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8&�@��+%
� x-, �/ ��8" �.!/ �����9 �/!7 �!�!/ ��E@ (>�	  c��, :�.(WR) ).  = H ��?	 ��?�'!# ���?��9�= BH ��?	 �?.!/ ���?��9 ��
= L��	 ���' c9 �!�GH �.(

8&�A��
�  �a/ +� :�3��	 �,�-.� ���+%
� x-, �/ �+!23 +� :�����9 (WR) .B!. �/ (
�.



�=+!/ �+�!��1+!
+ �,�-. ���9  �,�-.�%&/ �&S� ���

8&�B�F�=%" �"� Z
(Go) ��	 ����9 �
+� ��+%
� x-, �� :(WR) �����9 ��8".

��������*��	 ���C� 
?,�!/ �%m-� �/��?��9 �#%)?, !)�� ���?��9 �� �%?4%� :�?3

��%2� �	!" ;�%I :�+�!/ .��%2� �� ��?	 �+ �(?. 6��F�+ :�3�
���9 6�, �= P+�(3%
 ��F-0� ��
+� �?9 �?,+ �&I+ ���9 P+�(3

 �{�= 1@ �� +(4 :�3
*��� �(
� ��=�23 %��F�= :+�+�  (�%?.
	�/ +(4 �
*�c��?�= �?/ \/�?a� �/�?�!" �?�=��� �= :(��9+ 

:(?-/ (Mucke 2003) ]�����[�?� (-?.�/ .��?3 �� �+ Z?

��%2� �?9 �?R�@ !/�?-/ ���=��� �	�/ ��	 �
+ �+ �(. 6��F�+ :�3

 ��%2� �
+ ��,+ �(*� �(
� ��,+ �
+� ��(M� ;��/�+ �� (>�	 �3
 +(4 �	�/
*�(-F�3 �
��L+ .�?	�/ �?/ �4%= �/ �(3�*?� :�?3

 ��F-0� �� �(. ��%2� �
+ �� �%4%� :�3 �?� �?3 +� �?��@ 1+%?=
 (���� ��F-0� %��F�=)J).r`u�+(]�h [.���9  ��=�23 :�3

 ��%2� �
+ �� :(�<�%, �� �(
� c9 �&�G �3(�%. .��%2� �	�/-
:c��?�= �/ \/�a� ��+� �.�� �)�
+�%� �:(?-/Inson 1989 
]�g��i[,+ �(. �(3�*��.

��%2� ��	 �+ �(. �.+�!/ :�3����9 ; �?<F� :!3�� ��
+�
 ��%2� �/ ��	 :�3�(��+� .��%2� �
+ �� ��F-0� �3���+(&)?. �?2

 / �=��4  g��=i�%�� +� ��%2� �a, (>�	 X�Y�*�  (��.%#
 �	�/ �+%�+ +(4 :�3
*��,+ ��=�23%��F�= .�%?&/ �.�� �
!�#

 �  �
�3�!� �/ �+(&). �2 = ���?�%2� �
+ �� �,%-�, �= [�?/ �?3
 ��+� �%4  :��
� �+(�� .3�"�1@ �� �(?
� �-�*?��4 �?	�/ �3

���%. .�+ N�/��%��%2� �a, �?�+� +� �?3 �?� �?&Q�/ :�?3-
(-��.%#)J).r`6.(

��	 �+ �(. ���= �&��I AQ�������9 ��%2� �
+ �
+� �?/ �?3 
3�?" �?9 x?�� (�<?, ��=%" �+ J��9 �%Q�?=d!���%?G �(?�+ 

�(. J�)*= (?�+ .���?9 �+ :��?
� �+(?M= �?�=%" +� �?&^> :�?3
�,+ ��!9 ��*��4 )J).r`_. (

������� *��D� 
��
���  �,�!/ :+!/ :�?3��	 �+ Z?
 !?3 �
��2�?. U�9!= :

���9 ��%2� �+ :�+(M= �c3 �/ �
+� �?/ �
��2�?. �?
[S= ��%� +� �3
��0F,� !?�m� u?&F�� �?
[S= :�3EPMA �XRF ,ICP-MS 

c
�+� �+!>.

