D�%- ��M%� �;,4 '����) D�E �� �9+9��
J97G#��,4 ' �E D�E. . .�

Al2O3 1/1 1�/1 1/e� 1/11 1e/v 1/1e 1/1� 1/w 

Cr2O3 n.d. n.d. n.d. n.d. e/ew e/� n.d. e/e 

Fe2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
FeO ��/�e vw/1� 1�/�� �e/w1 �e/�e 1�/�e 1�/� �e/e� 

MnO v/e �w/e e/�v e/v� e/�� e/�� e/� e/v� 

MgO �v/1 ew/� 1/�� �/e �/e1 �/v� �/�1 w/�

CaO v�/� 1/v v/v� �/e� v/ew �/1v �/�� �/�� 

Total �1/ee �v/ee ee/w1 ��/�1 ��/�� ee/we ee/�� ee/w 

Formula (corr.) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 
Si e1e/� e�e/� �/ewe �/��� �/��� �/��� �/��� �/��� 
Ti n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Al �ve/ �ve/ u/��� u/��� u/��� u/��� /�ve u/��� 

Cr n.d. n.d. n.d. n.d. n.d. �/�u� n.d. �/�u� 

Fe3+ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Fe2+ ewe/1 ��e/ u/��� �/��� �/��� u/��� u/��� u/��� 

Mn e�e/e e�e/e �/��� �/��� �/��� �/��� �/��� �/��� 

Mg ��e/e ��e/e �/��� �/��� �/��� �/��� �/�u� �/��u 

Ca �ve/e �e/e �/��� �/��� �/��� �/��� �/��� �/��� 

Total eee/� ��e/v �/��� �/��� �/��� �/��� �/��� �/��� 

L���Q\<5 �
�!� 
=�
�'(!/�# I3#�(Q \��� ��!���) 4,-K �������) �#���-Z9$ )FSD8a(.
Sample No FSD8a FSD8a FSD8a FSD8a FSD8a FSD8a FSD8a FSD8a 
Oxides/Min. gt1 gt2 gt3 gt4 gt6 gt8 gt10 gt-ave 

SiO2 ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/�� ��/��
TiO2 n.d. n.d. n.d. n.d. n.d. �/�� n.d. �/��
Al2O3 �u/�� ��/�� �u/�� �u/�� �u/�� 1e/ve ��/�� 1e/�1
Cr2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Fe2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
FeO ��/�u ��/�� ��/�� ��/�� ��/u� ��/�� ��/�u ��/��
MnO �/�� /� �/�� �/�� u/�� �/�� �/�� �/��
MgO �/�� �/�u �/u� �/�u �/u� u/�u u/�� �/��
CaO �/�� �/�� �/�� �/�u �/u� �/�� �/u� �/��
Total u��/�� ��/�� ��/�w u��/�� u��/�� u��/�� ��/1 ��/��

Formula (corr.) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 
Si �/��� �/��� �/��� �/��� �/��� �/��� �/��� �/���
Ti n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Al u/��� u/��� �/��� u/��� u/��� u/��� u/��� u/���
Cr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Fe3+ n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Fe2+ �/��� �/��� �/��� u/��� �/�u� u/��� u/��� u/�u�
Mn �/��� �/��� �/��� �/��� e/1e �/�u� �/��� �/u��
Mg �/��� �/��� �/��� �/��� �/��� �/u�� �/u�� �/���
Ca �/��� �/��� �/��� �/��� �/�u� �/��� �/�u� �/���

Total �/��� �/��� �/��� �/��� �/��� �/��� �/��� �/���
L���R\<5 �
�!�
��
�'(!/�# I3#�(Q \�����) �� �E4,-K �������) �#� A
\) n�;4 )�#�\%.%� _(f�!�()GOF5(.

Sample No GOF5 GOF5 GOF5 GOF5 GOF5 GOF5 GOF5 
Oxides/Min. gt2 gt4 gt5 gt3 gt7 gt12 gt-ave 

SiO2 v�/�� w1/�� 1�/�� ��/�� 1�/�� 1�/�� ��/�� 

TiO2 n.d. n.d. n.d. ew/e ��/e ew/e �/e

Al2O3 v1/1e 1e/1e ��/1e v�/1e ��/� ve/1e w�/1e 
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�%,�# ��#� �[9!	 �1
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Mn
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Ca

Cr2O3 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 
Fe2O3 �w/e ��/e �/e 1�/e v/ 1�/e wv/e

FeO ve/11 1e/1e �/11 �1/1� �v/� �w/1 �/1 

MnO e/� e�/ v/� �v/� 11/w �/e ww/e 

MgO �/1 �v/ vw/ e/1 1e/ ��/ �e/

CaO ��/� 1w/v ��/� �/� �e/v ��/� ��/�

Total ��/ee w�/�� �e/�� e1/ee v1/�� vv/�� �1/�� 
Formula (corr.) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 12(O) 

Si we/� �e/� �e/� e/� �e/� e/� we/�

Ti n.d. n.d. n.d. n.d. ewe/e n.d. ewe/e

Al ��e/ ��e/ ��e/ ��e/ ��e/ ��e/ �ve/
Cr n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

