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�0=�4, �4
�l� �� �N � �7
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��, �_�!� �C �Y$2 �C �l.� ��"�76�C �$4!� ��)$4*9(4.� 
���N 9 `!>�� (D� /" �R(:" "(
/ ��+=�7 -.2O) �9(: 6�7

� d"$�" �C �C�!� ~��.��Q�� ]+.b*" #9(N 19�� 6�7 ��+=�7 �7

9 �/"��" (D� /" ��9� �C 6(=;N �7�Q, ]4,.���"� �7��Q��
)"(C6]4, �?�f� g@.(" /"
/" ���i �.7�� �.
�2 ��Y �9� -

�, ���F=*" 1��"� �<+* U.V.

G�6H0l<2 |
�=� /" 6" ��
l: 
� �
]+.b*" #9(B w/"�()l �.=.�9(B �� �$Y$� 6�7 �.29�
() 9 �7 �.�$.	" �� 1�Cl.� 6�7 6$> .
�C(A �.�$.	" �T(, �.�$.	" 

~+* d$� 1�Cl.� �.29�
() �.=.�9(B 1�Cl.� �.29�
() �.=.�9(B 
��$;� H11 H41 H33 16-11 1-32 3-41 1-c3 Ch13 Kh1-2 KC1 G3U-11 G3U-32

SiO2 bdl K3/K K3/K bdl K�/� K3/K KK/K bdl K3/K K3/K bdl bdl 
TiO2 K8/K jg/K 8q/K Jk/K kK/K k�/K kK/K �g/K 3z/K 38/K �q/K �k/K

Al2O3 3k/�z qK/�q 88/38 8j/�z 83/�z 8z/�z �8/�z 33/8g q3/8� qK/83 z�/8� q3/8� 
Cr2O3 gj/j� z�/g8 jq/g8 �J/gg J�/gg 8K/gg jz/gg kJ/8g gj/8k z�/8J z8/8k zJ/8k 
FeO* K3/�q J3/33 zk/33 kg/3g j�/3g 3g/3g zg/38 zq/�j jK/�J zJ/�3 zk/�j jJ/�j 
MnO 3z/K �z/K 8�/K 8�/K 83/K 3z/K 3q/K 3�/K 33/K �k/K �J/K �z/K
MgO kz/�� Kg/�3 �g/�K J8/�3 gk/�3 jz/�3 kj/�3 �z/�J J8/�j zJ/�k 3q/�g q8/�g 
CaO bdl K�/K K3/K K�/K K3/K K�/K K�/K bdl K�/K bdl bdl K3/K

Na2O Kg/K K3/K K�/K K8/K bdl bdl bdl bdl K�/K bdl bdl bdl 
K2O bdl bdl K�/K bdl bdl bdl K�/K bdl bdl bdl bdl K3/K
NiO Kj/K 3�/K �K/K �j/K �J/K �j/K �8/K �z/K �j/K 33/K 3�/K 38/K
Total q3/�KK 88/qq kq/�KK Kg/�K� ��/�K� gk/�KK gg/�KK jz/�K� �z/�K3 Kz/�K� 8j/�KK zq/�KK

O=g
Ti KK�/K K�8/K KKq/K K�J/K K�k/K K�k/K K�k/K KK8/K KKJ/K KKj/K KKg/K KKg/K
Al Jkk/K kgz/K jzj/K Jzz/K JzJ/K Jq�/K Jz3/K �jj/� Kzj/� �Kq/� �K�/� Kqk/�
Cr 3zK/� ��g/� Kkj/� ���/� �3�/� ��z/� �3j/� kzk/K zjg/K z83/K zkz/K zk8/K
Fe jKK/K jzz/K jqk/K Jjz/K Jj�/K Jg�/K J8k/K 8z�/K 8qz/K 8Kk/K 8qK/K 8kq/K
Mg jj8/K jz�/K gk3/K jqq/K jq�/K jqz/K JKk/K Jq�/K Jk3/K kJ�/K J3J/K Jgq/K

Mg# jj8/K jJ3/K gJq/K jzg/K jkk/K jzg/K jq3/K Jzk/K JJz/K jkj/K J3j/K Jgz/K
Cr# Jjg/K jqz/K jjJ/K J�z/K J3K/K J�z/K J38/K gKj/K ggK/K g3q/K ggg/K gg8/K
Fe# ggk/K g8K/ g�q/K g�J/K g38/K g�J/K gKz/K 8�8/K 883/K 3g8/K 8kj/K 8j3/K

