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* �4 �6,M �4  
���= U*!##{M G%$ �
�#<#&  �$�%& �* !2)#4 ���)T)MJ 9�E

G%$ �N= 9!N\�%. �* ���T2N$* �N4 *�� ��$* �� �� '
�hJ 9�E
 �� �/��*� 9!2<= C!ZM 1�0�* +�� *� ���J 1*,M ��  �!N= 9�*�"

 G%$ +�� '##aM �� ��/& ���$!"� B,�2$� G%$ �= �a@*,�
�� �*�,<� �/&�4 /#T� /�*,MZr/TiO2��4 �A�Nb\Y ��,<� 9*

�$�E�*�,<� '
* �*]t[G%N$ ��*�,<� '
* �� �� �N�8%� 9�NE
�!2�NN" �#NN$*�,
�  �NN#�,
� 9�NNE�NN� �*!NN@ �#NN$*� �"NN# �!

)I0&�.(��,<� �� N$�!4 ��,� 9�E�`
*SN	* �N4 SiO2�NH->
Al2O3�� `
*S	* ��2A�� */N6 9��N. /N� � �N4 'N
* �= /4�

`

G%$ �� !\�%. �	�%� 9��. 9�E ��*/N� �M .�NM ��N>J �* D#%#�,N�J
�R
*/6 1�
*/6 ��>J ��  ��*� �,�W �
�<"�� `
��
�N<"�� `

�P=,
QPR ��2:�$ �� �N� �*!@ '�= !#R  K#�-= 9�E  �!N#"
 �R ��
*/6 1�
�� �NE�P=,
QPR ��2N$,#R 9!N$ �	!)N#R �4 `

U�V$/-	�E9-@#��
�N� S=!<2� �,N& .�� /#�N=* 'N
* 1*SN#�
��,<�9�E $�!4 ��,� ��*��/��NM ��/�� !N#{2� �N��  /N\�� 
�$* .�= �[�J �*Mg /%��<E Ca y,�NZ� �*/N"!
� !N\�%. �* 

��	 �� /��*� I
�<M  �/& �N#� * 9�NE)*/N6 /N%
J!	 ��N>J
`(�
���= 0)NM *� KN#	�� 9�E#�/�,N& b��N: ;,N-Z� �*  /N%E� I

*/6 /� � `
*S	* �4 '
*!4�%4
`)`
*S	*SiO2(�NH->MgO 
�N� `E�= U/& �4 /N4�
 .1*SN#�MgO G%N$ �� ��,N� 9�NE

 �* �NN$�!4��/��NNM ��/��NN$* !NN#{2� �NN��  /NN\�� .CaO 
�N#� * IW*!� �� �= �$* 9/#�=*9*/N6 
��*  ��*� IN
�<M `

��	 ��� �4 9�E9���= /%��� ��4 �P=,N
QPR  KN#	�� 9�NE 9�NE
D#�-= ���= '
* b !: �4 �= �$* j#M!M '
/4 ��,& �*� �NH-> 

��*�* �4 /#�=* '
*9*/6 /� � 
'N
* �= ��	�
 /E*,: `E�= `
�� !�* I0& �4 /�*,M"#!9�P=,
QPR j#=!M �N4 K#�N-= �* �NE

 /N&�4 �2�4*  �<"�� �)�4 �,-AM '#W K
/$ .1*SN#�CaO �� 
��,<� N$�!4 ��,� 9�E��*��/��NM ��/�!N#{2� �N��  /N\�� 
�$* .!\�%.K Na !NZ2� !\�%. �* C/N�* .1*SN#�Na2O�� 
��,<� �* ��8%� 9�E��/��M��/�#{M ���  /\�� #�N� ! /N%=

 1*S#�K2O��,<� '
* �� �E�x/��Mvv/�� �N$* ���  /\�� .
!
���� 1�,4 ��4K2O�� *� `N
�J ���<2W*  ���$!"� �4 1*,M

�2$,R �*� �A�� 9* .9�E/#�=* U*!##{MTiO2 FeO �A�N� 



�9!�,4 ��!(��4�#4 �+!T$* '
���<#E*!4* �1*!�� �y,=1*!
* �$�%& ���=  �$�%&�,-4 �-[� vx�

1

5

Com/Pant Phonolite

Rhyolite

Trachyte0.
00

01

�4SiO2�)� �� 1�*/N�� `
*SN	* �4 ���J !
���� �= /ESiO2�* 
�� 9 !#R �� S� /� � K
 �� �= /%= �/%E� 1�)� /�*,M9�,-AM 

/N&�4 �<"�� �,-AM �g '�= !#R,%#-= ���= �)�4]�[.1*SN#�
Rb ��,<� �� �* ��8%� 9�E�v�M��� �R �R �N$* !N#{2� +*

��,<� �4 n,4!� �*/�� '
!2)#4 9�EMCD-S29 � �= �$*�-
/&�4 ��,<� '
* �� D#$�2R ��V$/-	 �,�W I#�� �4 /�*,M .�N4 *�N�

 `
*S	*SiO21�)N� �,N: �* �)
*S	* ��2A�� /� � !d%.  � '
* 
��/%E� .��,<� +,#%=!
� 1*S#� �* ��8%� 9�Ev�� �M ��� �R -
�R #{M +*#� !��N�,<� �N4 �*/�� '
!2)#4  /%=9MCD-S32 

�� �= �$* �2�4* ,M�N�,<� '
* �� ;,A#T�J �,�W I#�� �4 /�*
 */6 /� � `
*S	* �4 +,#%=!
� 1*S#� �/&�4
�N� `
*S	* `/N4�
 .

9!NN$ ��NNa4 �#�)NNM I0NN&  �NNE"NN#!9�NNE9�NN4 �
�NN<"�� 
�NN� U�,NN\ SNN#� �NN]-]� 9�NNE�*�,<� 'NN
* �* �NN0
 �NN= ��!NN#"

 �]-]� �*�,<� �;,<a� �]-]� 9�E�*�,<�AFM '
* +��  ��$* 
NO� �* �*�,<�X,A = Na2O + K2O, F = FeO + Fe2O3 

M = MgO�$* �/& �2	!" ]��[9!$ �,� �$*/#R �0��%3 �
G%$ �
�<"�� ��8%� '
�hJ 9�E9��,� �0EJ ��$�!4��
�#-@

 �$* �2#o�,M �M)I0&�.(fN#@� '#N#aM �,H%� �4 �N#a@,� !NM
 

���EF�
S[M z
�2�9G%$ �
�#<#& E�� _� �����= ���)T)MJ 9�E B � �4 �,XRF.
sample S37 S29 S14 S7 S94 S32 MF1 S114 S9 BZ011 S150 

SiO2 (wt%) ��/��  �/��  ��/��  ��/�x  ��/��  �x/�x  ��/��  ��/x�  ��/��  �v/�v  x�/�x  

Al2O3 xv/� x�/�v  ��/��  ��/��  ��/�v  ��/��  �x/� vx/��  v�/� ��/� ��/v
Na2O �x/� ��/� xv/� x�/� ��/� ��/v vx/� ��/� v�/� �/� ��/�
MgO ��/� ��/� ��/� ��/� ��/� ��/v ��/� ��/� ��/� ��/� ��/�
K2O ��/� vv/��  ��/x ��/��  ��/v ��/� xv/� ��/� ��/� �x/� ��/v
TiO2 ��/� x�/� ��/� v�/� �v/� �/� ��/� x�/� ��/� ��/� ��/�
MnO � ��/� �v/� �v/� ��/� �/� � ��/� � v�/� �v/�
CaO ��/� ��/� ��/� ��/� ��/� ��/x �x/� ��/� ��/� vx/� v�/�
P2O5 ��/� ��/� ��/� ��/� v�/� �/� ��/� ��/� �x/� ��/� �v/�
Fe2O3 �x/v xx/� x�/� x�/� ��/� ��/� ��/� ��/v ��/x ��/�x  �/v
SO3 ��/��  v�/� �x/� ��/� ��/� ��/� ��/� ��/��  ��/��  ��/� �x/�
LOI ��/� ��/� ��/x ��/� ��/� x�/� ��/� ��/�v  ��/� v�/� v�/�

Ba (ppm) ���� ��v ��� �xv ��� x�� �v� ��� ��� vx� ��� 

CO �� �� x� v� ��� �� x� vv �� xv� �� 

Cr �� �� v� �� �v� �� �� �� �� ��� ��� 

Cu ��� ��� v�x� ��x ��� ��� v�x x�v �x� �x��� vx�� 

Nb v� �� vx �� �� vv v� �� � � -

Ni x� � �� �� x� �� �� � - v -

U vv � - �� v� �� � - � �x �� 

Th �� �� �� v� �� �� �� � �� v�� �x 

Ce �� ��x �x �x �� �� �� �� �� ��� �vv 

Cl ���� ���� ���x ���� ��� �x� �v�� �vv� v��� ���� ���� 

Pb ��� ��x�� vx�� �� �� �� ��� x�� v�x ���x x���� 

Rb �x� ��� ��� ��� ��� v�� ��� ��� ��v �v v�v 

Sr v�� x�� ���� v�� ���� �v� vvv ��� ��� x�x �� 

V �� ��� vxv �� ��� ��� x� ��� ��� �� xx 

W - - v� � - vv - �� v� - -

Y �� �� �� �� x� �� �� �� �� � v� 

Zr ��� ��� ��� ��� �x� ��� �x� x�� v�� - -

Zn ��� �x�� ��x� ��v �x� v�� x�� ��� ��� ���v v�x� 

Mo - - - - - - - - - vx -



/-6v����<& �v1�2�4�M ����� �<#&,OQ G%$  G%$ �$�%& _� �����= ���)T)MJ 9�E . . .vx�

>7�GG%$ �#a@,���8%� ���)T)MJ 9�E9$�!4 ��,� ��*�,<� �� ]���[.

'#�� G%$ �2:�$ X,@ 1�!= */6  �E �� ���)T)MJ 9�E 1*,M
 �]-]� �*�,<� �*]��[��*�,N<� 'N
* �4 �6,M �4 �= ��!= ���T2$*

��,<� '#�� �#a@,� �� ��8%� 9�E ��,N:!4 �N4 1��S<E �2:�$
���@ �� 9�6 9* /�!#" )I0&�.('#N�� Y#NZ� '##aM �,H%� �4

 G%N$ �2:�$ �
�NE�*�,<� �* ��N$�!4 ��,N� ���)NT)MJ 9�NE
 �� ���T2$* !N#H� �N=!ZM DN= y�#<= !\�%. �= �,&Y�Nb �

Hf �Ta �Zr �/���$ �!#>  /%2�E 1J 9�E .��2A�N� !N\�%. 'N
*
  �"��*,NE IN]� �
�E/N%
J!	 �!N0-<. +�(%E  ��,4 C!Z2���

 ,: �* ���$!"� �N<� 1�)N� �2#$��NW �/N%E� .�* ���T2N$* �N4

 '#�� Y#Z� `
*/6 �*�,<� 9���%)N#R 9�E/N#O,2#�*!" �2:�$
]�5[y�N#<= !N\�%. j�NW!4 �N= Y + Nb Rb �SN#� �N$* 

'#�� �#a@,� G%N$ �2:�$ �N�8%� 9�NE �� �N$�!4 ��,N� 9
�!2�" X,@ �4 �2�4*  9��,N:!4 �N4 1�N�S<E  ���)T)MJ 9�E

 �� �*!@ �!#")I0&�.(�*�,N<� !(
� 9*!N4 �/N& ���T2N$* 9�NE
 '#�� ��(
�6 '##aM G%$ �2:�$ �* �
�N<"�� 9�NEHf/3-Th-

Nb/16  Hf/3-Th-Ta �$* ]��[��,<� �= �!2�N" �� �NE 9
CAB�#&�W �
 ���@ y!�� 9�� �*!@ 9* /�!#")I0&�.(

>7�H�*�,<�AFM ]��[*/6  
G%$ `�2�4*  '
�hJ 9�EX,@ �4 ���)T)MJ 9�E]��[��,<� �#a@,�  ��8%� 9�E9$�!4 ��,� �1J !4 .