/
� *� *��D�X-ray Fluorescence Spectrometer (XRF)  
��+(�+ :+!/ w � �
+ ����%2� �� �%4%� �&I+ !I�-' :!�" :�3

 !?I�-' J��?.:Si- Al- Ti- Fe- Mg- Ca- Na- K- Mn- P 
�+(M= �����1@ ��%#  (�(. 6��F�+ ��%2� w � �/ �3XRF  
��0F,� �/  Shimadzu P(?� XRF - 1700 Sequential  
!��@  ]�F� mA 30`40V(�(. �
[S= ��%� .

��?	 �+ �?�%2� �?, �?9 �?,+ :� @��
 �/ $�D��?��9 �?
+�
)86G1, 77G1, G11 ( ��	 �+ ��%2� �,  �)114G1, 15G1, 

52G1 ( �?��9 $%?, ��	 �+ ��%2� Z
  �?
+�)G1 54(6�?�F�+
 ��%2�  (�(. ���2. �/ :G1 23���9 :�3��	 �+ �^�9!= �
+��

 ��,+ ��%/ .N
���@ �
�F� P (4 �� �3��(. 5�� (�+.
�?� 1�*� P (4 �
+ �,�!/ �Y?�*� �%?Q �?/ �?9 (?3�

 ��0����SiO2��	 �� ����9 ��?	 �+ N�?/ :��?,��?/  ��%?/ 
�g/g%�����L �� �(,� ��%2� :+!/ �9 �+ �(?. �?.+�!/ :�3
 ��	��� �
+ � (L �+(�/�%�,+ .��?	 �� �+(�� �
+ N
+[	+�
���9 ;�)�&�, �/ :��, �,+ ��%/ o%/!� ��	 �
+ �� �%4%� :�3.



(&4 ������2. ��1�F�/�=���� �,�!/���9_%= [
+  �2�.%n] ��,�-. �� �!"%" :�3. . .���

8&�E���9 �,�!/ �
�F�:��0�:u�+(�#%)?, !)�� Aa��
�+ 1�9��	 �=��?�=�23%��F�= �?,+ �(. J�)*= �(Them) 

x�� (�<, ��F-0� %��F�= �+ �(.+(4(TMt) . (Ga)x��" .
6(��	 �����9 �+ �#%), !)�� Aa�� Z
���F-0� �(Mt) �

�
!�#(Py) ���9  x��9 :�3(Ga) �?�%2� �
+ �� X�Y�*� �
�?,+ �.%&�9+ �	�/ (>�	 ��F-0�  �,+ ��
� �
!�#._(

��=%" �+ �#%), !)�� Aa�� Z
(Go) ��?	 x�� (�<, �
���9���9 �+ :�+(M= ��*��4 �9 :��,�,+ �(. �3.

F
%49�
[S= �
�F� w � �/ �
��2�. :XRF U�L !/ !
���� wt% ) ���  (I��(�(. �-�2k=(�+.
� � � h g i r �

sample �iG� rrG� G�� ��G� ��hG� �gG� g�G� ghG�
SiO� rh/� hh/� ��/� i�/� ��/� ��/� �r/g g�/g

Al�O� i/� h�/� ��/� hh/� i/� h�/� h�/� �/�
TiO� �i/� ��/� �h/� ��/� ��/� �r/� �r/� -
Fe�O� ih/�h  ��/��  ��/�g g�/�h  �i/��  r�/�h  i�/��  �g/�h
MgO �/� �r/� �r/� �i/� r/� ��/� �/� ��/�
CaO �r/� ��/� g�/� �i/� ��/� ��/� h/� h�/�
Na�O ��/� - - ��/� - - ��/� -
K�O - - - - �r/� ��/� ��/� -

MnO �i/� �g/� �g/� �r/� �r/� �g/� �h/� �g/�
P�Og ��/� ��/� ��/� ��/� ��/� ��/� - ��/�
LOI g�/� ��/� ��/� r�/� ��/� �i/� ��/� �h/�
total ��/�� ig/��  �g/�� �g/��� ��/��  hh/��  �h/��� �i/��  






