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$1@�� ��4- ����6#�+�,�[�d �, �
(10 ���0 �4�- �&�(, �� �-�� #�8'O . . .��f

78�/.��/ J(,��P'� /�  $-  ��& �&�'-28G J�� ?:M ��� ���0 2.

78�=��P'� /� �
�4����0 2�+"�� �)�/�83 #�/ �J�� ?:M ��� �86 $�L�8& 2.-�� T�� �, 2�T'& #��� �� (6)� #�,:�� 2�3��  $
� #�&(-
(+G�, 28& �,  �!� ��8- .
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��&� ��8E �1%���� #�(
� �&�'- ���0 � �&�'-�81, �1I� ���

78�>���0 #�,:�� T'& (�)�(	 ���&()�  $4O K�, ���� ���0 2 $�/�& 2�3 ���0 �, T'& 2B�$�E� 2�3).7-�� :<7& T�� �, (�7
(10 �)�7,
 (�6 �,= T�� ( $- #�&()�$��.

���0 �0 �I�= /� 2�3��$G� � �+-�� j�+�F .�& ��3�� �
�/
�0��28E�96 �l � U3 �, #��:43 #�,:�� T'& ���&()� � �
�/

  $- ��$
$E �
�
��(
/ �,��() ��$��(, 2�3$'
�(	 �� .
� /� �$��
 �
(10 �81<6 2��� �, ��3  ����(7	 /� �79
 #�8'O ���7&()� 2�73
 �� #�,:�� T'& �!+"�� � �,��() ���&()� 2��� (!���, $��86

���0$-�, 2$�L�8& 2�3 .
&�(, T'& � /�$) 2��!� �7��0 #�,:�� �
�
��(
/ 2�3 ��7
�/

 T'& .
� �0 �&� #= 2�
8) �,��() (���6 �A6 �3 #�7&()� �73
 ���0 �  $- #=  $�/�& ����� 2�3 �O84I� �, �3 ���70 /� 2� 2�73

  $- Z
$<6 #�&()�$�� .T'7& .7
� �	�, �2(�	�87E y87� /� �73
 � � ���7
(@ �2(�	�87E�(�81) �2(�	�8E�(9�� �7-(, 2���87� �

�&� .�)H
� /� T'& .
� /��, 2�3 �B�$7�E� #���(7	 �8�7N �73
 �, ���10 � �
(10 ���� B�8C �, 2�3 t4+I� �
  $'0�(E �Z9-

 �'��/ �� �9����, 2�D)� ��3 ���70 5��M � �3 �7&� �7���� 2�73
)Z9-2�3a��6 V��B.(�7D)� �8@� :6��870 � �+��710 2�73

 #= K
�$�E 2�
8) 7
 �� �3 �7&� 2(�G�76 �71N(� j.�7'��/ 2
T'& .
� (+"�, �7��� :
� � 2�81, :
� �3 #�-(+"7�, � �7&� 2�

�38<�� �7�'6 #= �� �70 $'+�73 :6��870 � �7
(10 �B�$�E� /� 2�
 ���0 � ��
(08'	 /� 2���= �&�  $��� 2�@(, ����� j�	�� 2�3 .

j����, �1�&� �, 51�� �3 B�$7� �7, � :6��80 �B�$�E� ��
(10 2
 $- (E ���10$�� .j����, �� ���0 /� 2���= �3 ����� j�	�� 2�3

 �&�  $��4� �M�, .��
(08'	 ���87� (+"7�, �� /p087
FpE 2�3
  $- #�&()� K�, ��� �$�� �� U"^ �, /8'3 U��& ��+<�� 2�3-

$��8G .K�7, 2���8� �� � �&� �
(10 /� K�, B�$�E� �����(	
 /����9"6 B�$�E� �� T'& $C�� �� Z$3� .T'7& ���&()�

�77, ��77&� (77�)�(	 y877� /� #�77,:��2�877lT'77& .+77� U773 �770
)����(9�� ��
(08'	 � �3�3( (LN U3 ��D)� � �3 �7, #= 2�73

���0  $- ?�Q-� ���&()� /� ZC�N 2�3$�� .�&�(, 2�3 ���70-
R9
� 86(E J�� �, �&�'-(XRD) �70 �7&� #= 2�7
8) :�� 

���0 �,  �(43 ���&()��/���70 � �7&� �7+
(10 y87� /� �
 2�73
 ���0 �R�
F � ���10 ��
(�E ���<�= �:6��80 �B�$�E� ��
(10-

T'7& �� �87@8� �1C� 2�3 �7��0 #�7,:�� 2�73 $'+�73 �7
�/
)?�$@*Z9- ��.(�� (k� �, /p087
FpE ���7&()� �70 $7&�

 /� �
��(E �,��() �8�N �� j��10Na j
$7& /p087
FpE �, 
)��<�=(�&()� � ��7- �8�7N �� $'1<��83 �� /� �7
��(E 2Fe �

Mg �� .�0�(�E ���&()� � �.3= $��0� � B�$�E� ��
(10 �, 
/� �77
��(E ?8771A� �8�77NCO2/� R�1�77& � ���7710 �77, 

$'+�3 #�,:�� T'& ���&()� �� �1C� 2�3$'
=(	.
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$1@�� ��4- ����6#�+�,�[�d �, �
(10 ���0 �4�- �&�(, �� �-�� #�8'O . . .��d

Chl 

Pl 

Cal 

)@)�(

0.3 mm Chl 

Chl 

)B(

0.15mm 

)C
( Cal 

0.15mm 

Chl 

Chl

)D(

Cal 

0.15m

Pl 
Epi 

78�E6&�(9�� (
��Y T'& /� �E89 �D)� B�8C �, �
(10 b#�&()� ���"L"6= 2�3 2(�	�8E�(9�� �	�, �, T'& �� 2�)V��(?�$!��= �(7E 2�73
 :6��80 � �
(10 �,  $-)W(���0 �2(�	�8E �	�, �, #�&()� T'& .+� ��  $'0�(E B�8C �, :6��80 � ���10 �B�$�E� ��
(10 #�&()� 2�3)�(� �

���0 #�&()� 2�3)�
(10 :6��80 � ���10 �(�D)� B�8C �,  $''0(E �  $'0�(E �2� ?�$!��= 2�73)�.(2��Y7+G� U7
pO :�7
(10)Chl(B�$7�E� �
)Epi(���10 �)Cal(:6��80 �)Q(��<�= y8� /p08
FpE �)Pl.( 

!�'9/���0 5�0(6 ��84� �&�'-T'& /� �,��+�� 2�3���0 � #�&()� 2�3, 28G J�� ?:M ��P'� ��� ?8�I� 86(E �&�(, J�� �)XRD . ( 
�
��
 0���� 	�F� #�5 	
�� 	��G #�5 	
�� 

BH1-XR-03 ��<�= ��
(10 �:6��80 ���10 �B�$�E� 
BH1-XR-05 ��<�= �B�$�E� ��
(10 ���10 �R�
F ��
(�E �:6��80 
BH1-XR-09 ��<�= �B�$�E� ��
(10 ��&(& ����10 ��
(�E �:6��80 
BH2-XR-03 = ��
(10��<� ���10 ��
(�E �B�$�E� 
BH2-XR-05 ��<�= ��
(10 �:6��80 j��6 ����10 ��
(�E �B�$�E� 
BH2-XR-07 ��<�= ��
(10 �:6��80 ���10 ��
(�E �B�$�E� 
BH3-XR-03 :6��80 ���<�= ��
(10 ���10 ���&(& �B�$�E� 
P1-XR-03 �
(�E �B�$�E� ��
(10 �:6��80 ��0\�� 
P2-XR-01 ��80 B�$�E� ��
(10 �:6 
T5-XR-04 ��<�= ��
(10 �:6��80 ��0\�� �B�$�E� 
KH-XR-11 B�$�E� ��
(�E �:6��80 ��
(10 ��&(& �����8, 

)ب(

)د(

Cal Cal 
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��&� ��8E �1%���� #�(
� �&�'- ���0 � �&�'-�81, �1I� �[�

78�H��84� /� �9
 �, �+�,�� R9
� 86(E J�(E o(l ��P'� /� �+-��(, 2�3���0 �O84I� �, ���&()� 2(108'�10 �:6��80 ���<�= �B�$�E� �&�'- �
�
(�E � ���10.

����� 	
�� 	�
� 	��I�
� #�5 
�
(10 2��+G�& ?8�(	 ��$7%6 2�7'<� (7,  $7- �
:I6 2�3�X

�&�  $- �<&�A� #H��0� .�<�7� ��7�� ���0 .
� 2�(, 2�73
 �, �3$��0� ��/� $C�� i�&� (, ��89�8� R�7& � $7�= �7&�

�, �<�� 5�6(6 (73 �7, s87,(� #H��70� ��$7%6 � ��8�6�0 2�3
�$- �<&�A� $��0 .�<�� .
� .+	() (k� �� �, 2�7'<� (7, � �3

 ��$%6��#8�6�70 /� S�$70 (3 2�(, ��8�6�0 5&�'6 #H��0� �73
�, $�= �&� .��$�� �S�I��(& Al ��@���7^  �7!
�@ �� �87@8� 

�9<-�
(10 2�81, 2�,�7�+�� 2�73(Al(IV))  $7- �<7&�A� .
�
(10 2��+G�& ?8�(	?�$@ �� �,��+�� 2�3��&�  $- �g��� 

