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�*� ��&� ��U!� #��,.��-�21�� �"�21 ,2:> � �/��3%�&'( #�� .
x(#(�1�
� 0
-�.� �� (�	�1��-�#-�7�%���-�#-�0
-� ��&@1 N%1 #�9	 �) #(�1�
� #�� (R)&
gR� #���1�"- ,.+ 2� �
2@) � �%�&!%3)- .
�(�	�1N%1��-� #- N�)�2%� � (R)&
gR� �)YM+ �*%� �P �-�M+Y�-� .!3�� )Act : ��%�&!%3)-Cal : ��%�@)Chl : ��
2@)Cpx :

 �N�)�2%�&!%@)Opq : ��.) ���)Opx : �N�)�2%�&P�-Pl : � (R)&
gR�Zeo : �%�&'(]Eb[.( 
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8�.6 =�+(-�2�S
� �
S?P i
�3� �%�&'( #��23��- 425 4&!6 ��(� .;�� F�> 21 )Ana : �]%����OMes : ��%��S�Nat :2P�� � �%��Sco :
 �%��&M"-]Eb �E=[(.

Ana Ana Mes Mes Nat Nat Sco Sco
SiO2 a`/a_ `b/a` Ea/^_ p^/^p `_/^` bp/ab ^p/^u ^^/a=
Al2O3 `a/Jb a^/E` `=/Jb E^/Ep =b/E` Ea/E` J/Ea __/Ep
FeO b/bb b/bb b=/b b=/b b/bb b/bb b/bb b/bb
MnO b/bb =J/b b/bb b/bb b/bb b/bb b/bb b/bb
MgO b/bb b/bb b/bb b/bb b=/b b/bb b/bb b/bb
CaO Jp/b ^E/b =E/== u`/u p^/b ^b/= aJ/=b bu/`
Na2O =`/== b_/p _a/J =`/J J`/_ J^/a u=/= `J/E
K2O ba/b ab/b bE/b b=/b Jb/b bJ/b b_/b b=/b
c&*?� =a/`` J`/uu `_/`= b`/u` _/u` =/u_ =p/u_ =J/`=
7�%�)- bb/`_ bb/`_ bb/ub bb/ub bb/ub bb/ub bb/ub bb/ub
7&%P�)

Si Jb bu/Ep bu/E^ ba/_J =u/Eb __/EE ub/E= `_/EE
Al J^/=` ^E/=u =p/=_ _p/^` =u/=J _b/=a ^=/=J aa/=^
Fe b/bb b/bb b^/b b/bb b/bb b/bb b/bb b/bb
Mn b/bb b/bb b/bb b/bb b/bb b/bb b/bb b/bb
Mg b/bb b/bb b/bb b/bb b_/b b/bb b/bb b/bb
Ca E=/b EJ/b `u/^ E^/=_ JE/b _p/b bp/a J^/^
Na b=/=E E^/p ``/^ _^/` ba/a _u/^ ap/= aJ/E
K JJ/b bJ/b =J/b bJ/b =a/b b=/b b/bb ba/b

Si/Al aa/= ^p/= ^`/= E_/= ^_/= ^a/= _b/= ap/=
TSi _b/b a`/b _b/b aa/b a`/b a`/b _b/b _=/b

YM+ JV�- (��&*�0
-� (- ,.+ �+-�21 #�� �-�&*� �� 23��- 425 #(�1�
� #��SiO2�1 �T�� Na2O+K2O]=^[.4(�-�&*�Nb/Y�1
Zr/TiO2�7O Z�"- 21 �) !" ��&� #���"�21 ��-(�1 �*%� �
�%@d �3
(.�O � ��-(�1 �.!3�� ]=a[.�(�-�&*�AFM ]=_[7O �
�� 21 �)��&*� �-
U!� #��2" �1 j
-2/ 23�%1 23��- ��#�� 7��� �3%f�&P #��.!��.Q(�q@q� �-�&*� r62� ]=p[7O Z�"-21 �)� !" ��U!� ����:�PO #��

 ��,23�/ ��-(�1 #���
�%@d �M�O �-2d �3%f�&P �.��-� .�x �(�-�&*�#�� Zr-Nb-Y �Zr/ Y�1 �T��Zr  ]=u�=`[�) ����O �
�� 21 #�*/��
 �%��- !" #���"�21 ��&� ��,23�/ ��(�1�3�� #��7�%� #���"&��%d- ���-(�1�I:; 7��� #�� rd-� #-3��.!.)�@q� :0
-� �#(�1�
� #��
r12� :,(-./ �����1 #��AI:��-(�1 �
�%@d�I:; 7���#-�AII :��-(�1�
�%@d �I:; 7����%f�&P � #-�I:; 7��� #��#-�B:c&� 4�&�E�C:
��-(�1�%f�&P � ����:�PO Z&d #���I:; 7��� #��#-�D:��-(�1 c&� 4�&� � ����:�PO Z&d #��N.( 
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YM+ ^oP�V�- (- ��&M"�2M%� 2
� (�
2@) �) �%�&'( �1 ,.+2� ,2:> ���T� O�"- ,.+ Y%M�P ����4(��%�&'( Y%M�P � �3%�
2" ���"2/�
�
2@) � �%!�2����Q(+��3�%�&'( 2$
� �1 ,-2*� �%��2P�� #���3+� #�� #-)���r<��3� ,.%TUd �&� (XPL ��(�1 ,.+ 2� ��/� � �/�

�%�&'(�3+� #����x �#- (23��- 425 4&!6 ��U!� ��-(�1 ,2:> (- �%��S� � �%��2P�� )��(XPL����(N%1 �%��&M"- ��(&" #���&@1
 �%��S� � �%��2P��)Ud #���&� ���I:; � r<��3� ,.%T#-.(

�%��S��%��2P�� �1 �T�� #23*) ��-�-2	 23��- ��U!� �� �� ��
U
-2+ �� � .��-��." �1 (�%� �) Y%M�P #-21 ]%�@) � ]


�%��S������) �
S?P (- �) �" �%��- #���� �"� �1.!
O �
N%
�� #.> �P ]%�@) � ]
." �-.���"- ��-.��3"- ���> (- 2P.

� ���?%3��"- ]n!��� �&@1 ��3A�".�?�O (- �)*���& ��&� #��
�"�21 � �1 ��
��� ��r6-2 2$
� ]E^�Ea[7-2
- y��� 2$
� �

~.�2� 7&H ]E_ KEu[7-2�P ,�-�- �]E`[7��� �*) }R3A-
��.!�����U!� �%��S� #-21 ,.+ �T"�I� 8&�2	 N%$��%� �1

Q�&; (Na4.56, Ca4.91, K0.09) [Al16.24 Si24.17O80] • H2O
�"-.

�%��&M"- :�%��&M"- #-�-�8&�2	 Ca8Al16Si24O80.24H2O
� ,�&1]%�@) �%�&'( �1�"- }�2D� �-� .�%��&M"- #��

 ���) 8&< 21 �&*C �$3�M+ #-�-� ��U!�.!3�� �%��S� �1 �
�-� #.+� ]��..�&� �� �  �� �1 �D%T< �&� �� �%��&M"-

��TUd �1� ��( �P  ��  �,�&1 )YM+#�� ^�� �(�-� �-#
Y
&<�"- �:!� �/.+ .]3�%"#�&@1 7O0P�"- Y%� �1 �

�%�&'( 2
�" � �%��2P���3+� #����-� ���T+ 4�%*) #-.
��3T�- �
�-( �1 Y
�� �+&��A N3+-�=p0*) Y)�� � �6��

�"- 7O �%��P #-21 �1&A .(-�/�
� ��-.��3"- #��
�%��&M"- ���-.��Tsi  _b/b�P_E/b��T�� 

Na+K/Mg+Ca N%1b�P=_/b�"- ]E=�EE[.�%��&M"-
 ]%�@) #��
(��-��]
." � ]%"�3� �-.�� ��- 7O�"- S%H�� .