�=+!/ �+�!��1+!
+ �,�-. ���9  �,�-.�%&/ �&S� ���

 !Y-' ��%� ��Al c�2Y= �2� ���>� :!�" ��!?9 �n+�+ 1+%=
 �� c3 !Y-' �
+ +!
� U?�9!= �� (�+%= �?3:�?3@ :(��?9+ �+�

 -/ !Y?-' Z?
 c?3 ��%. �3@ ��*��4 ��F-0� !�m� ?���:��
U�9!=�3:�,+ �=�)�&�, .�?�%2� c���?F�= 1+[�� �?F	!" :�?3

 :�3��	 �+ �(.� ��+ !F29  [�W�� �/�%�%/�,+ �.!?m� �/
�� ��	 �9 (,�����9 A
!, :��, ��	 �+ !=��9 �,+ �(. �!, 

�{�= 1@ �� �%4%� ��F-0� �� %��?F�= �-.%&�9+ :�3 �?�=�23
 �,+ �(*� J�)*= .��	 ��=%" �+ �(. 6��F�+ ��%2� ������9 -

�,+ ��%/ ��0F,� ��,��L (L !
� c���F�= !
���� �:��, .[?4
 � ���%� Z
��3@ 1+[ ��&9 :��%2� :�?3��	 �+ �(. 6��F�+ :�3

� ��+ N�/ ��%���L �� �,+ ��%/��%2� �9:�F�=%" �h%
�??.+� �%?G U?�9!= �� �?3@ .~?,%F�MgO �?�%2� �� :�??3

 ��	 �F�F-0�����9 !/+!/ :��,h�/�%���?L �� ��?,+ ��%/ �?9
 ��%2� �� �+(�� �
+ ��	 :�3��+(�� �/ h�/�%��,���?
+  (

�-M� ; �<= ;�)�&�?, �� !Y?-' �?
+ �%k?L J��� �/ �+� :�?3
 ��	 �� �%4%���,+ .!Y-' �
+ �+(�� ��=%" ��%2� :+!/��/�

%�(. �^E .:+!/ N�/�29 (� � �
+CaO ���,+ �(. �<L [.
1+[�� J9Na2O��%2� 1+[�� ��  �,+ ��%/ [�W�� �3K2O�� 

��%2� ��	 :�3���%2� �+ N�/ ��	 :�3����9 �/ �
+  �%/ :��,
 ;�)�&�, �%kL J��� �� !Y-' �
+ X�FM�^Q  �,+ ��	 �
+ �� �3

 ��	����9 �2� :��, (?.�/ �F?.+� �%k?L (�+%= .1+[?��MnO 
��&9:��%2� � (L  !/+!/ X�^
!�= �3�g/�%�%/ . [-0-�
"��-

�3:%n] �?/ !Y?-' �?
+ �?3+!23  �.+� �3@ �/�*� �
��2�.
U�9!=3�:�3@ �,+ �M�^Q :(��9 �(�3  :(��9+ �+�.

A24 Z
 ���� �&9 :(-/ 
��2�?. U?�9!= �9 �<" 1+%=�
��%2� :�3��	 �+ �(. �F	!" :�3� � �/�*� ;��4 �kM/ �+ 

� ;��4 �+
���L �� �(-= �<F� !0 �?�%2� �?/ �F�?/+  �
�F� �9:
��	 �F�=%"�&9 �%Q �/ ���%2� �/ �+ �(?. �?F	!" :�?3 ��?	  �

�,+ ��%/ ; �<F� !0
�.

$%� 5G4 �����: /
� *� *��D�����+�� (ICP-MS)  
Inductivity coupled plasma mass spectrometry 

+!/:" ��+(?�+ ?�!:?'!	 !?I�-' �?n[4  �w � �+ �ICP-MS 
+!?/  �(?. ���<F,+:�%= ?��2?,8# %?=!# (:1%?"�@ )Argon 

Plasma ( ��0F?,�Perkin-Elmer SCIEX P(?�ELAN 

6100�?	!" �+!?> ���<F,+ ��%� .1%?"�@ �M?.+ (?��%= A?^-�
 �2,8#K���� ��%2� �� ��!4 N
+(4 ;�(>  !/+!/ �3�/�`

�amu(. 6��F�+ .

