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�?#. &0?#. �

D� �� �(=(�"z�F7�g> 
n�S��< &M,%?�� +��.� �?D� �� "z-
�F7�(! !� �. % �� �)R= �. 
��# !� z��EE J�(1�� M,%

�  F�� Hp(K ��]E. ����(% .. % ��
��# !� z��?E��?
�� �U
��# !���F7��E�� ! � &0#. �` +�.(6���# !� �J��#+)	 �F

E �"6("�,-6 �F"M(%,-6 ��". �� &0#. M
D� &"zE �F ?"  2��

��]	"��?E �7?
(/H+�?
?D� �� J�0�(?# /("�?E z�(?^$�
��# !����. W$# "&0?#. �[�# � ��?#. .,-?6"� &0?#. M

G."��� �� J�+74Na =�� �75��# ��. ! J�(?1 �?E X$?K.� 
�
�#.  ]�[:

1Bio+0.21An+1.64H2O+0.5O2=0.46Chl+0.11Sph+
0.1 Ep+0.56Mus 

`���# !� ����K ��F7E"6("6 �J��?#+)	 � �"�?)K � /�?5"T
�5[�# �� � �+% �.�>�&0#. �?5	 ! �= +?�. .?%"R�.?
��?K &�

� ��(??E J��??05��??E�??F 5�.��G 7�� 5�??!.7M??�� ���-??	 ��??�� 
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� �� ��)"8�,"��,� �/�"8�S#�R�` ��(G ��6 ���.� /. 
. �#�$% ���K � �#�$%�()E �)V� u�

#�!(	"5�7�K. "?� _ ?5$K ;> � /U��(?%]c[..�.� &0?#.7
��K _(� 	�#�$%�CaTiSiO5�� ���(E �K 6 "% {"R"��
/>

K 6 �E". {?
J��?06 _. �+��.� 6�?K �"/(�?F7�
 ?27�?"�� L
+��.� �(|i &0#. ��5[�# .. �E  ^�
�-6 �K &"&0?#. ��?F7

�R!���
&0#. �. �F7���?G �� /(?! !� .7� 6 ��(?� ��.(?� ?
+
�#.� �E �=(6 �E �"/.L Fe�Al �?= �K �(=(�
L2
�?)K &"� T

6"� /�5���25#�[ �+�(% &0#. �F
$]��g> 
&
�(! !� ��/�(E 
.���/.(6 ��-� K�]�a ���[.��5[�?# _(� 	 .m�7&0?#. 

O�#.  Ef�K. "� /U46�K "�S#�D� /(+%�5� �
_�+= �� �-
�F7)N�f(�+% ����>.+�.�?F 5�.��G �. ���05#. �E7?
���+?% �

��(R� �� �F 5�!�7�(! !���+% @A.� +�.]�a ���[)Mk%N�
��.(5� �� �"��K �V�6"��5")G� G /�� �� �"5"%�� H��. 	.
+$

�G�6�R!�� "` � ��(E T��. 	 
��?# !� +?$��E�?� ! ,-?6 "M
�#. �+% .#� E��F7���> 
F�2-�6"��5"�?#. �� ?K &%�� �

�KAl, Fe . �� �(?=(� ?
��?K &��?E J�(?1 ?5S�� ���-?	 �?E 
�.(??�RF��??�� �??E �??lE.��7??0$� ���.� ]�3[.�??E ��"��7�.

&0#. �E �F��25#�[�(! !� �.L	. �E 
XTiO2.�?K"�F+7Al, 
Fe� XF�K �
+$E� .�S��Ca/Al  /(2E> �(|i 
�(|?i '+* �

� _ 5$K W$# �� .� &0#.�+$K]�4[��]	 �?"E �?" 5-Ca �� 
/(2E> . ?E7?#�!(	 � �?#. {?#�$� &0?#. /+?% �(?)S5� "�5
�K."` /U�. 	 
��# !� +$�E�,-6 "&0#. M�#. �5�E.� �� �

#�!(	"5�7��E Fe �=
L2
&Ti ��(?% �,-?6 �?E  ?V$� �"M
G."� J�+��(%]�N[.

