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��NH8OPQRSTKUVWAE, �E�XY	
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��� ���� �	
�� 
���

��������	
��
�������, ��������������� !"

#$%&'()*, +,���-./, 01234��5�5�67�8 9:�57;<

=�>?@�A��BCDE[1�18], FGH��IJ�
KL�MNBOPQ.
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3, 0cd4�kl4Pa�5��mnopqrBC"#, �sJ>?@�&turBC

vw. xF, yVRST3UVz{�c�|}, �~34��5IJ�
�MN��[19�21];

�������, ���}
����A[9]0YZ[\��I; Elson����!�����

����>?@��	~�MN. 1999� 7�9����&���c�S
��bs����

�c�34I�
MN���9:[19�22]. �� �����v�¡¢, ��£¤�RST3

¥¦��5�����IJ�
<=§�5�67.
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� 1 �������	
��� � 2 
������������

���¹7f5�£MN«Ý#Þßà¯Aáâã�äå(ICP-MS)0æç²è����

���¸é. åê0�����ë¡ìb 10−9, 	0íîïðñ5%. -ò��óô La, Ce, Pr,

Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y, �&H 6g�����&õöb÷����,

#ΣCe¥2; ø 9g��õöbB����, #ΣY¥2[1].

2 ��

2.1 ��������	


'ù³U�'ù��5µ¶�����Ãn�¥ 1, ����Ãn­��5µ¶~úûü.

ýµ��5&����<þF÷�����Ãn@�	G�, x��6�, �����Æ�

ÉÆ�Æ&Ãn¾�, �È��ÉÆ�Æ-ÉÆ-È�&Ãn¾�.  ¥ 1 �Ù»¡, RST3

¥¦��5& REE�n�-Ì��b(78.93�151.44)	10−6, l¿
b 115.0	10−6, �V&�

j3��5[5]��!�l¿
[16]. ÷B�����ÃnP�(ΣCe/ΣY)b 2.50�3.86; �&, Æ

�ΣCe/ΣY�
¾�, � 3.10�3.86Pa.


´ 3 «2, ¥¦��5&ΣREE�-Ì����, �
;¡��dvÛ×ØvQ��3

;cfÖ3, �
;¡����vÙÚÛ]^_`XÜcf3L�Ù§3;Üef�ÍÎ3Ï

ÐÑ. ΣCe/ΣY �
�3;&fÒÓÔjÕ¾�, �$ 2.9; ���vÚfÇÊ��5&/V

2.5(´ 4).

2.2 �������
���	��

Ý#c�������[�!�l¿
[16]0������íî�, ���´ 5, 6.  ��

�-Ì8�6», RST3¥¦��5��!íî������-� �ã�-b 3µ: Qµ

bB��!"¶, �VMN;ÜÚ#$gþ³U, 
 C9 � C30 ³; Qµb÷��%!"¶,

�VMN;&f�ÒÓÔjÕ, 
 C10, C12 ³; �f-��5��!íî�� &Væç#

'µ¶Pa, ¾bl(, 
 C4, C17³.
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� 1 ��������	
��
��� a)

���

� �
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y ΣREE

ΣCe/
ΣY

δ Ce δ Eu

Min 20.72 34.85 3.92 14.88 2.90 0.81 2.74 0.43 2.44 0.45 1.25 0.21 1.32 0.20 11.83 101.51 3.10 0.82 1.21

Max 25.12 43.58 5.70 21.74 4.06 1.12 3.73 0.61 3.51 0.66 1.83 0.30 1.96 0.30 19.79 134.02 3.86 0.96 1.24

Av 22.10 37.59 4.83 17.92 3.40 0.94 3.18 0.51 2.92 0.55 1.54 0.26 1.66 0.25 15.56 113.19 3.33 0.89 1.23
�

Cv 0.09 0.11 0.16 0.16 0.15 0.14 0.13 0.15 0.16 0.16 0.18 0.16 0.17 0.17 0.21 0.13 0.11 0.06 0.01

Min 17.56 29.41 4.34 16.81 3.05 0.90 2.84 0.47 2.74 0.52 1.50 0.26 1.59 0.24 15.10 97.34 2.75 0.82 1.19

Max 21.44 36.17 5.45 21.47 4.04 1.09 3.73 0.64 3.71 0.71 2.03 0.34 2.18 0.34 18.89 122.25 2.92 0.84 1.32

Av 19.76 33.50 4.96 19.21 3.60 1.00 3.35 0.56 3.25 0.62 1.77 0.30 1.90 0.29 16.88 110.94 2.84 0.83 1.24
�

Cv 0.10 0.11 0.11 0.12 0.14 0.10 0.14 0.15 0.15 0.15 0.15 0.13 0.16 0.17 0.11 0.11 0.03 0.01 0.06

Min 18.70 31.77 3.98 14.56 2.69 0.71 2.40 0.39 2.11 0.39 1.10 0.19 1.18 0.18 11.56 91.90 2.67 0.83 1.19