��+(�+ �+ JI�L �
�F� P (?4 �� :!?�"�?� �(?
� �(�%?. .
��%2� ��&9 X�^
!�= �P (4 �
+!/�-/ ��?	 �+ �(?. �.+�!/ :�3� 

����9 �:��, c���F�= !
����(Ti) !F*?�/ :!?I�-' �?/ �^�?� 
� ����  �'!	
�= 1@ �-�*�/  (-F.+� !0h��ppm�?� [?�� -

,��(.��	 ��=%" �� c���F�= �� �1@ J���  ��%/ ��
�# ����/ 
�)^. ��
�# �
��+%= [��:!Y?-' �
+ :�+(�0� �� ��=%" :�%&/ 

�,+ ��%/ .c?3 �?�%2� �+ !?"+ ��?-W:���2?. :77G1 c*?W 
.%#�!Y?-' 1+[�� J>+(L ��%. (V) �?�%2� �� �?.+�!/ :�?3

 ��	 �+ �(.�!/+!/ ��gppm���L �� ��,+ / �9 ?�*��-:�?
+ 
��%2� �� !Y-' ��	 �+ �(. �F	!" :�3�!/+!/ �rppm�,� �/ 

��	 ��=%" ��  �(�@��/ [�� ��ppm��,��(.!Y?-' 1+[��
$!9(Cr) ��%2� ���2= �� +�!/ :�3 u?&F�� :�3��	 �+ �(. �.

 ��/  ��
�#���=g�ppm�?,+ ��%?/ .U?�9!= XD%?I+ �?3:
(-F�?3 $!?9 !Y?-' �+ �-�
�?# !
��?�� :+�+� ��?3@ :(��9+ .

[-0-� !Y-' 1+[�� �$!9 !Y-' �8G!/(Mn)��%2� ���2= �� -
�-�+�  �,D�/ �3:��/ 1@ ;+!��{= �gi �?= h�� ppm�+!?> 

�.+� .��� �/ !�+ �
+  �3@ !I�-' �
��2�.%n] �+%G �/�*= J
:(��??9+ ;�??^�9!= �� (??����> !Y??-'  � �??
+  �??,+ [??-0-�

 (�%. !0
()
 ��*��4 .�?��^9 !I�-' �2�.%n] (Co) J?)��  
(Ni) c?3 ��^?. [�� �?�%2� �+ �?R��-W  (?�+:���2?. 86G1 
c*W.%#���&9 �� !Y-'  � �
+ �+(�� ��%. :��%2� ��
�?# �3

 �9 :(� �  �?�%2� �?/ �/�*� X8� �?3:�
(?��+� !?0 .e?� (Cu) 
�/ !/+!/ �-�0�������ppm��%2� �� ��?	 �(?. 6�?�F�+ :�?3�

���?L �� �?.+� :��, ���9 �?�%2� :+!?/ �+(?�� �?
+ �?9 :�?3
 ��	 �+ �(. �.+�!/��=��gppm�� �?= �= �<=  (�,�ppm

�� �,+ �4%= J/�> �9 (-F.+� .��	 ��=%" �� e� �+(����?=
ppm��� �-M� ; �<= �9 �,+ ��%2� �/ :�+� �?3:�
��+� !?0 .
8Q(Au) ��=8#  (Pt) ��%2� �� [�� ��+(�+ �3 ��  (�(. :!�"

��%2� ��&9 �+ !F29 !I�-' �
+ �+(�� �3�ppm�,+ ��%/ .!/�-/
P (4 ��23 :��%2� ��=8# (>�	 �(��%/ 8Q :�+� �9 �
�3 (?�+

e)'!/  .-' !
���� !I�Y, La, Ce, Pr, Nd �?�%2� �� [�� �?3
��+(�+"�!:(�(. .��%2� :!
��?�� �
 (��%/ !I�-' �
+ (>�	 �
 �3

 �+ !F29�ppmc*W J/�> �9 (-F.+� .%#�(-F�3 .
�� ��%2� �n[4  �'!	 !I�-' �2�.%n] �9 �<" 1+%= :�?3

 ��	 �+ �(. 6��F�+� ����9 !?I�-' ��%?� �� ��?,Ti, Cu, V 
= �<F��� �� ��+%� �� 
��%/ �/�*� !0(�+ .��	����9 �?/ :��?,

���9 ; �<= J�����+� �= �<F� �2�.%n] ��,�-..



