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�� ���������	
�� Sm-Nd����. ������, ���� Au-Sb-W�	��

��� Sm, Nd�� !, Sm/Nd" #. $ 147Sm/144Nd-143Nd/144Nd%&�, '()���*+,-.

�/012, 3�4�56/�78 402 ± 6 Ma, εNd(t)"8−30.7. 9�:;<=*+� 40Ar-39Ar�7>

?,“@AB”, *+�CDE�7FG�7H56/�7IJKL, 3CDE�7(420 ±�20H 414 ± 19

Ma)M���� Sm-Nd��NOPQRS. ���� Sm-Nd�7H<= Ar-Ar�7?�����	

TUVWXYZ[, \M]^_`abc�defgHKh�i��	����jNOPRS. �

���klεNd"mno, poV]^qrsbt�P4", U�uv��Ndwxyz{|}�~��

��I�. �9�U�6����H�3U������8
K���3�	U����I�.

��� Sm-Nd ����� ��� Ar-Ar ����� 	
 Au-Sb-W �� �

� Fryer��[1]���� Sm-Nd	
����

��������� , �	
�������� 

!"��#	
��$%&', ()[2~6]*+,)[7,8]*

-.�[5,9,10]*�/)[11,12]����01234�&'

#�5. 6.�789�0, 6.�:;<=�>?

7�@$AB: Ca2+#CDEF; 6.�:;<=

�GH8IJK, FLM!��:N�O!PQ, R

�):# W N Au 8IHST1UU�[13~16]. VW,

� 20XY 80�$Z��, [\%]�!��:#6

.� Sm-Nd 	
�����^&', ��_`!�

a#bcd��3V[7,17~20]. efg#&'�5>?

hi jk$-l=k$mnop!��. qr6.

�Fs[LM!�*.��:tuvw, efg[x

yzu���{��	
���&'.

|} Au-Sb-W��
 ~����!-�3�o

#:�, 7��k��I�K#!�, {!*��I

t��p�� . � {u��#=���d��#

����, |}Au-Sb-W���� X, ��^�I

��� ]. O¡, � ¢£�¤#¥H�	
��

�#�0 , ��#3�b$¦§7¨©&']#ª

«. F 20 XY 90 �$�g, �¬®��#¯°�

±d²�D�³ , ´µ��N��¶·¸¹� �

uU, {3��³4 800 Maº»[21~24]; 20XY 90�

$��, ¦¼%]12½¾, �·#!3�N·¸¹

� �U�¿� , 3� �>?ÀQFÁÂ -Ã�

¶ [25]ÄÃ�¶ [26,27]. e� fg¢£ÅÆ#�³Ç

®, FLM!�ÈÉ:, |}��Ê�Ë4s[=k

$!3�#Ìp$Í [28~30]. ÎÈ�6.�d)Ï4

&'�5, �� Sm-Ndd Ar-Ar	
����, �

|}��#C3bcdÐ��Ñ��_` , 4�¦

ÒTÓÔÕ{��3VÖ�×Ø.

1 ������

|}Au-Sb-W��
 ÙÚ�·, ÛÜÝ` 200

km. FÞßà , |}��á ��k�Ú�â#�

��ãCäåo , �F�äåo�æçèéçÚé

#èê�
 . ·x¾ë�¯>?7:=kì#íî

}ï(Pt2lj)dà=kì#ð}ï(P3bn). g]7¦ñ�

ò1óôn�3#õö)÷ß, h�øù�ún; û

]üv4ýþ��(Pt3bnm)d��}�(Pt3bnw), 7¦

ñðn*��n�3#�õö)÷ß, h�ø��n

�ù�óô0� . ��	
E ýþ��:�#�

�89���ðn:, �¯c�óo°_. ·¸à

n�����, �·�{\��n�n¾ë.

�{�¾C�, ����Åv4¯c�*��d

�ö� 3 �, {:¯c�4���>?#8���,

` !�I# 70%[21]. 8�¯c�P 4", #é$ç

Úé, %éæ, �&'(RJ)�, %*4 20°+30º,


�¯
,` 120+350 m. -¯�GH�M.8 Au,

Sb, W )Ï�#/0��3. �{u��0��, |
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}��Å1v 5 2>?�)�p: 6.�-)Ïp*

3��-�O!-)Ïp*6.�-3��-�O!-)Ï

p*45�-�O!-)Ïpd6(-).�-�O!-)Ï

p, {:6.�-3��-�O!–)Ïp�)�67.

