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Abstract: Detailed studies on micro-texture and microprobe analysis of Fe-
Ti oxides from Qareaghaj mafic-ultramafic intrusion (QMUI) is the basis of 
this investigation. The QMUI is mainly composed of non-mineralized mafic 
and Fe-Ti-P-rich ultramafic rocks (FTP). The FTP with high proportion of 
ilmenite (~11-19 modal %) and magnetite (~2-13 modal %) show an unusual 
bulk composition. Fe-Ti oxides are divided into three distinct generations on 
the basis of their micro-texture: 1) small-sized rounded to ellipsoid-shape 
inclusion in olivine and clinopyroxene, 2) coarse interstitial grains and 3)
late stage veinlets. The ilmenite grains (0.1-2mm) commonly contain fine 
hematite lenses arranged in [0001] planes. Primary Ti-magnetites contain 
ilmenite lamellae along the [111] planes and exhibit wide variety of 
exsolution textures (e.g., trellis- and sandwich-types). Ilmenite in FTP show 
Xilm range from 0.82-0.91 and has high MgO (0.82-2.38 wt %). Most Ti-
magnetites (bulk composition) have low Xusp (0.03-0.13) and therefore high 
Xmag (0.79-0.93). Two oxide geothermobarometer in the ILMAT program, 
resulted in re-equilibration temperature range of 450-700 ْC and ƒO2 (nearly -
19±3) during subsolidus cooling for FTP rocks.
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1 - Liquid immiscibility
2 - Subsolidus
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���A�f/^7f/J ("�� ..� � � 
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3- Beam Current
4- Acceleration voltage
5 - Bulk Composition 
6 - Inclusion
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U����.   -�. =D��� �C1   �	 C5 ��� �   �� ���.� �*  ��� *� �  }  i�4 U(E� ���    �/)-� �). �  )_*� ;U
�#1��;]Ja[ �2*��. �3 	 � ������ �  ����� *� "3FTP     =D��� 9�:, 
�% C2    �)	 C3    ���). �* 
���, ��� �!��"K �G� � � ;���2� .�2*��.3 	 � ������ �   	 �. 
��� �"� &)[ �)23 � ��G� )� �*�� "3
����  =�  ���,   � � =q�� *��/ ��D �U �: � ��� �� ��QG2 *� =�3� �. ��G�� "  #)2 ��)  =�)�N � 9

� .( ��� ��_��  	 *� =��&[�23 � ��G��  	 =q�� "� ������ �  � ����
� �"�       s)��� ;)C. &1 "�� �
����=� 2 �2  	 �. ���/G�&[�23 � ��G�� �
	 "� 
�� =��� .�2*��.3 	 � ������ �    &. P�:� " Z*�)B

   ��D *� � �w�1 Z�'(%�U �2*��. 3 "�*�  � �	��G�� � "� � 
��   � ����    ���, ��� 3*��.  "Q#)�
� &.��G�� ""�� & -�R Z*�B �	���.

  83�@  ��������� ����x	 ��� &��G�   3�2FTP ��	 c  9�:, 
�%     �!� ��, 3�� -�./�* �  (   �3*�)Q� *�)� *�
  "�'p�CPL  �)  � �	 i (  ����x	BSE   ����!�� �(Ol)   "�	��, �(Ap)    �#)1��������1 �(Cpx)   ")��G��� �

(Ilm) "� ��� �(Mgt)=����� �Spl)( "�	�����(Po).

7 - Exsolution
8 - Trellis
9 - Ulvite
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NW/W7Ok/W[	 ��� �� ��1)	�	�G2��� �".(

�2*��.3  ��� � !�� "�  ����� *� &3 -���� !�� �   ��Q!�: �6���.   3��* s2*� � "�*���G� )�  � "
����  =���*��    �*� &. � � � ��	    �* ���, ��&����w   	 �� 
*��� � ������ � ��� "�� . G2 &.� !� �� =
1�	� �1 P�   �2*��. *� ���, 3 ���. 3��D"�* * �   �D �	 � /3   �. ��G2  �	�� �)0����  �
)� 
) µm
eW (
�����R��3    ")�� 
�)�  .   � 
)�.	� ������  )�"   �)2)    ��� � X�� =#)� (�*��3Xusp  �)� �� �

)JN/W7WN/W~ (��� #))2��.�))�. � � �XmagF�)). ��) KN/W7aK/W ( �))�*��) X��))_O .(��))E�� �
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����'�1 �3�GA����� Jfe

MgO � MnO� *� ���1 ����	�	 &. �P�. "�� �.��. %  wtN^/J7f^/W � % wtW^/W< . P)�0�	
 ����    *� ��_�� "  �#�&TR*  �2) ��� =#� (�/� )�    ��� &). 6 )�    r!�)q ")KK^/W~Xmag (
"�� .   [	 X�D �2 &.�� � Z���	�G #�  1�	 *� 6��2*��. P3	 ������  ��  '%�� &). &)_�	 �. " )� "
&��G� *� �2  w �� )�� &)� )�����   -���� !�� ;)C.  )�    )G� 
�2�
)� �6� ��)� .   *��)E�Cr2O3  *� 

	� ������ �  w�� P�:� "�  /%)wtOO/W≤(� !� �   *��E� V2O5   ���, *�    "�� &_�	 =.�%%)wtK/J7
KN/W .(    ���� z�Y ��  *��E�Al2O3   ���, *� !� F�.� [ � �  �%)wtfN/N7OJ/J ( ")��  !� &)1 )� =
�B��  ��	 �, �   ���v ��� ����."�* ��� � "�� =� . �2*��. ��G	3 ��� �  =�)���� *��. 3   � ���.-

"�* ( &��G� *��23  ��2 ]�� �� &'!�(� �*�� � ��� ")��1�	 *� �  )�  �)��, PkW7fa=Al2O3 �
N/JJ7a=MgO �N/NO7k/O^=FeO �Jf/W≤TiO2 � Ok/W≤Cr2O3 )��� �B*� P#D �. �


�����R��3"�� 
�� .
   �*�. &. &_�	 �.��23    & -�R Z*�B ]J^[ ����� *� �3FTP 9�:, 
�%  �.�q ����CG2.� �

  *��E�MgO) �  �≠Mg (!����� #1� ����2�3Fe- Ti  ��� � � ��2 =���� �  �� ��_� �*    z�Y �� � 
�� ��� ���   ����� *� ��_�� =�3 E-  )�  	��, �� � )�   �� ��)� �" )�/�  F�). s��) ek7eN~≠Mg ( *�

�E���. &#�: ]���� �	��, �� � ")ee7NW≠Mg (� ��
����2�) =��e�!�.(

  %��B9    /�!��, b�� � /�*��0     "��G��� 3��. z�'� (ilm)   "�	�G2 � ���."�*(hem-ex)?�� *�   3�)2
��	 �� C�c
�% 9�:,.