.�� A�K. +1��"�F+7)1. ���K �� �&0#. .
Total P2O5K2ONa2OCaOMgOMnO FeO Al2O3TiO2SiO2sample 

v�/u� v�/vvv/vvv/v�/�� vv/vvv/vt�/v��/���/rt s�/rv S-1 
u�/u� v�/vvv/vvv/v�/�� vv/vv�/vv�/vs�/���/rs r�/rv S-2 
�r/u� v�/vv�/vv�/vu/�� v�/v�/vvv/v��/tu�/r� ��/rv S-3 

.�� BS#�D��7��5[�# _(� 	 7��K �O�#.  E &0#. s�K. "� /Ur6�K "/(.
Sum_cat PKNaCaMgMnFe2+Al TiSisample 

vs/rvv/vvv/vvv/vvr/�vv/vvv/vv�/v��/v��/vv�/�S-1 
vt/rvv/vvv/vvv/vvt/�vv/vvv/vvv/vvu/v��/vv�/�S-2 
v�/rvv/vvv/vvv/vvr/�vv/vvv/vv�/v��/v��/vvr/�S-3 

8>�C��.�&0#. X
.+= �.�(R�]�3[�7�F�(5K�	 O�#.  E Al, Fe&0#.. �%�� �F +$5�?F ��(?! !� �.;�&"?"]6 �.�(?R� �?"$F G {?"K 6 
]�b[� E�$E &
.�.�(R��"$F G +$,
�L� '("$�(�> {lA �E � ��(E �.��([ E &F> &"
�G 7+% �$< �. �F.
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+)=�����R% ������E�4�c ���K �R"% �� H"5")G� G ���# !� �R"%(8P � �F. . .uu

������� ��
�� �D

,��
��K �.  2��F7,-6 "?` �+% M���?# !� ��E�?� ! �� 

�??�l$����??K �$F G ??" ��??#. ..??
��??K &�??` ���??# !� �
PQG
�F�QK(7��E 7M1�i ��l$� �#. �+%.��K �$F G "�� �

@`��� .�.� 7*�]% �	�E ��. � ��(?E {
 ?� �5�?,% �?G"
$�
. �.  ^� � 1 ��#. �.��([ E
$F G �K &?". ?% �� {?)<. �
z

�(! !��,-6 "� M��(% ?�� �?D� �� "z�?F7��?# !� ��?"L
/�???,�.,-???6"M���???K &???
.��.� �(???=�.,-???6 "��???K M�

�(�>"#($"�)K �6�,)"TF �.�"E ��l$� �� �6.�+" 2����� ��-?	 �
�� TK . 	 
��?# !� +?$��?#. ]b[.$F G ?" :��?� @`�?�� �� �

�E �F�S%"�L� ��
,� )K �E 
��F7%�� ���?# !� �. �E"6(?"�
�F){)<.�EJ�(1*�]%�(���> �. .m� ���.�"�l�� L.7���05#. �E 

��(� � �+%�
�#�$% �#. �5	 ! �. A .$F G ?" .�.� �7_(?� 	 
��5[�#7Ca2Al(AlSi3O10)(OH)2�#. ��� 	 ��5[�# _(7

/> O�#.  E ���K. "� /Ub6�K"��5	 ! �. A �S#�D� ��(� /(
 ��5�
�+% ����> ��.�. �� �S#�D� �. M1�i �.+�)_�+=e�b.(