Bdl = �*�+, �S (
/�


@A>:��� #9(B �
�.;., 6�+C ]+.b*" �.=.�9(B �� �$Y$� 6�7 �.29�
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�*�+, ��$;�(�� ���=	" #"� �C ���B 
�2�4.%.* �+.�/��+.=��)(*)Ser(E 9 �(��;=S" ��$;���2� .%* /�	 9� �"(;7 �C -.2O) �9(: /" )) (
$_2 �� ~�� �(.2.�*$.(

���B �.=.�9(B �� �$Y$� -.2O) �9(: 6�7 /" �+A 6�7Cr 
��"� ��.�C E"�� E�$P �C 6$> �.�$.	" l
�)/" (=;B�K

19( .� (
�� �	� ��$, .`79m) 1"�� ;7 9 l�"l+: ]�z[1�!�
���B �B �"� `�C �� �$Y$� -.2O) �9(: 6�7 U%=�� 6�7

�.=.�9(B �� "� �7�"� �"(T (
/ �%N �9(: �* �� 1"$2:
�(���B `�C �� ] ,�$> 9 �.�9" 6�7 �� 9 1�*(:�(.A 6�7

 �]+.b*" #9(B ���B lB(�3(���B �C �2 ] ,�$> 6�7 �� ] , 
�0=� , 1i �+.�/ �� �
 ]+.b*" #9(B �$%C �� /�C 6�7)��, ()

E� .%.* �
 -.=��)(* �C �7(98(���B �� (.�=� ] , �C �
�7
`�C ��, 1�*(:� 6�7��#9(B ��"� `�C �+��� ]+.b*" 6�7

�(FS �	�C �*" - ;� �B �.�9(B9(	 �+,�C �=,"� 6" .
���B �� ��, �
�*�+, -.2O) �9(: 6�7(:�9�.=.�9(B 6�7

 /" �+ACr���B lB(� �� (=!.C �6$> �.�$.	" #9(B 9 ]+.b*"
�0=� , /" �9� �C ���"� �"(T �7)M.��2 6�+C�9 l�"l+: 

1"�� ;7]�z.([���B ���S -
" �� (=!.C -.2O) �9(: 6�7
 ] ,�$>)] ,gU�"(] , �;.� �
 �+=�7 �"�)].�� �C

��"� �R$B �/"��" �7���C1� �" �% , (D� /" ���i ]��B 6�+
.� (
a)��.(1i (C �9O&����B /" �>(C �9(: �C y$ !� 6�7

�0=� , �� -.2O) /�C 6�7)] ,g@(�+.�/ �� �>(C 9
#9(B �+.=��)(* ]+.b*" �7)] ,g�(�9(: �C �B �, �	�


M.��2 #9� 1"�� ;7 9 l�"l+: 6�+C]�z[���"� ��"$�;7 .(=!.C

��$;� �C l.� 6��"$� �� 9 �+=�7 /�	 �2 ��, �
�*�+, 6�7
���B �"(;7 l
� ��"� �2� .%.* 6�7�
������$,)] ,gE.(

�� �9(:�.=.�9(B /" �+A 6�7Al �� �6$> �.�$.	" �� �$Y$� 
`�C ��"� ��, 1�*(:�(.A 6�7 #9(B 6�7 �C�!� E"�� ]+.b*"

���B �C �!� �	�
 -.2O) �9(: 6�7 ..+�;7 ���B �.7 -
���B �C y$ !� �
 �=.�9(B9(	 `�C �� -.2O) �9(: 6�7

�!� �
�*�+, ��, 1�*(:� �+.�/.
�"�52 /"�Kj���B �C y$ !� 9 ��, �
�*�+, ��"� 6�7

 �-.2O) �9(:�K��$;� ��"� �C ] , 9 �/"��" -
(=!.C �C �
�7 �"�
 �"(T ]+.b*" #9(B ���B ��, 1�*(:� (.A �;�T �� �B

,"� �+= #�<�" ��Y*�(C��76�
,/"�()l�@��=�"�,.
�$Y9�C #�<�" �� 1"9"(	 �T� l<2
��
w/"�()l��"� -
" �C ��7

��"� /" ��$;� 9� |
�=� ��+2 ����i �R$B ��.�C �/"��" ].�� 6�7
PGM �	(: �"(T �.
�2 ��$� )?9�Y3.(��$;� (D� ��$� 6�7

#9(N ��"� lN(� �� �$Y$� d"$�" /" b*" /" �9� �C 9 ]+.
�0=�4, 9 �7���+N�+=�7 ���N .|
�=� H�*" (C����B -
" �7