Rock mgb cgb ox-ub ap-ox- ub
Sample BH14 TM18 TM62 TM65 TM134 TM61 TM27 TM147 TM138
Mineral ilm ilm ilm ilm ilm ilm ilm ilm hem-ex
SiO2 �l/� WW/W WW/W ��/� WO/W WN/W WN/W Wf/W WN/W
TiO2 Ja/fN fO/KK ^J/eK WJ/fJ JJ/fW J^/fJ Ne/fW OJ/fW KK/Jk
Al2O3 WN/W We/W WJ/W O^/J WO/W WO/W WN/W WN/W ��/�
FeO aJ/ef J^/ef Wa/e^ Je/ef Ke/ek NJ/ek NN/e^ f^/ea O/aa
MnO WN/J KO/W f^/W ae/W KN/W ^k/W KO/W ^^/W Oa/W
MgO Ja/W JK/W N^/O NK/J WW/J WK/J ^O/W ^K/W eK/J
CaO WK/W WW/W WJ/W WW/W WN/W JW/W WW/W WW/W WN/W
Total ��/j�� NO/KK ^k/JWW kN/KK Wf/KK fK/KK ea/JWW kN/KK kK/K^
Cation
Si WWJ/W ���/� ���/� WWO/W ���/� WWJ/W WWJ/W WWJ/W WWJ/W
Ti ���/j WW^/J KJa/W Kfe/W KfW/W Kkk/W KeO/W Ke^/W NWK/W
Al WWJ/W WWJ/W ���/� WNa/W WWJ/W ���/� WWJ/W WWJ/W WfK/W
Fe3+ ���/� ���/� Jkk/W WfW/W WK^/W Wka/W JJN/W JWO/W NON/J
Fe2+ KkW/W Kfk/W ^J^/W ^^K/W ^KN/W KWe/W ^KN/W ^Ka/W OeK/W
Mn WOO/W WOW/W WJO/W WJO/W WOW/W WJ^/W WJK/W WJK/W WWk/W
Mg WWk/W WWa/W W^a/W WfO/W WN^/W WeJ/W WNW/W WNN/W Wfe/W
Ca WWO/W ���/� ���/� ���/� WWJ/W WWN/W ���/� ���/� WWJ/W
∑Catio ��n/j KKO/J WWW/O WWW/O WWW/O KK^/J WWW/O WWW/O WWW/O
No of N N N N N N N N N
Xilm KaO/W KaN/W ^J^/W KW^/W ^Ke/W KWa/W ^Ke/W ^Ka/W OaK/W
Xhem ���/� ���/� W^N/W WOf/W WeK/W WNe/W Wfk/W WfJ/W kkJ/W
XGk WWk/W WWa/W W^a/W WfO/W WN^/W WeJ/W WNW/W WNN/W Wfe/W
Xpy WOO/W WOW/W WJO/W WJO/W WOW/W WJ^/W WJK/W WJK/W WWk/W

/�*  ��.�R(mgb)  3��.�R � "�*� &���(cgb) "�	��, � ��#1� �� ��: 6�-���� !�� �(ap-ox-ub )   �)�E- 6)�-���� !�� �
 "�	��, ��(ox-ub )� Xilm =1-(Xhem+XGK+Xpy), Xpy = XMn, XGK = NMg, Xhem = 0.5×Fe3+ 
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-�. /�*"���1 �  3�2��#1� �����Fe- Ti*�. . . Jff

  %��B@    /�!��, b�� � /�* ��)0       ")� ��� ���) �	 3��). z�)'� (mag)  &)TR* ")� ��� �  3�(mag-V) *� 
 3�����FTP
�% 
��	 9�:,.

Rock type ox-ub ap-ox-ub ox-ub
Sample no. TM62 TM65 TM134 TM61 TM27 TM147 TM13
Mineral mag mag mag mag mag mag mag-v
SiO2 WN/W �n/� �n/� WN/W J^/W W^/W
TiO2 K^/N kJ/e fW/J JK/N Na/J KK/W WfO/W
Al2O3 af/O ON/O eO/O fN/N NK/N OJ/J WJa/W
Cr2O3 OO/W Wa/W WK/W WW/W JO/W JJ/W W
FeO ON/^e Jk/^e ^a/^a ^J/^e ee/^f aa/^K NNe/KO
MnO We/W W^/W �n/� W^/W We/W �n/� WOO/W
MgO ^N/W f^/W kf/W aa/W N^/J kW/W WK/W
ZnO Wa/W JOJ/W WN/W JO/W Wa/W WK/W
V2O5 ^KK/J Wae/J Kf/W KNJ/W ^KK/J KeO/W
Total We/Ke Kk/KO kJ/KN ek/KN ^K/KN ^O/KN fJf/KO
Cations
Si WWJ/W WWO/W WWO/W WWJ/W WWa/W WWN/W ���/�
Ti JJN/W JNO/W WeN/W WKW/W WNK/W WO^/W WWO/W
Al JOO/W JWW/W JW^/W Jfa/W JeK/W Wfe/W WWJ/W
Cr WWa/W WWO/W WWN/W ���/� WWe/W WWN/W ���/�
Fe3+ f^k/J fKk/J aaO/J kNO/J aWW/J ^fO/J KKk/J
Fe2+ Wke/J WKf/J WWf/J WeO/J Kkf/W KKN/W KKk/W
Mn WWJ/W WWO/W WWJ/W WWO/W WWJ/W WWJ/W WWJ/W
Mg Wek/W WNN/W WNa/W Wee/W Waa/W WNe/W WWf/W
Zn WWO/W WWN/W WWJ/W WWN/W WWO/W WWO/W
V Wfa/W WNN/W WOK/W WO^/W Wfa/W WOK/W
∑Cations WWW/N WWW/N WWW/N WWW/N WWW/N WWW/N WWW/N
No of O e e e e e e e
Xmag aKN/W aK^/W ^^k/W ^Jk/W ^fW/W KOk/W KK^/W
Xusp JJN/W JNO/W WeN/W WKW/W WNK/W WO^/W WWO/W