6�K �. &F>"/(�F�
�#. � �K �$F G ��5[�?# �� +�.(6 ?" �
�?=
L2
&(??%)E�A ��??"�??= �7!??" 7Fe3]A(� �� ??" ��-??F

��=� $F G ��5[�# �"�E �"�05� �� �?E � �#. J� ?)K �(?`��?E 
.L	.
� XF�K ��� X�
+?E�]�f.[$F G �(|?i ?"?D� �� �"z

E"�G  2��"
#�!(	 /�(E &"�K. �5"/U�?#. ]�e[.�?"&?F> /.L
 $F G ��5[�# �� �(=(�"�J��?05� �F � ��?#. . ?E 7?#� E ��

�-6"� �"� &F> /.L��. /.(6 �.�(?R� CaO Al2O3, Fe2O3
*

���05#.� K ]�b[.. E7.
�(?^$� &FeO +?S6 
�?E MFe2O3

�#. �+%]��[.]A(�"���K��F7$F G ?"Mk?% �� �)N�;(
��.� /�-��#. �+% �� �+
� �,��$p � ��(%��(R� {?lA �?E �F

$�(�>"�L� '(
$< � ��(E H�!+% �?RK �?� /�-?� &?F> �. �-
+$F� .G."$F G � J�+"W$# �� ��F�
�E���+D� ��-	 � ��� 7

8�G"&+i �� ���43a �=�� �5��?# �. ?! ��-?	 ��4a  0�?R6. 
,-6"� M�+�(% ]�e[.

����	
� 
. �E  ^�
�K. �K &"�F+7)1.  1�$* �. 	 � ?,)R*  ?C. �� 
+?$

�??F7�??G �6�R!�� ??". 	  ??C. �� �??)R= �. T�
�F+??$7��??# !� �
�I(�5# Y6 ""�  �+�(% $< ��!+%��6 ��!+%��� 5�?!-

�� /�-� 7.+$F� �. ���05?#. .m?� �/>�?E �?F �-?6 �(?^$�"�
. 	
�F+$7%(8P "R"��
�?#�$% ��
/> ��25?#�[ �?F � 6 �?E ?
+

� �=.(���(% .. E7G"2-" 7. �. 
?� ��(� &� ?1�$* �. /.(?6
RK" 5RK �K � K ���05#. ;�I(�5#� Y6 ""?�  ��?�� �+�(?% 

REE� �F �+?$�.(6 /(?2E> �?E 7�?F ?$< ��.F-, Cl-, HCO3
-,

CO3
-HPO4

-2, PO4
-3K 6 �?"{?F��
� �?E "�F+?��27�?50! 

�+% +$
>�� �K i �E..
�� �?E  1�$* &?"XF�?K M
�?[.($,
�.+�.�7
�(�.L	. �E 
?R6. �+* X��.�.�7,p(?K �Q5?[. ���

�F��5	�7%(8P "R"��
. � +$5�F �([ 
&�!U
� �F 1(�?["�J
?� j*�E� ?C. �� �?6 �(?% ?[ E�. 	 
�F+?$7?�� "&?#�$%��.


+,
 2.+= (% +�]�u[+E �
#� &"�� �) �*(RV� L�P �E /.(6-
�F72$# �F�� �". 	 �
�F+$7��"&?#�$%�?G�� ?E .. ?E 7

#� E�`  1�$* ��5	� ���# !� �]#��K �#. �+% ��(R� �?F

 
.�� E�K. +1��"�F+7)1. ���K �� �$F G "�.

TotalP2O5K2OCaOMgOMnOFeOAl2O3TiO2SiO2sample
rs/u�vr/vv�/vu�/�rvv/v�t/vu�/��u/rvvr/vur/r�P-1 
tt/usv�/vv�/vur/�rvv/vvu/vs�/�v�/rvvv/v��/r�P-2 
r�/u�vv/vvv/v�t/�r��/vsv/rvv/vr�/�uvv/vsr/r�P-3 