�"��� �C �=
�9X n.B(2 (=!.COs ���"� X�C )?9�Y3.(��"�� 
Ru#)�Q�� �;2" 6�7Ru/(Ru+Os)  (#9(B �� ]+b*" 6�7

 /" �+ACr �C (C"(C kK/K9kk/K�.=.�9(B �C�!� �B �*" 6�7
 /" �+ACr�$.	" �� �.�.B(2 �(, @$+Y 9 1"(
" 6�7)k3/K�
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G�6H9l<2 |
�=�
� �
� w/"�()l.��Q�� ���B 6�7 �.=.�9(B �� -.2O) �9(: 6�7 6�7 6$> .
Os Ir Ru Pt Rh Pd Ni Cu S Fe Total 

Detection limit qq/g z8/g gg/8� jj/K 88/3 gJ/� �q/K kk/K 33/3J K3/8 KK/zg 

BK-D1 �J/�k gz/8 �g/8q gz/K �k/3 �k/3 �z/K �3/K 8J/8k Kj/� 8�/�K8 

CK-A3 3�/�3 8�/g gj/g� 3K/K Kj/3 kz/� gz/K �J/K 3J/8K zJ/� kJ/qg 

E�+ �� ����� ���� ����� 4.�> 
�
�9�\� ].�� �C ��#�<�" l<2
�-
" �� ]B ~+* `79m) �

/" ')*�(C��76�+, 9 �)$ *9( .� �.T� ��$;� �
�* 6�7
�=.=.�9(B��"�52 J��$;� �.=.�9(N /" ~+* 9 6$> 6�7 6�7

 ��"9"(	 -..52 ��Y ���i 1�Cl.� �=.29�
()PGE 9Au �� 
9 @��=�" ~+* ��$;�l<2
����, �N|
�=� ���i ?9�Y ��8

�*" ��, �}"�" .��$;� @��=�" ��.5� �.�$.	" �C(A `�C �� �7
 �"�52 -
(=!.C 6$>�.Q�������B 6�7 �� 9 -.2O) �9(: 6�7
��$2 �	�C �T(, `�C 6"�$C .��"9"(	PGE �� �;7��$;� �7

�
�*�+, �S (
/ (P�+& /" �>(C ��$� �� 9 y��"�*" .-
" �C
�.=.�9(B �%B �$V �C �?�S /" �+A 6�7Cr �C(A `�C �� 

/" 6(2X�C lB(;2 6"�"� 6$> �.�$.	"PGE �C �Q�� 
�.=.�9(B A 6�7 /" �+Al 6$> �.�$.	" �T(, `�C �� 

�+=�7)?9�Y8(�9(: 9� (7 �� 9��+A �9(: (P�+& /" �:�,
Ir �
 IPGE �9(: /" (=!.C Pd �
 PPGE �*" .�Q��Pd/Ir �

1�!� �B ��+7��.1"l "�Y
`(2X�C �*" �9�S �33/K�28J/K

�.=.�9(B �� /" �+A 6�7Cr 9 6$> �C(A �.�$.	" �� gg/K9
jK/K�.=.�9(B �� /" �+A 6�7Al 6$> �T(, �.�$.	" ��

�*" .
�C �Q�� OV 9 -.2O) �9(: (P�+& ��, ��<+�C �(V ��

 �
��+B)] ,j(�.=.�9(B �9(: 9� (7 �/" �+A 6�7Cr �� 
/" �+A 9 6$> �.�$.	" �C(A `�CAl �T(, `�C �� 
�.�$.	" �C�!� 6��9� 6$> �.�$.	" 1��Y ���� (
�* 6�7

]?�f� 6"(C:�q�3g[�� 1�!� �+7� .�.=.�9(B �9(: 9� (7
 /" �Qf� n.,Os �2 Ru /" �F+� n., 9Ru �2 Pd���"� .

�.=.�9(B /" �+A 6�7Cr �$V �C 6$> �.�$.	" �C(A `�C �� 
�Z"9��<+7��6�Qf� Ru�� 1�!� �� �B �+7� �${S �C ��"$2

�
�9X /" �+A 6�7Os�.=.�9(B �� /" �+A 6�7Cr �$C(� 
�,�C .��"9"(	Ru�.=.�9(B �� /" �+A 6�7Al �T(, `�C �� 

l.� 6$> �.�$.	"�
�����.=.�9(B �C �Q�� �B �$, 6�7
 /" �+ACr�*" (=;B 6$> �.�$.	" �C(A `�C �� .�"���Pd 

�C �Q�� �9(: 9� (7 ��Pt�� `
"l	" �
�
 .