#8�6�0 .�, ��
(10 �81, ��+G�& ��Al3+#8�6�0 �, Si4+/� 
#8�6�0 .�, � ��(l j
Al #8�6�70 �7, 2�73Fe2+�Mg2+/� 

�'�"��@ (!
� �(l (+�) 2�3� �7� 2�� �746� 2�7, �$73�-
��8) 2� #8�6�70 �0Al �7� � ��@���7^ �7�%M8� �� �� $7��86

 �8- ���� ��@� �"3 .�7!
�@ �� ��@���7^  Al .�"7��@ Si 
�� ��$�� K
�:	� �� .
� /� � �8-Al K3�70 �7, � �!
�@ .
� �� 

��$��Si �8, $3�8G  �(43 .(
����Al2O3�, SiO4�
(10 �� �3
��8�6�0 �'�"��@ (!��"� �8G .
� �0 $'����� �!+�<43 2����

Al3+�, Si4+�&� )Z9-v.(��8�6�0 �<��Al �� �87@8� Z0
�9<-�3�
(10 2�81, 2.�, �3|{/*�6{�r/{�7� (��Q6 $7'0 .

��8�6�770 �<�77�Si(IV) (+�77) �� ��@���77^  �77!
�@ �� 2
��u/*�|/{�,(
���� �� .
� /� �$�= �&�Al(IV)  (+�) �� -

2{{u/��|/��877, $773�8G .(
��77��Al(IV)�77
(10 �� 2�773
 T'& /� �,��+�� ���0 2�3 T'& � ��� T'�7��0 ���I� 2�3 2�73

  (+�) �� 2$�L�8& 2[d/���/�T'& �� ��7, #�&()� 2�3-
 (+�) �� ���0 2�X/����/��� ��(M $�(�) .�4�'��87�= ��$7��

 ���0 ��@� �"3  �!
�@ ���� �0 $- �
(10 2�3 �7, �$7�� �87l
�&� ��@���^  �!
�@ ��  $- .�"��@ ��$�� /� (+40 �<��.

�
(10 T'& �, �+�,�� 2�3 ��P'� 2�3 2���0 i�7&� (, ���
���84� /( Fe2++ Mg2+)Fe2+�7, �<��2Si ]��[/� (+"7�,

 �
(10 � ����$�E� y8�T'& �, �+�,�� 2�3 �7, #�7&()� 2�3-
$'+�3 ��+��,�
� y8� /� ���0)Z9-�.(�7&� 2��=��7
 �7, S/\

�77&�(, �� �770���770 � �E8977&�(9�� 2�773 �77&�'-(XRD) 
�
(10 7�'�'E � (1087'�10 y87� 2�3  $7- �
�7&�'- :7�� �$7��.
�<��2�3(Fe2++ Mg2+)Fe2+�
(10 �� �7,  $- �&�(, 2�3
�'��� 2{/|���/|�� (��Q6 �� #= (
���� �, ��
��� �� �0 $'0

�
(10 �+"�� 2�3 2$�L�87& 2"�73�/"�7�N�� �� �+��87�	�� 2
�'��� #�4O .�
�E �2� �&� (6]��[.�,�7
(10 �(7!
� .�& 2�73

��N�� ?:M 2�
(10 �, ��
��� �� J�� �7�N�� 2�73 2"�73�/"/�
���N �� b$�����8G(, 2(+40 U
:�'� �� �<�7� .7
� (
��7�� �0

�
(10 �
(10 �� #= (
���� �, �,��+�� 2�3 �7��3 �� tM�� 2�3 2
�+"�� ���&()� 2$�L�8& 2"\�:E8'�080")i(7<M �7��8�	�� (

�&� ��
��� Z,�M)�/|�*u/|(]��.[
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$1@�� ��4- ����6#�+�,�[�d �, �
(10 ���0 �4�- �&�(, �� �-�� #�8'O . . .�[�

78�J�K'0�(E ���84SiO2�, �<�� Al2O3U
pO �:�+�,��� K�,)(E86  (
��(T'& �
 2$�L�8& T'���0 ����I� 2�3)���G86 t,(�(T'& �
���0 ��P'� /� (6��� �1C�	 �� #�&()� #�,:�� ���)(E86  (
�� .( 

78�K�
(10 5�0(6 ;&86  $- �g��� ���84� ��  $- �&�(, 2�3]��[U
pO b:�E� ����$)r(�
(108'9�E �)p(��+��,�
� �)d((108'�10 �)c.( 

����� ���LM #��� �5 
�9
/�#8�6�0 .�, �46� �'�"��@ ��$G� �0 �1��8O 2�3

�� .��%6 �� V1+���&� �'�"��@ ��$G� 2��� �$'0 .�,�8l
 ��&� (+"�, �46� �'�"��@ K
�I') �(6\�, 2�3��� �� �10