.�� FS#�D��7��5[�# _(� 	 7$F G "O�#.  E ����K. "� /U b6�K "/(.
Sum_cat PKCaMnFe+2 AlTiSisample 

vv�/�vv�/vvv�/v��/�v�t/v���/vts/�vv�/ve�/3P-1 
v�/�vv�/vvv�/v��/�vvs/v�tu/vts/�vv/vv�/�P-2 
vus/�vv/vvv/v��/�vv�/v�vs/vt�/�vv/v�u/�P-3 
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� �� ��)"8�,"��,� �/�"8�S#�R�` ��(G ��6 ���.� /. 
. �#�$% ���K � �#�$%�()E �)V� �vv

 �E ��. ���� W$#"���V$�E +�(% Y6 +��� �6 ""��(R� �� J.  �?F7
�S�� /�# !� ��(� ���� W$# �E #� E�! �. A "� .�E �(?^$�

F�!>�Y6 �. ""` �� J.  ���� !� _(7,-6 �"����(6 M"?%�� &�
��# !� �.��. ! �"��F7��?��(6 "&��?V$�E ���?� W$?# �?E �.� 

�+% Y6 �6 +�.""RK  1�$* J. "` ;��.?
��?# !� &���-?� 
(%�.��#��V$�E �E �=(6 �E7�?�(R� �?F7�?E �S�?� /�?# !� 

���� W$#���R6 ���(R� .�.� �F7E���V$F7�S�� Eu+$5�F 
)Mk%f��.(�6 ��!+%��.Eu E?" 2�� �?��7��E �?# ]3a[.

(2�.7��#��V$�E 7RK  1�$* "2$?# � HS?# ;�"W$?# �?E &
���??�. ??E7��??# !� ��??F7	")??"�H#")??"��)G� G �"5??" � H

���� !�7# 6 "�#. �+% T)Mk%f���.(.  ?E ?
 �� O�?#. &
��# !��)G� G "5"H2$#  1�$* "�6 &�!+%�T-p!?" 7.�
R� /�-��. �+$F�
�G : D6 &"
/�(?E ��?E �?E &PH �S�?� �

�G"
W$?# �E ;> &�5�?E.� �?#. .��?# !��#")?"��/�-?� 
+$F��7�6�!+% �T-p !" 7RK  1�$* �. "��?#. HS# ;�

 ����i����� !� �K7?
��?��(6 �"&.��?
 ?$< �?E V$� �!+?%�
E"RK  1�$*  5-"2$# ;�"���� W$# �E �S�� &?%�?#. �+ .

�E '��
��>��7�. ! �K �#. " �6 �
�S��/�# !��(2�. 7n�5S�� 
Dl���� /�-� .� �+F� .+% XF�K
RK  ?1�$* +?"E ;� ?"  2��

 ��K /+% �5�,%��F7��. "#. � �"+7?D� /+% "z�?#. �� �
PH �F7�G"
� &����F7�.  ?5RK faa ?=�� �75��?# ��. ?! 

h,)�RK X���F7,SO4
2-, Cl-, F-. ?% � �(0�(?# �(|?i 
z

��K.
X�E# /�� ��  1�$* : D6 M�.(* /.($*")"��+$5�F 
�6 �E V$� ��!+%� 1�$* %�++�.]3�[.)G� G /�� �."5"�E H

	 /��")"XF�K �E HK+.L?	. �
XH+RK  ?1�$* '�?R6 ?";�
�I(�5# �6 �!+%�?��+�(?% ?�� �?�6 �!+?%��� ?1�$* 

RK"E HS# ;�"2$# �.  5-"&�#.]33.[�F�.�(R� O�#. E7
�E �K  �$* +$p �(^$����
. ��
��. W$# �E  1�$* &"# 6 �"T

??%�+.+??� ??1�$* �Th, Cs, Rb �I(�5??#??�6 �!+??%��
 1�$*Sr, Y,Cr, Ga  I(�5#�$<�!+%�%�++�.)Mk%f�

;(.
$< &�!+%�%�� @A.� �� �/�(E '���� �. ?�6 ��+-?� /
.
`  1�$* &���# !� ��?#. .XF�?KCs, Rb ?� ��?E +?�.(6

LV6??
E �"6(??" ��5�??E.��+??%�E.L??	. 
XSr??E ��??
 /�� �� �U
)G� G"5"�� �E H"LV6 M
�7��?K ��?F�
SA �. ?"PQG M?
� �QK(
,-6"��K M��F7+=
��i +7Ca �#..Y6""K 6  "{���?% �. 