G�6H:]N ~+* �� -.2O) �9(: (P�+& ��"9"(	 �.=.�9(N �.29�
() 9 �7 6$> 6�7.

(_+& Au Os Ir Ru Rh Pt Pd Pd/Ir PGE* IPGE* PPGE*
�.=.�9(B d$� 

��$� ��$;�
l.���" �
�*�+, ��9�\� 

(ppb) 
� �K � jK j �K �

B-LD-9 g 8K 3k J3 8 b.d.l. J 33/K �3z ��q q

C-B-1 k 3� �z zK z b.d.l. J 88/K �88 ��q �g 
�.=.�9(B

��$2 6"
C-AN g b.d.l. �� kg J b.d.l. g 8J/K qj zj �K 

�.=.�9(B /" �+A 6�7Cr

1�Cl.� B-H-2 k b.d.l. g b.d.l. b.d.l. b.d.l. �K jK/3 �g g �K 

EQ-UP z 33 �J jj b.d.l. b.d.l. k gg/K �KK q8 k�.=.�9(B
��$2 6" Q-A1 k �k �K b.d.l. b.d.l. b.d.l. j jK/K 83 3k j�.=.�9(B /" �+A 6�7Al

1�Cl.� Q- H2 g b.d.l. g b.d.l. b.d.l. b.d.l. k kj/� q g k
b.d.l.  =�
�*�+, �S (
/ *=d$;<� 
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@A>J�.=.�9(B �� �
��+B �C �Q�� OV 9 -.2O) �9(: (P�+& ��, ��<+7 �C �(V /" �+A 6�7Cr /" �+A 9 6$> �.�$.	" �C(A `�C �� Al 
�C �� 6$> �.�$.	" �T(, `)�=;� �$�> (�.�$.	" 91��Y 6�7]j��q�3g.[

K�/ 2���� ��! 
U.V �%P" �
l� �� @(��(.A �"lC" �
 1"$+& �C 1��"� �<+*

���B �
�*�+, �T� �C �l.� /" ���F=*" ��7�(=�9( .� �*" �B 
���B �
�*�+, 1� �" �/"��" �C ���5� �"$� 9 �7 6(=�9( .� 6�7

 �B "�w9� �C ���i �.T� �
�*�+, (0
� 6�7l<2
�%;Y /" �
�
w/"�()l M7"(	 ��*" �"(;7 1"9"(	 6��> �C 9 �"$,� 

�� ��9i .��T� (C �9O&U.V 1��"� �<+* 9 �
(* w9� �
 
���B �
�*�+, �� 1�*i �B �*�7 �C����i ��$: �.7 6/�*

���B W.�!2 1� �" 9 �=,"�� ��.=S" �P�> �/"��" �� 6�7 �76
y/�� �V��� �� "� 6(=�9( .� ���$;5� �%�.P �
 �%�.P]3j[

���B �=S 9�=*� ��$;� �� "� 6�.F�$* 6�7]3J[M7"(	
�� �+B .

U.V �${S 9 (P�+& -.C 6�7��$.) H�*" (C 1��"� 6�7
�� W�!� ���B �
 �� U%=�� (P�+& ��$, .-
"(C�+C

���B U.V 6"�"� �C�!� E�Q.B(2 �C 6�7 �C�!� 6�7 9 �+=�7
 ��$.) (7 �${S)Of�Si-OE� .%.* �� 9 �7S-S �� 

�7�.F�$* (�
 �C�%T�� ��"� `
�;� ��> �${S ��9 �$,
���B �
 n.B(2 �� U%=�� (P�+& �C�Y nQ* W�!� 1�, �Y

�%T � 6�7 �_�! �� ���B �
�(=�:�� �_�!� �$, .
*�(C��76���B (C �=	(: #�<�" 2O) �9(: 6�7o�.�i 9 �7 -. 

]J�3J�3k[�� 1�!� �9(: (P�+& E�Q.B(2 (=!.C �B �7�
 -.2O)�%T (
/ �
�7Cm-1jKK 6�7�.�B" /" �>(C ��+2 9 ���"� 

Ru �7�: �%T -.C Cm-1�KK �2Cm-1zKK �� 1�!� �+7�
]3z.[

�8 /" ��$;� �.��Q�� ���B �C y$ !� 6�7 9 -.2O) �9(: 6�7
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