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-���/ ��+
& DZAA 
[��V ���*@� !#�&*9 ���"+�8/& DDDDDD DDDDDDD ���71 �/*�QgTZJA2 
[��V ���*@� ��"+�8/& DDDDDD DDDDDDD ���71 �/*�QaDZKJ 

&;1D@�-1 �8V�01 �
�Vd �4 C<9 ���*@� �+J& 3�=-��9& �
���� ��
���� 3�$
.
Modern Area Oregon ��&�G �*9 C<9 

ug/v^ ag/vs ^_/vs sn/vt ^/vs SiO2

^t/gv a/gt vt/gv gs^/gt Al2O3

n.d. n.d. b^/bbs/bgu/bFe2O3

n.d. n.d. bb/bav/bba/bMgO 
sv/sab/^st/sbn/^gn/^CaO 
ga/gv_/b^t/bsg/bb/gNa2O

n.d. n.d. ba/bbs/bbu/bK2O
DDun/g^ av/g^ u/g^ LOI 
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���L��-�� �-
{� ���&� ?&�
& �/�01 ���9 � �/�01�*+4 �+<� yy

��	���� 
�/��4 3&�4 !����G ~
�8� �& �
��7�1*@O 3�=ICP-MS ���F8/&

 -1)6�-;n.(�/��4 �
& �� I0/ �
��7�1 ��9�# 3�=
 )�; M&���T# ��
�7 �� 3�/ �?�4!��)Mass-Change ( �(

���9�0> ?&!�� ����/� � l+8�� CL&�� C��.# � 3��/ � -1
��# �-1�&�B �/��4 � �U4 ��*� ����/� � �( �J�0, � 

�/& �8	� .
-
*+	 � �8��0
� �&�*7� ��]_[�J�0, N�/& �4 �9

��*7� �8%�4 ��/& �-1 �04 |�U8��� �� �/��4 ��*� 3�=
��8�  �9&�# 3� �
�-�Ga��8�  �� ��*7� �&�B ��9&�# 3
�8	�  -�&)C.1v.(
�4�0, )�; M&���T# �/��4 �*Z0���*7� q�7�� 6*( �� �J -

��*7� �& �.
 �3�&��4 �9&�# 3�=�4 ?�/� ��� �8
�-�G ?&*0,
 �k0, � ��
��� 3�0"� I0/Ti �4 |�U8��� �k0, ?&*0,

-�-1 :��8�& .�"/�U� 3&�4 �J�0, )�; ���T# ?&!�� ��79 3
�"/�U� }�� �& �,�	 � �+J&p� �J�0, )�; ���T# 3��� 

]gb[�4 �9 -1 ���F8/&�4 ���� �k0, 3�0"� �*89�	 �|�U#
�0> � -1(Enrichment Factor)3��/��4 ��9�# ��-1 3

(Reconstructed Composition)�/& .)�; ���T# �
��� ��
 �J�0, (Mass Change) ���B �� CJ�L ~
�8� � �"/�U�

 X
&!	& 3�=�&�*7�–-�-1 P�/�# X=�9 .�4 �*Z0� �
& 3&�4
 �
� e4&�� �& ��#�# -1 ���F8/&]gb:[

�k0, ��&�&�	Ti��*7��� �-1 ?�/� � 3/�k0, ��&�&�	 Ti 
��*7��� ?�/� ��� 3(E.F.) =�0> �*89�	 � -1 
(E.F)×��*7� �� �k0, 3-��9& ��9�# ��&�&�	 ?�/� ��� 3

(R.C.) =��4 ��9�# �-1 3��/ 
?�/� ��� ��*7� �� �k0, ��&�&�	(M.C.)=(R.C.) - ���T#

)�; 
�� ���T# �
�8%�4 �/��4 ��*� q�7�� �� �N�/& �
& �4

�J�0, Na�K�Mg�Ca�Fe �� �-
� �*1 .M&���T# 3*$�&
��*7� q�7�� �� �J�0, �
& )�; -08�= P= �4�%� 3�&��4)C.1

t(�J�0, �
& �
���� ��$8/�V I0/ �� ��&*� ���7# �� �

&!	& �4 � �8��*@� ���/� � -0
G�	 �( � �/W�4 M-1 X

�2/&� �4 �J�0, �
& �
���� �& ���/� � 3W�4 |�U# ��+4�B 3
?G�/& �-1 �8/�9 �= .���9 �
!<# C��� �4 X=�9 �
& 3�=

���9 �4 �S9*
OSQ �
& ��\G � ��*4 ���
�/ � �/� 3�=
�4 M&���T#?�� }�8�  M�*J �� p�+
O�G ?�/� � 3�=

�/& �*�%� ��20� .�0>&�4 �-1 �-=�%� � -1 3Al �Si ��
��*7� �"( !�� ?�/� � 3�=]gg[��# �& �'4�#?G � -1 �& �=