�9!�,4 ��!(��4�#4 �+!T$* '
���<#E*!4* �1*!�� �y,=1*!
* �$�%& ���=  �$�%&�,-4 �-[� vx�

 

>7�I��,<� 9!#"�*!@ ��8%� 9�E9$�!4 ��,� �X,@ �� �� Y#Z�  ���)T)MJ 9�E#2:�$ '���,:!4 �4 1��S<E ]�v[.

>7� J�� �*�,<� #2:�$ '�G%$ �
�<"�� �!2�" �� �= �,E�� _� �����= 9�E9CAB�#&�W �
 9���@ y!�� �N� �*!@ 9* �/N�!#"Hf/3-Th-

Nb/16)e�* ( Hf/3-Th-Ta )y(�]��[.

�/& D#$!M �*�,<� �� �N�,<� y�N#<= �=�N: !\�%. 99�NE
 �
�/N%= �N4 �A�N� �,E�N� _� �����= �� �$�!4 ��,�]�x[

)I0&�(E�)� �T%� j#& ��� �/ �/%E� 1�)� �= �,& �N%> 9
��,<� �"/& KA$ y�#<= �=�: !\�%. �* �E )LREE ( �N�M  

'#(%N$ y�N#<= �=�: !\�%. �* �"/& )HREE ( �N�,<� 9�NE
 �N$* ��8%� .!N\�%. S#��N�J !
��N��REE ; /N6 �� v��� J 

�/&/�* .1*S#�N)La/Yb ( ��,<� 9*!4 '#N4 �N$�!4 ��,N� 9�NE
��/��M�v/�� J �$� �4 �$* �/� .!N\�%. �"/N%=*!R 9,N(�*

 ��,<� �� y�#<= �=�: �N= �N$* 9�*,N� ��2A�N� �/N& ��
 9�E
1�)��/%E� �N$���J 1�,4 ��(2$�: DE 9.�"/N& �N%> 9*!N4

LREE �4 �A�� HREE �� 1�,N4 !M��"��$�� �4 1*,MLREE 

�4 �A�� �EHREE I0& !i* �� �$* '0<� �0%
*  9!#" 9�E
 G%$ �� �<"�� I0& 9�E �2	�
 /%N&�4 �/N& SN=!<2� ��8%� 9

]��.['N
* I#0)NM �/N&�4 !i,N� �$* '0<� �= 9!(
� I��.
G%$ �$* `�*� !	 fg�%� �4 �2�4*  9�E]��.[�A���Eu/

Eu �* �/�J �$� �4��/��M��/��� !##{M K
 '
*!4�%4 �/%%=
�4 �N� �/N
� e#aNl �NT%� 9��N[%E �,N& .; /N6�!
��N�� 

�/& �A$�Z� 9�Eu/Eu�� 1�)� *� /E� .��,<� �"/& �%>-
y�N#<= �=�N: !N\�%. �* �,E�N� _� �����= �$�!4 ��,� 9�E
 SN#�  '#(%N$ y�#<= �=�: !\�%. �* ���J �"/& ��M  KA$

�4 �T%� 9��[%EEu �2&!$ �* �
�/%= �4 �A�� G%$ 9�E-
�0EJ 9�E�1�)T)MJ �
�#-@�#&�W 9�E���@ 9�$�E]��.[



/-6v����<& �v1�2�4�M ����� �<#&,OQ G%$  G%$ �$�%& _� �����= ���)T)MJ 9�E . . .vx�

>7�K��,<� y�#<= �=�: !\�%. �*�,<��
�/%= X�$* !4 �/& ��[%�4 ��,E�� _� �����= 9�E]�s[.