Xusp = NTi �Xmag = 0.5×Fe3+ . � &.�
� ���, X��_J.

C.�
    �� 
��5 �� �.b�����  ��1 9�� � � ��G� )�"7 �1 �����   �#)1��]JK[ c� #)R  �)�� 3  *�)�. 3 ��)�

�����3-���� !�� � 9�:, 
�% 6��oC^WW  �)	 oCJWO^   8�)�� �). �  b�)�����1�����  �#)1��
]OW[ . �  �oCKNk   �	 oCJWWe      "�� 
��, "�� &. ]J^[ . �� ��3 � �    �� 
��5 �� �� ��� ����7

b��*�
-  #1� �� ��3 � ��G��"7  ��� �  "]OJ[  � � �.     *�/-� ��� �� 
��5 �ILMAT]OJ[ c� #R
 3������	��. 3���JW  �� #R �� Q#� 
3�) C d aWW7efW (  �**� ��� �  )��R�- }�  #)1� & �   �� Q#)� �<

����  �)ƒO2N±JK7 ( � ��
���2� .�� {� ��   
�� & -�  "��   ��� &)1 )� !�� " )�      �)�� *� �F�)G'� &
  #1� ��*� ;�1����3JJ    � 
*�.�� X��'	 &. �    *�Y &). ��)�*�  �� &)� �)���!�    �)��_ X�)�A� *� =�

 ����"7 ����!�� �  � *� �=�  3�� #1� }�� �� 	 � 
�� 
��&[ �2� Z�*4 ����."�*� ��G�� *� �* "
    ��� z��Y� � =q��� � "� � ��v�  ��1]Ja�Jk[.  ��	 �. 
���� *�.�� �cFe   � Ti  ). �  �)2��- �3

10 - Re-equilibration
11 - Intra oxide-reaction
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����'�1 �3�GA����� Jfk

#1���3����2    X��Q	 ������� Fe- Mg�#� �GR�� ��JO � � 1�	 /� !�� P���  �1 � ������  �#)1��
   � *� � 
��1 ��| � �*� *��E� &vMg#1� *� ��2�3Fe- Ti) . &��� 
<��G��" (. &1�� � �)2��- �3

����	���  
�� &Y�D� ����  � ;2�1 ��  �.�]ON[ .    &0 "�� =�!� ��G2 &.  �)2*��. 3  )� ���  ). &	�� &
�� !�� 
<���  � �. *��vG2#1� ��2�3Fe- Ti 9�:, 
�% 
��	 *� *��E� @�A! ��Mg��D *� �U  *�)�. 

�: �, & #2 &. "Q#�����	) =��ei (]J^[.
  )��Gv� ��_�U  ��)1 � )�����   #)1� �� ��3(Ilm+Mag)  -���� !�� *� �   �E� *� �)�� )�   �). &#

���G��    #1� ���	 ����� &. "�  �Fe-Ti  ����� *� 3 -�� � �2��� &�G_ �� 9�:, 
�% 63   &)1 ")�� 
��         ). ~�)Q	*� ��)� �)��* *� ����	� � � )�  5� ����)� � )� �)��. � .   )�1 ��)- �)R�� ����)� s3

-���� !���  -�� � 6�  6)����./ (�*��3  E #� ~�Q	*� �G�   �. ����       � *� ��� #)2 �)GR�� s2 � �� )� �
 [	 Z*�B��   � ����*�� �� ���G��      )��Gv� &). �2��.�R *� "U � ��G� )�   ��� � " )�  -���� !�� *� "�  �)��

�.� #� p�	 �  ��� 
��� � .  EEA� �� �q�.��]K[   �* ��G� ZF�G D� �  � *� �  ��. t�xq �3  ��)	 c
Labrieville         �2*�1���)� � 
��� *��)% �)A. �*�)� �����1 6Q1 �� =)\�  :J ( �/)-��  "Q#)� *� ;

Fe/ Ti*�ƒO2    �".�� �� Q#� O (   *� ;2�1ƒO2*�   "Q#� Fe/Ti �E	 �   Y *� ".�� ��Q  X��5	 )�  � +
N ( ��vU ��
�1�� 3        �)2��- �)��, *� &)1 �� C� ��   � �)���� ��G� )� ��	*�� �"� ��#)1��  /	*��)1 �  � 

����!��� R*� =��  �  �� #2) [	 ���.��   *� �ƒO2( .���w � &�� EEA� �� � ��  
��1 
*��� /  *�)�. ��� 3
���� ��G�� "(Fe ≈ Ti)� � � �#1��(Fe ≤ Ti) )� ��� &. �      "Q#)� ;2�)1 &). �)v�� �)�*

Fe/ Ti   ��� )�|	�  ���*�� (   ;2�1 �ƒO2     &1 � !�D *� Fe/ Ti   � ����. ".�� �  )� /�   *�)�. �)���	 3
��� � �����	��3 �: � �� Fe?�� *� �* �23FTP�_ &. 3*��. ��� 3 ��� � ��)� P_�� " .

  � z�Y ���  ��	 *� ��c    !� &. 9�:, 
�% ���	*�� �/	*��1 ��Q� =��#1���1��� *��E� � �� ��G� )� *� "
�2��.�R� � �     � ��� X�G D� &1 "5R ���	�  /  Z*�B�& -�� "��  .     �*��)� �. 
��� ��)�     �)R� �
�)� 

'�� % *� 1�	 Z��S� � P��G��  ?�� *� "�23  ��	 �� C� c         �	F�. *��E� &. &_�	 �. ����. 9�:, 
�% 
Mg  �� � ���  �	Mn  � *� ��G�� -���� !�� "�  �E� *� ����    �2��.�R �. &#)  X��_J (   )� ��� &.�  �)�*
  &0  ]����FTP    � ?�� &. "Q#� � !�� ��./�&  �	)  � G1 & -�� +��5	 (�� #2 . � ���      &). &_�	 �. �* �
�� �� ~�Q	*� 
�� &u�*� �2����-���� !�� �� ?�� �. ������.�R ��./��X�Q% =.�% "#�� .

12 - Post magmatic
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-�. /�*"���1 �  3�2��#1� �����Fe- Ti*�. . . Jfa

 83�D�!�  ( ����!�� s�/��� ��� Z����[	 *���G�(Ol  Mg≠) &. "Q#�  =���)�� s�/)��� ���  Mg≠) 
(Spl       "�	��, �� ��: 6�-���� !�� 3����� 3��.(♦)           ")�	��, �� �)�E- ]���� � (●) i ( ��)G��   Z��)��[	 

 3�2��#1� �. 
�� &Y�D� ����!�� 3�2*��. �Q�1�	Fe- Ti s�/��� ��� 8��� �. (Mg≠).

    *�SD &w �R��2*�Q����  ��1�(% � 3 #1� �  5!�� � ��  ����� *� �3FTP   ��1 Z*�B &. �6
�2��3   �- ����G� �. �� �,�� ���� C������., #5	 � � ��  ����]JO[   � �). � )�   )q�. ��)_� ���  )� �

���  
� ��� �*�  �*, �� � *�.�� ;c � �    *� �2��- �    i�4 U)(E� �)��     )� �)�� *� �R�   �)��]JN[ .   �)2 *�
  � ��_� �Z*�B� � �2*�Q�����2��- *�3� ���� &	���*��. ;
�� 3)  !�� =)\� )���� ( *� ����)�3

-���� !���    9�:, 
�% 6)  =��O   � �Ni(  � =%��D ��     )� *���, �* ]�p�� ��     &)1 ���)� 3�)�Q�0�	
�:� �� Fe-Ti-P-S� *� ��GR�� s #��!�� �& ��� *�SD &���.