 � �
��+B �J�0,Fe �Mg�/& )C.1t.(

�8�E��*7� ��'B*���*# 3�= -
*+	 � �8��0
� �&�*7� �� ���*@� ?�4!�� 3]u.[��*7� �8%�4��8�  �� �= �� ��*7� �� � �
�-�G �9&�# 3
��8� 3�8	�  �&�B ��9&�# -�& .
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-+; 5�����71 �����4���5 I0/ �� �8��*@� ���/� � �7�1*@O C<9 ��20� ���%F%#G 3�= y�

&;1DB��*7� !����G ~
�8���20� �& �-1 �1&��4 3�= }�� �4 �/��4 ��*� 3ICP-MS.
��*7� B1 B2 B3 B4 B5 B6 Zeolite 

Major elements (%) 

SiO2 ^/vs  b/v_  a/tn  n/ta  g/t_  _/sv  ^/vs  

Al2O3 ^/gv  n/gt  _/gv  s/gu  g/gn  bg/g^  b/gt  

Fe2O3 _a/t ns/t sa/v v_/u s_/a us/g gu/b
Na2O _/a _/a _/a u/a bu/b a/b b/g
K2O v_/n ^n/n _u/a _u/g v/b ng/b bu/b
CaO av/t tv/v su/n ag/n as/g gg/b gn/^
MgO sn/n ^t/a tn/b us/a ua/g nv/b ba/b
MnO gn/b gb/b bt/b b_/b bu/b bg/b bg/b
TiO2 ^g/b ^n/b sg/b tg/b ns/b ng/b bg/b
P2O5 aa/b aa/b av/b gu/b bv/b bt/b bg/b
Cr2O3 bg/b bu/b bg/b bg/b bg/b bg/b bg/b
LOI aa/a _t/a a_/a ng/n gu/n an/u u/g^  

Elements (ppm) 

Ba u_b vvb stb n_b agb nsb >gb
Nb ab ab ab ab nb nb >gb
Sr ubb n^b ngb abb sb gab ab 

Zn ta tg tn ts n_ ga ^
Ag >g >g >g >g >g >g >g

Ce n/u_  t/vg  ^/tv  t/tv  s/^g  a/ss  u/b
Co b/ag  g/g_  t/ga  a/gv  u/s t/g >v/b
Cs g/n t/a a/u _/t s/t ^/s a/b
Cu tt vt nu gbt aa aa tu 

Dy g^/u as/u at/u nn/v ut/v t^/n >bv/b
Er us/a tb/a va/a av/n nu/n uv/a >bv/b
Eu ag/g aa/g av/g gn/g v^/b uv/b >bv/b
Ga gs gs g_ gt gv gt g
Gd au/u an/u ^_/u vg/v g^/v tn/n >bv/b
Hf v v t t s s >g

Ho ^t/b ^t/b ^t/b b^/g gu/g ^g/b >bv/b
La a/av  g/as  v/nv  n/nn  g/un  t/n_  n/b
Lu nt/b n_/b nu/b vb/b vs/b ua/b >bv/b
Mo n n n n n v >a
Nd u/aa  g/an  s/as  b/a_  _/ng  ^/a_  n/b
Ni nt ub/g^  gu ns gg s gb 

Pr ^t/v ab/t tn/s sa/s a_/a st/^ bs/b
Rb gbn ggu gst gt^ ang g/_s  u/g
Sm u/u s/u u/v _/v _/v n/v >g/b
Sn a a n n a u >g
Ta ^/b _/b n/g u/g ^/g ^/g >v/b
Tb ^g/b ts/b sn/b ^s/b _a/b tg/b >bv/b
Th t/^ a/_ u/gn  _/gv  s/ab  s/g^  g/b
Tl >v/b >v/b >v/b >v/b >v/b t/b >v/b

Tm nt/b ub/b n_/b vg/b vu/b ub/b >bv/b
U vb/a sb/a bg/u aa/u _^/v _b/u >bv/b
V gta g_b _u gb^ nv a_ >v
W a a t v v t >g
Y n/aa  g/an  b/an  a/a_  a/n u/ag  >v/b

Yb u/a v/a v/a n/n t/n s/a >g/b
Zr gsv g_g g_g abs auu ant n
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���L��-�� �-
{� ���&� ?&�
& �/�01 ���9 � �/�01�*+4 �+<� ��

�8�G��*7� q�7�� �( �� �+J& 3�=-��9& )�; M&���T# �&�*7� 3�&��4)B1-B6.( 

?*
 �1�� C�	*8�� �J�0,)LILE ( �J�0, C��1Ba �K�Rb�
Sr �Th�U�Pb ��� ?�%� �#��F8� ��8	� -0=�)C.1s.(