���E@�2� 
S[M z
& �#<#��
=�: !\�%. �<=#y�)j�W!4PPM ( B � �4ICP-MS.
YYbTmErHoDyTbGdEuSmNdPrCeLuSample 
r/��s/��p/m�q/�7p/m�t/57r/mq5/5rr/mt/5�}q�/sp/s5 sp/m4-172 
p/��s/�5/m55/�7t/m5q/57r/mqt/5rt/m75/�} q�/s5/ss 5t/m4-173 
7/��5/��t/m55/�s/mpq/�75/mpr/�ss/m5/5}/�m p�/5r/5} 5�/mMH2d-43 
r/��5/��p/m�t/�ss/mmq/577/mms/5s5/m5/5r/�m pp/5}/5r 57/mMH2d-40 

5q/mm7/mm�/mm7/mm�/mm}/mm�/mmp/mm7/m�5/mq/m�7/mqt/�m�/mBZ011 
�/7mqp/sr�/m�7/qps/��q/�� pt/�s/��qq/5t�/r5/�t s�/7r/s� }5/mBZ017 

r�/rqp/m�/mr}/m5r/ms7/�5q/mr7/�st/ms}/��/rr}/�7q/�5 mp/mG1 

���EA�A�� �A$�Z� Eu/Eu*��,<� �E�,E�� _� �����= �� �a��8� ��,� 9.
MCD-G1MCD-BZ017MCD-BZ011MCD-MH2d40MCD-MH2d48MCD-4-173MCD-4-172Sample

st/m��/v��/�xv/�xx/���/���/�Eu 
��/�x/�� ��/��x/v��/���/v�v/vGd 
x�/���/��v/�v/vv/v��/vSm 
��/���/�x x�/��v/���/��v/�� x�/�� EuN 
��/��v/xx ��/���/���/���/���/�GdN 
x�/���/x� �v/�v�/�� v�/�� ��/�� ��/�x SmN 
��/���/���/���/���/���/���/�Eu/Eu*

G%$ �
�#<#& j#=!M ��8%� 9�E �4 �A�� �$�!4 ��,� 9
�2NN&," �NN4 !NN\�%. 'NN
* �NN�* *!	 �NN#� * 9]��[�/NN& ��NN[%�4 

/�* )I0&��.(����,<� ��,E�N� _N� ���N��= �$�!4 ��,� 9�E
�%> !N\�%. �* �T#al ��2A�� �"/&Th �* ���NM ���  !N4*!4 

U9��4 9��� �2&," �� ���J �#� * !
���� !4*!4 1�)N� �#� * 9
�� ��*/N" 1/N& �	�Nl* IN#�� �N4 ���N<2W* !�* '
* �= /%E� 9

���N& �N
  9QPR 9��4,$� �* I\�W �2N$,R �* IN\�W 9�NE 9
�<)3 �4 �/& 1�$!"� �$,��#@* y h 9�/& �," 9�2N&," 9-

/&�4 9*]��[9��[%�#4 �A]� 9�EPb 9��N4 �NM ���� !N4*!4 

�2&," �� ���J �#� * !
���� �," 9����!"� �4 �= �$* �#� * 99
�2&," �-#$  �4 9* ���N& 9�2N$,R �* �N&�� 9�NE �N$,��#@* 9

�2N$,R �4 �<"�� `
�J �
  � !	 N@ 9��� ��*� ���N&* 9*]v�.[��
�M,A0%. �*�,<� )I0&��(!dN%.K1�)N� �NA]� 9��N[%�#4 

�� /E�)'#4��� �M ���� �A�N� !d%. '
* �#� * !
���� !4*!4 
�2&," �4 �#� * 9(��(2N$�:  �KG%N$ 'N
* �� �,N6,� 9�NE

 y,$� ��(2$�: �* ��,<a� �N4 �N= �N$* �
�E �-#N$  �N@�  99
&," ��*  �/� � !	 �/& �2/�* .�%> /N%��� 9!\�%. �"/&Ba  

Sr)'#4���M��� �2N&," �N4 �A�� ���J �#� * !
���� !4*!4 9



�9!�,4 ��!(��4�#4 �+!T$* '
���<#E*!4* �1*!�� �y,=1*!
* �$�%& ���=  �$�%&�,-4 �-[� v��

�#� * (C!NZ2�  ��"��N$�� 9!d%. D
��4 �= �$* I#�� '
* �4
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