H2O$< �E ��.SiO2�
.L	. �
��� XTVi ����?% �?F  ?1�$* �
�� � .� : D5��+�.(6���>�� �K i �E�6 �E  V$� ��!+%�?
�

$<�!+%�[ E � 1�$* �(% .REE �F 7?2E> ��?	 �� HS# (/
�G
� +� 6�.+REE �F72$# "&�Eh,)�RK �� �FPH �G"
�� &

�F���7�G ��E 
+��.+]3�[.�E�(^$�#� E��F7E"�. !  5- ?"�-
�F7����(6 "� &�+%��V$�E ���� W$# �E ���!.+= J�(1 �E �.-

`  1�$* : D6 �6 +�.���# !� �]6""�(?% &..  ?E ?
 O�?#. &
.�.� HS#  1�$*7� !�7Dl�� n�5S�� �?$< � ��(E �!+?%�

�.  5RK�.�?� /�-��+?$F� �?$<�!+?%��. ?1�$* Tb, Lu 
�G : D6  2��-�"
. &
`  1�$* &���# !� ��#.)Mk%�.(

�� 7. E ���?# !� �` �)1. 7�F+"�K. J. ""Y6 ��
� 7�?F
 &?
. 7. ?E �+% ���05#. �F+"�K. J. ""Y6 J�S#�D� �. ��)5�� 

�(^$� TK +"�K. �. : ?D6 Al2O3�?#. �+?% ���05?#. ]34�
3e[:

/.L"� _(� 	 &
. ��i/�� �� �)5�� 7�F+"�K. 7. E 7�F
 /> �� �K ��#. �+% �S#�D� �(=(�3O2Al

pC+"�?K. /.L"� 
Al2O3� ���� W$# �� 3O2Al

DCW$?# �� +"�?K. /.L?"� 
L"� � �/�# !�Cp

i+"�K. LK R6 i� ���� W$# ��Cd
iL?K R6 

+"�K.i��(R� �� �?� /�-?� .� /�# !� 7�F +?F� .i7. ?E
 ��(5# �.�(R� �� M1�i �
�5� � �+% �S#�D� �)1. 7�F+"�K.

 �#. �+% T#�)k%Mb.(+"�?K. O�?#. &?
.  ?ETiO2�?` 
/�� �� ��� �5	�
 XF�K  E 7���� !� H?")"	 � ��?")"# 7�F

 ���?i �� ��#. �� K .+"G X
.L	. &?
. H?"5")G� G /�� �� �?K
 �#. �5	�"� : D6 +"�K. .MgO /�� '�R6 �� � �?FMnO �?E 
/�� �� ��")"# /�� L= �?#. �?5	�
 XF�K  2
� 7�F ./.L?"�

 +"�K.Na2O�� ���# !� '�R6 X
.L?	. H?")"	 /�� L= �E �F
 /+?% �?5"S�> � �?F�QK(
PQG /+% 7+"#.  ! /�
�R� �K �5	�

 H?"5")G� G /�� �� T"�?)K +"�K. X
.L	. �E V$� �K �#���>

�??#. �+??% .+"�??K.K2OH??"5")G� G � ��??")"# /�� �� �� 
 2
� /�� �� �� � XF�K .L	. 
X
�5	� �#. �� �E �"M� 5�!7

� 5�???!�7SiO2# /�� �� ")???"��. /���> �. ???
�???K. &"+
�.��([7�#. �+% ..
�K. &"/�# !� /�� �# �� +�+?% ��?
 