Max 24.16 40.09 5.76 22.10 4.08 1.14 3.95 0.64 3.57 0.68 1.89 0.34 2.15 0.33 18.84 129.52 3.72 0.90 1.21

Av 20.70 35.41 4.87 18.53 3.48 0.95 3.28 0.53 3.04 0.58 1.62 0.28 1.79 0.27 16.10 111.43 3.14 0.87 1.20
�

Cv 0.15 0.12 0.18 0.20 0.21 0.23 0.24 0.24 0.27 0.29 0.28 0.28 0.30 0.29 0.25 0.17 0.17 0.04 0.01

	* 21.57 37.17 5.33 20.09 3.96 1.10 3.79 0.61 3.55 0.68 1.84 0.31 2.02 0.31 16.97 119.3 2.97 0.85 1.22

Min 11.40 21.87 3.16 13.09 2.78 0.77 2.64 0.49 2.88 0.58 1.65 0.30 1.93 0.30 14.05 78.93 2.12 0.78 1.15

Max 28.65 50.80 6.28 24.54 4.46 1.22 4.27 0.72 4.10 0.86 2.42 0.41 2.71 0.41 21.91 151.44 3.25 0.93 1.24

Av 19.86 35.76 5.01 19.50 3.81 1.05 3.68 0.63 3.62 0.71 2.00 0.34 2.24 0.34 18.19 116.74 2.65 0.87 1.20



Cv 0.25 0.24 0.19 0.18 0.13 0.12 0.13 0.10 0.08 0.09 0.09 0.08 0.09 0.08 0.13 0.19 0.12 0.05 0.02

��
� 20.36 35.80 4.97 19.13 3.69 1.02 3.52 0.59 3.40 0.66 1.85 0.32 2.05 0.31 17.35 115.0 2.84 0.87 1.21

����
[5] 33 67 7.37 29 5.6 1.0 5.11 0.73 3.42 0.64 1.50 0.15 2.2 0.34 22 179.1 3.96

��
�
[16] 41 83 10 38 7.5 1.61 6.35 1.2 5.49 1.3 3.75 0.55 3.51 0.61 27 230.9 3.64

a) ���. �(n = 4), �. ����(n = 3), �. ����(n = 3), 	. *�-��-��(n = 1, C13�����), 
. ����

�(n = 15). Min:  !�, Max:  "�, Av. 
��, Cv. #$%&.δ Ce = Ce/Ce* = 2CeSN/(LaSN+PrSN), δ Eu = Eu/Eu* =

2EuSN/(SmSN+GdSN), SN'��()*

� 3 ΣREE
�� � 4 ΣCe/ΣY��
��

�� 1�� 5, 6��, ��	
���
������������������. δ Ce

����� ! 0.78"0.96, #$! 0.87. δ Eu���� ! 1.15~1.32, #$! 1.21. %� 7, 8

&', δ Ce �()*
+,-�
./012345678, �
�9:;<�����;
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δ Ce�(=>?@A�
.B0CD 0.88, �
�EFG���. δ Eu�H�.��(
.I

0�/0, �
�9:;<�����; 8�.��(J0K
L
.M0�BIN, ���

��O.

� 5 ������	��
�
��������� � 6 ��������	�� !" Elson#$

��	%&'(�
 REE�����)�

� 7 δ Ce�
�� � 8 δ Eu�
��

3 ��

3.1 ��������	
��


���	
���
�MPQRS�TU�� , PQRSVWD(XY�
�MZ[ ,

(\Y�
�M]^, _M`@
�
�ab[5] . XY�
�Mcd�ecTU8, fQg�

TUH, hijklm��	
���
�MPQRSTUno�pqrS. s��Yt�


�MPQRS�uv�;, PQRS<wx(Dy2 µm �fQYtM[3], PQRSiz{

|}~����fQg�����M[5], �z�����L��c�ZPQg�����(f

QaM[23]. _M`@
�
�a�, ��	
���
�z����!p, ��fQ�
, �
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PQRSTU�8DM`@
�
�[5](� 1).

�fQ�nzK, �g��kPQRS��q���6[2,5]. ��	
���
����L

��~�L�~���fQ~��MPQRSTU���$�C(� 1), �%�MΣREE �n

o� !(101.51"134.02)�10−6, fQ~��MΣREE!(78.93"151.44)�10−6, � �¡O�

OD¢ �¡O�, <£�
�Y�sPQRSTU�¤¥kas�, ¦§�~�
�MP

QRSTUH, ij_ZPQ�g��n�x(:¨, ¦§XY�
�MPQRSTU8, i

j©ª«�¬­�P®¯°[5].

3.2 ��������	
��
�


±�
�²³k´µ�
�pq¶´·¬­�~L
±¸«�~�«·�~�¹, �P

QRS�º»¼½�¾n¿�ÀÁkh 3}�~�ÂÃÄÅ.