Fe3+ e1e/e ewe/e ee/e e1e/e eve/e ee/e e�e/e

Fe2+ �we/ ��e/ �e/ ��e/ �e/e w�e/ wwe/

Mn ��e/e vve/e �ve/e �ve/e eee/ vee/e v1e/e

Mg 1�e/e 1e/e 1e/e 1�e/e �e/e 1we/e 11e/e

Ca ��e/e �we/e �ee/e ��e/e ��e/e �ve/e �e/e

Total we/� �e/� �e/� e/� 11e/� 1e/� �e/�

93MC, A��
J97G# z#9�# D��!���) yW�4 �#�9;� ����� �!
39!�,4 D#�#� �
J97G# �� �,5(5 �- �E (D-3a) �
J97G# '&�95 D�E ��-Z9$ D#
)= SF-22 ' j-(� Sb-1 = &(
#�(3# ��F!i# `]�[.D , B��B���� �!
39!�B,4 D#�#� �B
J97G# �� �,5(5 �- ��!���) �F,G(5 _#(,,]5 (D-3a) '

&�95 �
J97G# ��-Z9$ D#)SF-22 .( z9� D��!
J97G# 2,- RWB'C3# ]v[3# ��F!i#]v[.
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D�%- ��M%� �;,4 '����) D�E �� �9+9��
J97G#��,4 ' �E D�E. . .��

93N�$#� �;$ :��M%� ,[�� (Mi �� �
�,;,4 D�%-=�4 �
\<5 oA&�95 �
J97G# �� ����) ��-Z9$ D#)SF-22(�lBf �;$��B�M%� -
,[�� (Mi �� �
�,;,4 D�%-=�4 �
\<5 oD&�95 �
J97G# �� ����) ��-Z9$ D#)SF-22(.

�
J97G# ��D�E &�95 A
\) n�;4 D# )FGE-3 'F-2(\B,� 
��)������) z#9�# 3# �E�
J97G# D�E�E�$.(B- �%- �#�9B;� �H7H� 

?aBB4��AD�BB�!���)'�BB�9;� =�Z�BB- D�BB�!���) �#�BB,� ��
 D��!
J97G# ��� �-D2,
�Q ]�[z9B� D�B�!���) �
C]v[6,B$(5

 �$# &�4.2,%P;E (- �%- ?a4 �H7H� �#�9;� ��B����)D�E 
#
2'���9;� B
&�B4 ��)FGE-3'F-2 (D�B�!���) �#�B,� �� 

�M%� �-� � �G �a
(�K 2a�,��#(	 D��!
J97G#=�B���M� ��9B� 
&�4 6,$(5 ��$# D�B�!
J97G# �#�,� �� �9W ��!���) 2
# �G ��#

 ��� �-D2,
�Q ]�[z9� D��!
J97G# n���� �GC]v[�$# �#(Bi
�!	()�$# .

��M%� (.
� �(c 3#��!���) y� � D�%-D�B
J97G# D�BE
&�95#=B�9;� ?BH� �A
\) n�;4 DF-3 �?aB4 �B- �B+95 �B-�

��$#� �;$���%E� �� � ��#95o�B���) 2B
# �4� 2;Br �BE
 �B- \BG(� 3# \B%.%� OE�BG ' 6
\B,%� O
#\B	# �- L;: O
#\	#

 �4�- �,4�[ )]����[.(Q �/��%f ,# 3# O
�B4 �#9B%: 2
�Q (-
=]���1e�1[�B�M%� z9B� 2B
# �%E��� B� D�B%-o

����) �4� O�#�'(	 �%
K(	 �c �E�$#.
�9;� ��=��,4 -K�����) �#� ��B-Z9$ )FSD-8a ( \B,� �

��M%� ����) y� � D�%-��B- �+95 �- ]�[?aB4 '��;B$ 
�lf���%E� �� � ��#95o����) 2
# �4� �E�-6
\B,%� O
#\	# 

�4�- �,4�[ �- \G(� 3# \%.%� OE�G ')]����[.(
�9;� ��=4��, -K��B���) �#� AB
\) n�;B4 )GOF-5(�

����) �E 3# ����) z#9�# ��,4 D�E D�BE B-K ��#�\%.%� �B" �B� `
jF%� ]�[�K�� �,
}5 #� �� 2
# (- �%- `�%G �B<,!� 2,B%f �#95

 ,�'# >%$ �G �	()=�B- �#�\%.%� _(f A
 YZ�;![# >%$ 2
# 
�V�� �- �+95 Z�- D2,5���Bb$# ' \5�#9G n#�� )n'�B+(��

>%$&�9- �$# .(-�Q
=�H7H� �#�9;� jBF%� �� �B���) �,G(5 
]�[����) ��,4 3# ��9;� 2
# D�E B-K ��#�B,� �� D�B�!���)

 D��!
J97G# ��� �-D2,
�Q ]�[z9B� D�B�!���) �
C]�[6,B$(5
 `�$# &�4�"D�E�4 �$# ��,4 2
# �G �:�� 2
# (- B-K �3#
D��!�,4 -K�G# �- &#(;E ' �!�-#' D��!
J97 ��� �-D2,
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