.L	.
X
)G� G /�� �� ��$6 � �5	�"5"��. W$# �E  E. E H"��#.
)_�+=�(.
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+)=�����R% ������E�4�c ���K �R"% �� H"5")G� G ���# !� �R"%(8P � �F. . .�v�
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� �� ��)"8�,"��,� �/�"8�S#�R�` ��(G ��6 ���.� /. 
. �#�$% ���K � �#�$%�()E �)V� �v�

 .�� H���>"% L"R�MK W$# )�Ex"5")"G� G {"6 6)a-7(��� !���7�(E )a-9(x")"	 �)b-10(��")"# �)q-1(x")"	 �)s-7(�"�. ! �
T��#)as-1 (�"�. ! &"����(6 �)at-1, at-2.(( 

at-2 at-1 As-1 s-7 q-1 b-10 a-9 a-7 sample 
�e/b4 4e/b4 be/eb �a/e4 aa/cb b3.Na e4.ba ba/b3 SiO2

�N/a�4/aN�/af�/aa�/aa.44 Nc/aa�/aTiO2

N�/�N Nf/�N �a/�f �b/a3f/�f �f.bf 3f/�N Na/�b Al2O3

ea/3aN/43f/4eN/f��/a3N/3a�/f�N/�Fe2O3

a4/aaN/aa4/a�/aa�/a�/aab/aa3/aMnO 
3�/��4/aee/3ee/3a�/aN3/aN�/a3�/aMgO 
3e/�3c/aN�/4N4/Na3/a��/a�a/�fe/aCaO 
ec/3�3/4a3/Nb�/3af/a33/a�f/Ncb/4Na2O
c�/�4c/3�f/3Nc/3a�/aa3/N44/4N.c� K2O
�f/aa.�� a.�� �3/aa�/aae/a��/a4f/aP2O5

��4N/�aa/�aa/abc/3�b/���/aLOI 
�a/eNa/cb/b� ��b Na/a�c4 4/�� �b� Rb 
��/aa.c�3.4��/ca3/a�f/ee�/afN/NCs 
ba/f3.Na 3/3e �c3 �.��/3� fN4 f/N4 Sr 
�/�� �b.fc44aN �.�3b� �c�33 Ba 

�� �3b.ca fa/aaf/af/�a e�/c�e/4Th 
f/�f/�4/�c/�af/aNf/33�/N�4/�U
4/e3/��/�� 3aa �a�fa �a�aCr 
c/�4/33/c�bb/a4/N�/3a �Co 
b/��/fe/33 fc�3�����Zn 
Ne/��3/�fb/Nfeb3�����Ga 
cN/�eb/eN/�a �/3� ��/N3/�N 4/33 bY
Na/��3e/�� �/3� f/a��3/3N �/fLa 
e/�b 3/3N 4b�/N4 3a/�43.b4/N� b/�a Ce 
c/�f/3NN.ce �N/a4f/4f/f3f/�Pr 
f/eN/��N.���.Ne/a�3/�� f/3a N/NNd 
b/��/�ea/3�c/N3b/a3c/3N�/N4b/�Sm 
�/a3/a3/a4�/3N�/a�c/�Nf/3N3/aEu 
b/�c/�b/34�/N4N/aNb/3NN/NN4/�Gd 
3/a3/a4/aeb/aab/a4f/aba/a3c/aTb 
bf/�e/�a/3c�/4f�/a4N/3c4/4f/�Dy 
4/aN/a4/a�4/a�N/af3/a�f/a34/aHo 
c/a�/a�N�/3Nb/afb/�f/3f4/aEr 
�/a3/a�/a4c/aa�/a3c/a4�/aa�/aTm 
�/af/a�/a4�/3Nc/a�c/a3Nf/3N3/aYb 
�/a�/a3/a4b/aa�/a4�/aN/aae/aLu 
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