Æ��Ç, ¶DPQRS9:ab��ÈÉ~�8ÊË�, (Ì��¹»¯°|�MÍ

ÎÏ«nÐ , 
±�
�M´·¬­�nÀÁ9:�!#Ñ�PQRSº»¼½�¾n¿

�[10,24,25], � sÒ»�PQRSno9:ÍC�ÓÔÉ; %Ò»!ÕÖ», �
�×9��

���; Ò»!ØÙ», �
�×!G���[1]. ÚÛÜÝ, PQRS(�«¯°²³kÒ»

�Ì�¯°|�MÞ!ßnàá, PQRS��ÈâãÉäåæDçxg���è, é_Ì

�Êê�É~zëÌ�ì�sPQRSí©jî�CO�rS:¨. (Ì�¯°|�M, �

PQRSïï�ðPQRSâñ, ¢ òDzÊê��Ï«óô, � õVWD(Ì�ö÷

�MZ[[6,7,14,26�28]. PQRS(Ì�¯°|�M�høXOù³{�úûüýþY�~ë�

(´µ-´�Ý��
ì�9:ðPQZ[�º»¼½�¾n¿�[13,14,29]. �� 5 �� 6 ��,

��	
���
�MPQRSTU8, º»¼½�¾n¿�C0n�!#Ñ, Î����

ðPQ�Z[���PQ�Z[�, _2345�	
. Elson���
»
�PQRS²�[9]

ab, Ç;��	
���
�pq�·D��C´. _M`�Q[12]a�, ��	
���


�PQRSTU8, �PQasZ[, ðPQRSas]^, Ç;J�
.�M`BJ0�

�
.��ÈÌ�¯°��, z����Ì�[9]!p. ��	
/LB�7�³�����P

QZ[��Z[�º»¼½�¿�, ij_�·.Ò»}�:¨; �¢�uv�, ��	


/LB�7�2345�B�� 
.»c}�!Z , x(¦§Z�PQ�EÉ�"EÉ

» [1,30]. �
�M�����ij_�
�M#ec�x(��·.$%&Z��
»�n

o:¨[1,30]; )*
+,-�2345'()NB0\Y�
�*+¹,�8, ¹n¹,�a

À8, #ecTUij�H.


-M�pqz Ce4+��x(; Ce4+ò-Ë, �ò_ Mn .�/, r0
±1*29:�

����, �3«���È�
9:_
-ab�����[1]. �� 3�� 7, 8��, ��	


/01234567�I0)*
+,-�
�PQRSTU8, �����;<, Ç;

�
�MijT:�×�«�¬­; Á
4©2345ý�56ýlm, «�«ìî�H. 7

K, �·.Ò»89, J:
.;<=»Ï>[30,31], �Ì�ì�(
.�?@��
�ijA


.�
���������. 
.M0=>?@A!öB�
�no.[32], �
�Y��

\, ������O, ΣCe/ΣY��C, �
CD;<��D��
.. uv�;, öB�
.

-E�@, 
F�
��GD;<���CD, :�DE��
�M�1W��óôHzH

IJ1g���/(��[5]; Á|�Mì«�1ijKL
-�MN-M��, �0A���
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�M��TUO5, ðPQÆUO5.

���	
���
�PQRS�ÂÃ²���, 
.J0_/J0�
�MPQRS

TU, ΣCe/ΣY, δ Ce�δ Eu��P���EFQRD
6S, ÄÅ�TU²
�~(z5VCW

�§ü�~!p[31,33])�W/?@��¸2345J0�6§Oüý�
6X�~�W
?@.


.B0��	'(_UY�Z(,-�
��L���O, º»¼½�¿�!#Ñ���P

Q�Z[�, ij_B�� üý�
6X�~�?@:¨. =>?@AI0, PQRSTU

ëΣCe/ΣY, δ Ce, δ Eu�[��P����IJWno, Ç;{|)*
+����	
�>

\ü�~sÁ.lm;<. PQRS
]�È²��.4n�C�_fQg��uv*^[33]

6û; uv�;, ��	
/B�7�
�Z_�c, pq�·D2345�B�� C´,

M0�
�Z`a�fQ, _>\ü�~�WJ?@:¨.

4 ��

��	
���
�Y��\, PQRSTU�8, PQRSVWD(XY�
�MZ

[, (\Y�
�M]^.

PQRS�º»¼½�¾n¿�C0n�!#Ñ, Î����ðPQ�Z[���PQ

�Z[�, Ç;��	
���
�pq�·D��C´, b´·¬­�~��ÈÌ�¯°

��. ��
�M�����89, )*
+,-�2345'()NzB\Y�
�Mi

jT:�×�Z�#ec. ��	
/01234567�I0)*
+,-�
�PQR

STU8, �����;<, Ç;�
�MT:�×�«�¬­. 
.M0=>?@A!öB

�
. , cd¹»|�M1�óô�W��Z[���ijúû���
�M�Ï«Z[,

������O.

�PQRS
]�È²��.4����, ��	
/LB�7�
�n³�·D234

5�B�� üýë
6X�~�e�, M0XY�
�_>\ü�~�WJ?@:¨, =

>?@A\Y�
�zöB�
!p.
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