(&4 ������2. ��1�F�/�=���� �,�!/���9_%= [
+  �2�.%n] ��,�-. �� �!"%" :�3. . .���

F
%4>��+(�+ !
�����(. :!�"1�*� +� ��%2� �� �%4%� �n[4  �'!	 !I�-' :��(3�.U�L !/ !
����ppm�(. ���M= (�+.
� � � h g i r �

sample �iG� rrG� G�� ��G� ��hG� �gG� g�G� ghG�
Ti �r/�gg g�/�� hr/�g� �h/h�� �i/h�h �/��� ��/�i� ��/��
V gi/��� ��/ih �h/��g ��/h� i� ��/�r �g/�� r�/��
Cr �/�� ih/�h h�/g� gi/hh ��/�� ig/�� h�/g� hr/��
Mn rg/��g ��/��� g�/�h� r�/h�� �g/hrr �h/��r �h/�gi �r/���
Co ��/��� gr/�� �r/�r ��/i� ��/r ��/�i g/�g h�/��
Ni ��/��h hg/�h ND ii/h ND gh/� i �g/�
Cu r�/�r� r�/�� �/��r �i/�h� ��/��� �/�gi ��/��� h�/���
Au ri/� ND ND ND ND i�/� ig/� ig/�
Pt ND r�/� i�/� r�/� r�/� ND ND ND 
Y rr/� ND ND ND ND g�/� ND �i/�
La ��/� ND gh/� r�/� gg/� ��/� ND �/�
Ce ND g�/� �h/� ir/� �h/� ND ND ND 
Pr gi/� ND ND ND ND ND ND ih/�
Nd ND ND ND i�/� ND ND ND ND 

=ND                         ��+(�+ (*� :!�" 

H�
�;&�� *&���� /
� *� ������� *��D��Electron Probe 
Micro Analysis(EPMA) 

+!/:Z?W%9 :�3(?L+  �� �3�%&/ �� �
��2�. ;+!��{= �,�!/ 
w � �/ �
[S= �+ ������EPMA (?. ���<F?,+ .�?�%2� :�?3
 ,�!/ �
+ �� ���<F,+ ��%��d%&/ �3 &��?I :�3�(?��%/ .�?�&9

��%2� ��0F,� �/ �3EPMA �?��G��9 �G�, :SHIMATZU 
P(� �#+]�i�� ,�!/ ��%� �(-F	!" �+!> .6�F. ]�F� 3��(-:
�� !F)�+ KV 35; �?<= u?&F�� !?I�-' ��4 �
[S= 1��� �

��(-9 .� (L �&I+ !I�-' :+!/ XD%2M������?L �� ����E �?9
 �/ �= �'!	 !I�-' :+!/��� � ����E ��� [,��(.+!?/:��KY?= 

��+� J2M�+�%F,� �3POP (?. �?F	!" .�?/ �a?,+ :(��?9+ :
��%2� 1�%/ +!/ ��3:1�!9 ��+(��F,+ ��%2� �+ ���0F,� :[&	 :�3

 �(. �FG�, V��G:���G��9 :(?. ���<F?,+ ��0F?,� �(���, .
��0F,� ��,��).@ Ultera thin window oxford Si(Li) �?
 

(ATW)�%/ .
���� -� 8I�. J��;� ���������EPMA 

�+ �%2S� ��r��+(�+ ���2?. �?�%2� �+ ��?F	!" ;�%?I :!�":
G11 	 ��F-0� �/ �F�/+  ����+(M= �h (�(?. �
[S= ��%� �

 � ��%�:��?	 �� �%4%� ��F-0� ��?�%2� :���2?. :17G1 
P (4 �� �
�F� �9 �	!" ;�%I��� �(
� (�%?. .�?S�@ �+ �?9

 ���9 U�9!= ��	 ��=%" �,�-.����9 �%?4%� ��F-0� �/ :��,
 :�3��	 ��� ���+(�+ !
���� !9H �+ ����� ���> J/�> :!?�"

�(.�� :�+��%G ��	 �
+ :+!/ �%..
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