3*$�& �J�0, )�; M&���T# U�Th �� � ��*4 �4�%� YS��9 
��*7� q�7�� 3�8/&� ��/ ���/� � M-1 X
&!	& �4 3�&��4

�� ?�%� 3�*'J -0=� .�k0, ��Ba �Rb!�� M&���T# 3*$�& 

�7= �� � �81&� ��4�%� Y�"
��# )�;��*7� 3�-1 ?�/� � 3�=
�0> �-%� ?�/� � �
�-�G �9&�# �4 �"��%� � -1 ?�

�� �/& PZ0��� �k0, �� �
& )�; M&���T# 3*$�& ��� �-0=� .
�k0, �&-��Sr � ��*4 �&�7= )�; X=�9 �4 ���/� � �( ��
��# �,*� ?�%� �-%� ?�/� � ��$8/�V I0/ �4 �"�� � -1
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-+; 5�����71 �����4���5 I0/ �� �8��*@� ���/� � �7�1*@O C<9 ��20� ���%F%#G 3�= ��

�� -=� .�4�� �Z� ��8	� �
& -/�Sr ��# �& �'4�# � -1Ca 
�/& . �J�0, �
���� �� ���T#Ba �Rb �Sr �"�� �Rb/Sr 

���9 ��9�# �� ���T# �(�V �4 YW�78L& ���/� � �( �/�01
-1�4 .�"�� X
&!	& �0'
 M&���T# �
&Rb/Sr �	�%�Q �4

�0> !�� � ���/� � � -1Ba �� �?�/� � I0/ �� -�&*#
 �"(]gg[��R/-+	 �0�%��; � ���
�/ C�.%# �4 ��"#�& ��

1�4 ����& �S9*
OSQ 3�; �4 P�/�8Q-.
W�4 ?&-�� M�-B �4 �J�0, M&���T# -���)HFSE ( C��1

 �J�0,Y�P�Nb�Ta�Hf�Zr YS��9 ���/� � -0
G�	 �(
-��$
-7= �4�%� .�k0, �& ��> �4Y��*7� �� �9 ���71 33v

��#�� ?�%� �"�� � -1 �k0, � -=�P�	�%�Q �4 �9 
�� &-�Q )�; X=�9 ���/� � $
� �J�0, ?&!�� �-09 ���  �
& �

�� ?�%� )�; X
&!	& ���/� � M-1 X
&!	& �4 �0'
 �-0=�
�-1 �0> �-%� ?�/� � ��$8/�V I0/ �4 �"�� -�&)C.1^.(

�%
&!	& -��� � �81&� ��4�%� )�; M&���T# �9�V ���� �J�0,
�� ?�%� ���/� � -0
G�	 �( -0=�)C.1_.(�& �8/� �
-0�

���9 �4 �= �+J& ?�4!�� ?&*0,REE ���&*= MW*kU� �� �=
�-1 ���0%�Q l+8�� ?&�$%=�mQ e/*# �+7; ?G �& �9 -�&

�� ���9 �4 ?&*# �/� 3�=]gg[���9 �M�F�	 3�= �&�]ga[�
!0$0� 3�=-��9&]gn[�=G 3�=-��9&��-�= � �=-��9& �

]gu[��9 ���1& .�� �
&�4�04 �J�0, ?-1 �0> �F  ?&*#REE 
���9 �� -1 ?�/� � 3�=?G ���� �����9 ��8V�/ �� �= 3�=

-08�= �/� .

�8�H�J�0, )�; M&���T# �&�*7�LILE��*7� q�7�� �( �� 3�&��4)B1-B6.( 
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���L��-�� �-
{� ���&� ?&�
& �/�01 ���9 � �/�01�*+4 �+<� �5

�8�I�J�0, )�; M&���T# �&�*7�HFSE 3�&��4 ��*7� q�7�� �( �� )B1-B6.( 
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-+; 5�����71 �����4���5 I0/ �� �8��*@� ���/� � �7�1*@O C<9 ��20� ���%F%#G 3�= ��

�8�J�J�0, �& �V�4 )�; M&���T# �&�*7�REE 3�&��4 ��*7� q�7�� �( �� )B1-B6.( 

��8	� ���4 �
& ��Eu �/& M��F8� �9-�& .�� �k0, �
&n
�� � )�; X=�9 ��*7�n�4 �"�� )�; X
&!	& �$
� ��*7� 

�� ?�%� ?�4!�� I0/ -=� .��# � -1Eu ?-1 �=� �4
 �U�;�#Eu2+�/& �8�4&� .& �4 ����/� � ?&!�� X
&!	