��3��� .
� �� �(
/J�%6�� �
��() 2�3)��+G�& Z0 ( �8, (+"�,
 /�$�� ��&� (+)�:, �8@8� �46� tn�8� 2.j
 �� .
�(,�',

 �<�0(6 B�(��Q6 ��k+�� (6\�, 2�3��� �� ���G ��+G�&
�� 2(+"�,.�
�E 2�3��� �� �6 ��� (6]�[.K
�:	� ��C�G

�1�&� �\�, 2�3��� �� �46� �'�"��@ 2��� .��%6 2�(, 2�
���0 Z�9"6�� U3�(	 �3�&�(, �� �� �-�� �8G �0 ���= 2�3

.��/��� Z�9"6 �I'&��� $3� .�@�� ()� �46� �'�"��@ 2
�$-�,  $- .��%6 #8)��8) 2�3��� �� ��G ���0 j
 2�(,

�� ���0 �%�<l 5�0(6$'0 ��"� �� #= Z�9"6 2��� $��86 .
��$�� �?�c� 2�(,Ti ��+'!� �� �8@8� )�,B�8C ?81A� 

$��@ (�,�3�!"
��/= B��,(I6 2�� /� ��� /� �%,�6 #�8'O
�&�  $- ��"�]�[.�'�"��@ �, �P,�� �� B�8C �46� 2�3
�
(10 �� �+	() :�� �3 ��$��Al(IV)�, ��� K
�:	� �, �8l

�� K
�:	� Uk'��P,�� �� .
� /� � $,�
2T-Al(IV)  2�(, 
Z�9"6 2��� .��%6)�81<6 (�
(10 �3�&�  $- ���'"�E .

��
��� ��� 2�, �
��� 2�3 ��� �, J�� .
� /�  $�= �&� 2�3
J�� /� ZC�N /�$�� �14@ /� (!
� 2�3 �� ��� U��+�� 2(�)

�n8N�&�(, ��
��() .��/ 2�3 ��- 2�3 J/�(, (�)�� 2�3
#= .�, �� �,8G�, ��&�  ��� #�"� �3��8)2�2�PG �0 

/� (+40  $- �<&�A��|�&�  �8, ��(!�+��& �@�� ]X[.
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��&� ��8E �1%���� #�(
� �&�'- ���0 � �&�'-�81, �1I� �[�

����%� #�"� �� �8e'�1+0 (�� ��  $- �g��� 2�(�E �P,�� (
/ 2
��$3� :

)�(T (oC) = -61.92 + 321.98 (AlIV)
���0 � ���&()� 2��� �+"7�� �� �
�/  �876 $�L�87& 2?:7M 2�

 ��N�� J�� .��/ /�  ��L+&� �, 28G 2'&��� .�7�%6 �7
(10 �
�&�  $- .�P,�� /�  ��L+&� �, 2�(�7E 2T-Al(IV) ���874� �

�8e'�1+0  $- opC�]X[�7
(10 �871<6 2�7�� /� �,�7�+�� 2�73
T'& 2  (+�7) �� 2$�L�87& T'���0 ���I� 2�3[�X�[f� 
�@�� ��87� �� � ��(!�+��7& 2�7
(10 K7�, /� �,�7�+�� 2�73

  (+�) �� �+�,��� 2{�r�{�r �@�� �7, ��(!�+��7& 2�7&�
�� $
=)Z9-q(�� �� .
� /� ��� ���$7'^ (7��Q6 �0 �L) #�86

 �
(10 �81<6 2��� T'& .
� 2�3 ���$� �8@� �3 .2��� .�!����
 �7
(10 .77
� �871<6 ��$7N �773{u|�77@�� �77&� ��(!�+��7& 2.

�
(10 T'& �, �+�,�� 2�3 �, #�&()� 2�3 �1C�	 �� �0 ���0 2
� �7, �<�� 2(6��� �7�P' �7+	() ��(7M ��� �7��0 22�7�� �$7��
 �� #�"� �� 2(+40$'3� ./� �,��+�� �
(10 �81, �� �81<6 2���

 T'& .
� �3*|*�*�� �@�� �7&�  $�= �&� �, ��(!�+��& 2
)?�$@�.(

������ 
T'& ���&()� B\8YA� /� �9
 �
(10 ���0 W��() (�� �� �3-

 ��- ���� U+��& 2�3 
�7�() .��/ 2�3 ��87)()� �7
 ��7, 2�73
 �&� .�
�E �@�� .��$7�� .�7, s�7<6�� �70 �I�= /�Al(IV) �� 

#= �871<6 2��� � �
(10 ���0 2�81, ��+G�& ��@���^  �!
�@

�, �7
:I6 �, �� .
� /� ��&�  $- �+G�'- �,8G �
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