�%��&M"- �
�%*%+ �
S?P Z�"-21��#N%$��%� �23��- ��U!�
Tsi �1 21-21_E/b�T�� �Na+K/Mg+Ca ��.>=p/b
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�"- ,.+ �T"�I� .Tsi N%
��2P��-.��3"- ���> (-� ,�&1 
�"- ]n!��� �&@1 ��3A�" N
-21�!1 .r
�� F%)2P �?
�.P 2%%GP

 ,.%"� #�-.
�� �1 �) �3%��S� �&@1 .+� �< �"- �1 �
�%��2P����-� #.+� ]� ����� �%��&M"- Y%M�P �C�1�&+.
�%��&M"- �1 -� �&A Y%M�P #-21 2n� ��&� ]%�@) �-.��
8�*3>- ��%�1  !" (- �M�O #��rd-� 0
-� � ����1 ,(-./ 21
P #(�1�
�m�� N%�.!) .i
�3��+(-�2�S
� �
S?P �%��&M"- -
��U!� #�� ��8�.6 =�"- ,.�O .�?�O (- � �1 ��&*� �)r6-2 

2$
� ]E^KE_[~.�2� 7&H 7-2
- y��� 2$
� �]Eu [ ,�-�- �
7-2�P ]E`[��-&�*� ��&Td Y1�d���-� T"�I� 8&�2	 N%$��%� �

��&� ��U!� �%��&M"- #-21 ,.+�"�21 �1Q�&; 
(Na0.8, Ca6.17, K0.09) [Al15.50 Si25.01 O80] • H2O�"-.

]%����O:]%����O �1 8&�2	 #��3A�" 
Na16(Al16Si32O96).16H2O(- 2$
� �%�&'(#�� �D%T< 

�"-.]%����O(-�%�&'(��-� #���� 4&�I� #- �� �) �&+
2:>,#�� !"� #�� ��&�"�21 [�� �1XRD �
�"�!+

 .
�2/�%��2P�� ��%T�O � �%�@) �,-2*� (-#�� N
- �@;-
�� 4&�I� ���)&+�.)YM+a(.���) N
- ��.�-&P #��� ��

�T�� �1 �1�YM+8&@I� �%��D	 ,.!�� 7��� �) �2%/ #��

��1 #��� �1 �1��2/�"��� �
 e%I�#�� �H�
��#�� �&+ 
��
�%@d e%I�#�� �1��2/ ��
����&/2/�#�� V%DB Y%��P 
��2/ .����D%T< ]%����O -� ��7-&P Q�&; �1 �
���&@1 �1 
7���P#�� Q��:3� �TDM� 7&6��+&/��H �$3"-�&�+��"-
Y%� �	�
�)N
- Q��:P �� 7���P#�� �&6&� (- Q��:P �� #��� 

Y%��P ���O �+�� ���&+ ��1#�&< �� �1j
-S	- ������3A�" 
(- �+&$3"-� �1 �TDM� 2%%GP ��.!� .�� ]%����O�� .�-&P 

#��� =ab �6�� �-2/ �3��" ����&9> 8�%"Na+/K�1 
�&6� j�� 2/��� �) .
OY1�d�n>R� 7O Y%M�P �� ]
."
�"-.Y%��P � ]
." j
-S	- �1 ]%����OpH�� .�-&P�1�-.�� 

\%@%" 23*� S%� ,-2*� .+�1 ]Jb[.� �� ��&� ��U!�"�21 �
0*) �1 �%T�O ,-2*� �1 ]%����OXRD �"- ,.+ �
�"�!+

)YM+�.(]%����O #��3A�" 8&�2	 ���T+ �1 �6&P �1NaAl 
Si2O6•nH2O�%T�O �NaAlSi3O8Q�l".@	 �M!
- ��� �� -

j%� �-&� (- .!�-&P�%�&'( (�".!+�1 �����7-&P�:/ �)
� �-&� (- 23��- ��U!� �� �%T�Oj%�%�&'( #-21 (�" #��

]
."�"- ,�&1 ]%����O �@*6 (- �-�:NaAlSi3O8 + nH2O =
SiO2 + NaAl Si2O6·nH2O.