 �& �0> 3�=��R/-+	Eu ���9 �4 �� �
!<# �/� 3�= �9 -�*1
 ?G �( �� Eu3+�4 �
��L& e
&�1 p
 ��Eu2+� �-1 C
-"# 

�� c��V e�U� �& �*1]gv.[���/� � �;�� X
&!	& �4)�#
��*7�u(�k0,Eu�43��<0=�� ?�%� �k�%� ��� �-=�

�4 -��� �� ���T# 3��<0=Eu X=�9 �4 �F0� �4 �"�� �&
 3�=-��9&Na2O�CaO �*4�� �=�S9*
OSQ �
!<# �\& ��

�*1 �� .
�"(]gt[�4�"�� 3��<0=Eu ��*7� �& �K'4 �� �=

���9 �� ?G �1�"�& �+, �4 �/& �.7� �/� 3�=)���+
&

 ��+
& � �.����-�= D��8.7/& (-1�4 .���� �9 �
�( �
& �4
�
!<# �4*
OSQ 3�k0, �S9Eu �� ER/ � �-1 �=� :���  ��

���9 �& �K'4 �� �81�"�& �/� 3�= �+r�� �
& -0��= �*1
 �"(]gg[���8�4&� !�� :���  �4 �4��8�& 3*%8�1 �4 -�&*#
-1�4.

��+�� �&�*7� �& ���/� � -��� ���'# 3&�4K2O – Al2O3

– (CaO + Na2O) ]gs[-1 ���F8/&)C.1gb.(�
& ��
*7� A+i �4 3�&*� 3-��� ���� ��&�Al2O3-(CaO + Na2O) 

�� �-=�%���*7� ����/� � X
&!	& �4 ��� ��*1 N�� �4 �=
Al2O3�� p
�!� -�*1 .�"( -��� �
&]g^[��4 �& CJ�L

�@��+B �8	� � �=Ca � �=�S9*
OSQ �8�.1 �( 6*+U� ��
M�.�+�/ � P�/�8Q 3�=��R/-+	�/& �
!�0���	 3�=.
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���L��-�� �-
{� ���&� ?&�
& �/�01 ���9 � �/�01�*+4 �+<� �]

�8�?K��*7� C�	��Q 6*( �� ���/� � -��� ���'# 3�� �4 3�&��4
 ��+�� �&�*7�K2O – Al2O3 – (CaO + Na2O)]ga.[

��� L	
��
 �	8�� �5�	�	��85M	N O5)�� 
�4 � � �	�4 �+7; �& �7.U� -=&*1 �+9 �*(–�� � � 3&

C.1 � �1�� 3�=�*+4 ��8����F/&*"� � ��"+�8/& �&����9 �-
���*@� �4���  ��$8/�V �& �0�	-# ?* � � 3�= C<9 3�=

�� �
�7L-009 .
�"(]g_[6*+U� P��+9 ���*@� C�.%# 6*r�� 3�= �&�

 3&�&�pH��4 e/*8�^�#_��-L �
��� �vb�#gbb 
�;�� ��$8/�V �4 �&�$�8��/ 33*;��B� �-�& .�/��4 Y�07i

 ���*@� C�.%# e
&�1]ab[?�%� ����'	 �9 �/& ��&�
?*�#�9 �Z+> �4 �"�� 6*+U� E�+�/ 3�8%�4 ��7=& �& �=

�/& �&��*V�4 .�& �'4�# �-1 C�.%# ���*@� �*� ��0�7=
�%�1 ��9�# �/& �*;*� ���%F%#G 3�=]ag.[���*@� 3�=

E�+�/ �& �0> ���/� � �& �����*� � ���*+�8Q*0�+9 -0��� 
�%�1 �� �*;� �4 �#�.�+�/ 3�= ���*@� �9 ���L �� -0
G 3�=

 � ��"+�8/& �P�����G ������#�� ����R�+�	 -0��� ���*�G �& �0>
�%�1 �& �+>& �
-�W*= �� CJ�L �8�&��4 3�=-�*1.

P�� ����/& ���*@� C�.%# �� �8�&��Q �
�# .C.1 ��gg
]aa[��8� ���*@� l+8�� �&*�& 3�&-
�Q 3�4 �= �& �'4�# ?&*0,

/�# ����/& �-1 P� .��8�  ��&�*7� �
& �4�04 3�&-
�Q 3
�& ��"+�8/&av�4 �;�� gbb�;�� �&�$�8��/ 3)C.1

gg: �# l�& (�& �+.4 �#W�4 3�=��� �� � �8	�
 X=�9 M-1 �4
�/& �8	� ��4 .��8�  �/��4 ��0�7= �� ���9 �
& 3�&-
�Q 3

E�+�/ ����'	 M��F8� e
&�1)C.1ga(�� ?�%��9 -=� 
�� �"+�8/& 3�&-
�Q ��9&-LLog(aSiO2)�4 �4&�4g/uD

)C.1ga:(�/&.
I0/ �� ��"+�8/& ���9 ���� 3��� P8��/ �4 p�	�� 3�=
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