 � ��_���G��  ����� *� "3FTP  #)1� ��)- ����� &. 9�:, 
�% ��3  �)2*��. � P)!�: 3  �/)v� 
)  =��Oi (�� ���	 &. ����	����2� ��
� c��� � }ƒO2�� �� Q#� �����. � . )�1 *�Y &.�  
��)� 

   *��E� �.Ti  ��� � � }ƒO2� �GR�� *� �5#- *��E� �P���� �/=���G�� � 3��).   /���*�)� X�) �1 
#1���2�3Fe-Ti "��  .  F�). *��E�3P2O5    )� �)GR�� *� �  *�)�. �)���	 ��)� 3 ���  )� *� �* "
�E��  � �. &#��G��   ���A� "0  ��]Of   � Oe[ . �� ��3 � �   )� �5#- ���  !�D �)���	 )�  "Q�0�	 �)�3
#1���3) Ti�(Fe *� �*���� Z��{� ��� ]�Q�� �� ���� � 
��� ;2�1 i�{� %�). i��  �� 
�)���
Fe   � Ti     � *� � 
�� �  &vP_�� �
	 � �q4 =�  �  �.��   F�. *�)  &.=�� F  )�&�3 )�  � &)�03� (  ��)�

]Ok �JN[�� ��
��3��	 *� &1 c 9�:, 
�% 
���� �*"�� .

������
J7    ��	 &. &_�	 �. � �E	 ��  	 ��G2 ��Q�&[�23 ���). ")�*���G� )�  	 *� "� ������  )�  ����)� "3

FTP  , z�q�. �   �#1� X�� �� &T��;7���. ")�*]Jk[    )� ~�Q� )�� �   ��)�) ��):, �#)1� � ;�
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����'�1 �3�GA����� Jf^

���.� �*  ����D�U*��. (� ��� &. ��#5	 ��*� �Mucke]Oa[���  )��� � )�  X�)Q% =).�% 
�  �)	
"��.

O7  ��1 "-�. ����3  ��	 *� c      
��1��� Z*�B �� &. 9�:, 
�% JN 6Q
� �Je     ]�� � 
��.  )�0&�3 )� �
F�&�3) �q4� � �.���F�. * (G� 
�2�
�����.
N7  �� �. �  ��AB �2��� &��  )��u� ��G����]J^[�   ��)1 � � )�����)    1�	 &)�G_ �� )� � P��G� )�  � "

  #1� Z��5 � /���*����2�3Fe- Ti(�   � ��� &. � �. ��*�� ��� � 	��5 � }�  *��. ��  ��� 3   =���	 � 
�GR���� ��. 3�	B��  ��1 Z��5	 ������  1�	 � � � P�G����  ����)� 3 -��  )� � 6 -���� !��  )� 6

   9�:, 
�%) �GR�� =\�3  � *���  ��� �  }ƒO2 Z��5 �  (  ")-�R ��� *�� �). � )�'� �� � &)1  )��� ��
��� 
��R��B� �G� i�#A� �GR�� s2 �����.

e7    ��1 ]�� 8��� �. ����3  ��	 *� c   � 9�:, 
�% � ���	 ��� &. ��  &)v ��)�*  &)1  3��). �
)	 � =
�2*�#��13  �.�� F�. *�3 #1� �  �Fe- Ti� ���   �: �. 
�  R�)� �   �� �)GR�� Fe � Ti� � )� ��/P2O5

   ��� � �GR�� *��    P)���� }ƒO2)    F�). �� Q#)� (   �2*�1���)� ��)��G�3    
�)�2� /)1�G	 3�   �)���� 
�,���� C������.,F�� ��*�
- ;3��*��� *� � 3�����R� �i�4 U(E� �����*��p /3"�� .

f7  	 *�#��1 ��� �s7         *��E� &. &_�	 �. 9�:, 
�% Z�5#- TiO2  �� �� Q#� ��  �%)wtK7e~( ��	 � )� �
  
C. /1�G	 ��   �� Ti   	 *� q�� *� � ������ �  ")    ��x) %� y�*� �)%�-3(   ���, &)_*� �3  �)� ��  � �
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