YM+ a#&$�- [-2� &P2� \M
- %����O � �%��2P��]�&6&� �� �/� �3%�&'( #�� ,(-./#�� ��U!� ����1 23��- 425 )Ana : �]%����ONat :
 ��%��2P��Q:)�SP�-&Alb : � �%T�-Cal :�%�@)(
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�%�&'( ���) �*%+ 
�%�&'( �
�%*%+ F%)2P ��7&H �@�-&C 2$���� 8�%" F%)2P

,.�(�"#�7�1S%�  !",.!�� Y%M�P #��.!
O2	 �7O #-
���".�� 2
( ��-&� �1 �6&P �1�%�&'( 7-&P (- -� ��U!� #��

 �1��2/ c&�����-� 4O j�� �3T�- -� #&6 #��S%� ,.
��� .
�T�
�	2/ .�%�&'( #���3+�2:> �� �%��2P�� �@*6 (- #-,#�� 
 !" ����:�PO #����%�1  !" �� ��- 4�%*) ����� #��
.!3�� ]J=[.�T��Si/Al  (- 23*)E�%�&'( ����#�1
,�$3"�A �1��2/��- ,�&1 8&*D� �%�&'( �� �T�� N
-��#�1
,�$3"�A ��&/2/� � �1&"���@*6 (- ]%����O�j%1 (-E/E,�&1

�%�&'( 2$
� ��-2*� ����%	&P � }&P ���"- ,�&1 8&*D� �� 
]J=KJJ[.Z�"- 21�"�21#�� �
S?P � �lM"�2M%� 

��+(-�2�S
��%�&'( (- �1&A c&!P���) � �� #���3�1-� �&6�
��-� 2:> �� ���O ]n!��� r
(&P �),���DB&� 7&H �@�-&C �1

2/ 7�
26 7�&1 �� �&:� �%@1�d � 8�%" ��&
 �%��D	 ��1��
2� 7�1S%�  !"y&1 �"- .7&%P�) �� ��&
 8��TP c&!P FT" ��
�%�&'( F%)2P ���� ���&+ ]=[.��YM+_��
�%*%+ F%)2P

%�&'(���#23��- 425 ��U!� �"- ,.+ ]"� �/.!)-2� �)
7&%P�)-2	 #���MT+ ��3A�" �� #-���O �� 7��� -�.�� .��

7&%P�) ��3A�"�MT+-2	 #��#-�j%1 ]
." -� [23�/ N
2P
��-�.7&%P�) �%��S�#�� (- #21-21 �T
2�PCa  �Na  7��� -�
��.�� �%��&M"- �7&%P�) N
23�%1 #-�-� S%� #��
�� (- �!5 FUd �� �3%	2�Ca �"-)YM+_.(F%)2P

�%�&'( �� ��U!� #��,23�/ � ]%�@)]
."�"- �-� .�3T�-���
2n� N�O ,�$
�6 ��&�#�� �"- ,.+ �2U� �:@3�� .�A21 

Fe3+-��MT+-2	 Q�&; �1�� #-.!�-� �)�*�P�� .�-&
��6���H .1�
 �&9> ]J^[.�?�O (- �%�&'( �M
S%	 ��3A�" �) -

��F@5- .%:" �� ��"- �� �&6&� �o��A�� 7-&!C �1 -� N�O
7O ���� 2n� ���2%/�) .�
�%*%+ 8&�2	 ���*� ��) �1���� 
-2
( �� 2o!C N
-���) ��3A�" �� .�-&P �%3M*"- �"� #��

 � �3+-� �&9>j%� �\��%�&'( Y%M�P (-���&+ x��A.
�%�@).!��� 7-&!C �1 �%��2P��,���-2	 � �!
S$
�6
2:> ,.!!)2�,���$3�M+ �����"- �!%�( #��(�	 N%!�*�

)YM+^V�-.(7-&6 Y�� 7-&!C �1 �%�@)�%�&'( 2P ��?
- ��
�"- ,.+ .�%T�O)NaAlSi3O8(�� �!
S$
�6 7-&!C �1 �6#
(R)&
gR� )Ca3Na2Al8Si12O40(�� Y%M�P �&+)j!)-�

2
( (e"&P 7O �%��P �)XRD ��Y%M�P 21 7��� .�-&P
 .+�1 7O (- �%�&'( (�" j%� �-&�)YM+a.(

Ca3Na2Al8Si12O40 + H2O = 2NaAlSi3O8 + 3Ca2 +

6AlO2 + 6SiO2;aq +  H2O )=(

�%�&'( Y%M�P #�����
�%�&'(���) �@*6 (- �� #��#-21 ,��:3"- ��&� ?!"��� N%�(�
.!3�� ]Ja[.���O �� ,23�/ �D%"� (- ��� �� e%I�#�� �!5 
(- 4O �
 ��e
-2+ N%	.P �� |*C "&3�e�-.
�� .!3�� ]Eb [.

��3T�- 23�%1 �%�&'(����%I�e#�� ]) ���	 Y%M�P ��.�&+ 
��1�� 2n�."� �)j
-S	- ���	 2W- �*) 21 c&� �%�&'( 

�&@T3� ,.+ �3+-� .+�1 .�"�21��T��%�8�%" #�� �&6&� �� 
�%�@) �	�
 �� ,.+ ��!
&%) �� �&�!%!� ��U!��7�$%�%� 
�� 7���.�� �) �%��2P�� �� ���#=JJ �6�� 3��"��-2/
YM+��� �2%/ Z�"- 21,�-� #��,.�O21 ,�H (- N%�( #��

.!@�
- (- ��-(�1 �� �
��2/��� �%��S�|*C ^ab �P=Ebb 
#��� �� � 23�pb�P=bb �� �&@T3� �-2$%3��" �6���&+ 

]J_[.�%��2P����N%
�� ��� �1��2/ ��&/2/� �%��D	)��
��� #��� �-2$%3��" �6��(����:�PO ,�2/ ��7.%��{

�"- ,.+ [�-S/ #&��W ���) 7-&!C �1 .!@
(&%� ]Jp[.
�%��&M"- �� |<�!� �1��2/ �� #������P��� �6��

�� Y%M�P �-2/ �3��"�&+ ]E[.�%��&M"- �1 7-&!C ,���-2	
���"2/� ��� N%
�� �� #�3"-� �$3�M+  !"#�� ��&/2/� 

S%� YM+���2%/.]%����O (- 8�%"#�� �1��2/ �� #��� ��� 
�P��� �� Y%M�P �-2/ �3��" �6���&+ ]J_[.�?�O (- �)

���) #���2:> ,�-&
� (- 7��( �k/ �1 �
-(,��S)2� �*" �1
�� j��).1�
��%�&'(#�� �&@T3� ,.+ �� �T� 2:>,���+�� 
.!3�� .N
- �1 7��( �	�) #-21 �&@TP �Y%M�P �� #��� ��1

���-� ,��+- - 21 7�S	-�M!
 �%�&'(�1 �� �+�T�-#�� �&@1 S
� �
N3+-.� YM+#�&@1 ,�
� 2$��%1 �&@TP �� #����� N%
��2P�
2P��1 7�&1 �C2" �&@TP .!3��.�1 Z�%d ���3	�
�����" #�� 

.!@�
- �
��2/ N%�(]J_[����2) ���!�%� 7-&P(�5O �� �)�
�2/ 8&@I��"- �3+-� �&6� ��U!� �� ��1 #��� �1�]�[.

N%%DP |%d� #��� %�&'( Y%M�P����"�21 .!�(�%� 8�%" 
�"- 2%/�� .8�*3>- �1 � 8�%" #��� 7�&1 N%
�� ��%�1 ]?>

 7O ])��P.�-& �@%�� 21YM+ N3	2$� �%�&'( #����%�1 
.+�1 �+��-2
( ��� ��S1 �3���pH�
�%@d Q.+ �1)a/`�P

=b (�� Y%M�P�&+ ]Ju[.

1 -Keweenaw Peninsula 
2 -Dunedin 
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YM+ _�-�&*�#�� 7&%P�) �/.!)-2��MT+-2	 #���%�&'( ��3A�" �� #-23��- 425 4&!6 #��:V�- (�
�P �" �-�&*�Ca K+Na, Mg 7��� �)
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