!"�0>?4�O!*3��*6.�*-.�*

45�, ��8I9:*;<�d�²��, =!"

�0�)Ï4>, �4���*�/)*m>)�. �

n?¹u@�a*Aa*45�a*BCDa*��

�a�.

2 �������

Î�&'E�#6.�FG��HIJ��·

4 K��#LMëN, �F
OPÍ 1. ���
 

¯c�p��#�à�, F 4.¯c�p��:��

��; {-.��##éÜ4 50+350 m, %QRS

590+2280 m, 't,T4 0.52 m; { Au#'tG


4 10.13 µg/g, Sb4 5.55%, WO34 0.75%[29]. F|}

��:, 4K��#W, Sb8I�K, R�avoUV,

Æ$�Í W �a��, ¡ Au, Sb �aJ�. W�Í

X�·S�, W�aY Z�, ¡ Au, Sb�au[�

Y\. 4 K��:#6.�>?�]2CD�¾, ¦

27S^_&*¿�`&vw )Ï:; a¦27S

bc&�¾, dHPe¶)Ï��fg. 6.�GH

Sh6�, ijkl, F�\kmnM, HÀopÄ

qp�rk.

F�s#t\duxvw#×Øà , x6.�

óy 40+60 f, ��z{#�x{|Ò}~, O

û��rk�, F�fV��Mx����, �6.

�#�T�� 99%�à, �ûx��#6.�óy

200 f. FG# Sm, Nd 	
�v�Fo�����

&'E	
�u�3. Sm, Nd 8I��	
�;�

, Nd	
���7�½�#FG§�µ�. 6.�

FG#�/��� HF+HClO4, xFGO Å��

# Teflon �F�:, ��¤I HF+HClO4, F��

(` 70 )� +�ðà�� 72�b. �û, ��� , (

¡¢£, §y¿¤6¥4¦; �� 5 mol/L HCl�F;

§��¾, ¨E©�. ��F�:z�/#FGü�

�¤I 5 mol/L HCl, ��ûF+�ðà(¡�F 24�

bº», íª, x§��¾. ü��¤I 5 mol/L HCl

x«¬®¯�(¡(��)�F, ¯��¾§�. °

W±õ 3+4 �, §yFG�²�/4¦. ³��¾

#§��dû, ¢£. ¯��¤I 2 mol/L# HCl. Nd

d Sm#v´�� HDEHP±1�¯.

Sm, Nd#	
�;��Iµ�dNd	
���

µ�tFMAT-261p�+´�µ¶à��, EuÇ®t

� 146Nd/144Nd = 0.7219  4	
�·TV ��·T.

[î¦¸ Sm-Nd ¹ºn)F GBS04419 #µ�»¼

4 Sm = 3.02 µg/g, Nd = 10.07 µg/g, 143Nd/144Nd =

0.512739(½5)(2σ); [¾¹ºn)FG BCR-1 #µ�»

¼4 Sm = 6.57 µg/g, Nd = 28.75 µg/g, 143Nd/144Nd =

0.512644(½5)(2σ). JMC Nd ¹º�µF#µ¿»¼4
143Nd/144Nd = 0.511132(½5)(2σ). ²ÐÀ Sm, Nd#Îþ

Á6vÂ4 3.0×10−11d 5.4×10−11 g. Sm, Nd8I#v�

ÃÄÅ 0.5%, 147Sm/144Nd #v�ÃÄ(2σ)4½0.5%.

ÎÈ��#Æ¹HÇλ (147Sm)4 6.54×10−12/a, ÇÈÉ)

t¦�~Ê 147Sm/144Nd d 143Nd/144Nd #Ë$�vÂ4

0.1967d 0.512636.

Î�� Ar-Ar ��&'#)ÏFGt��|

}��#>��. {:FG WX-17 ��HIJ��

·# 4K��, )ÏSh6�*ijkl*Ì�c&,

NÜ"&*Í&3��PQ, au8I^_&45�

d�O!vw; FG YRS-30 � ÎÏ��· 1 K�

�#LMëN, )ÏSÌ�c&*�oÐ�*kl

Ñq, NÌ�c&3��PQ.

Ft\dux&'#×Øà , x{Ò#FGó

y 60 fº», Oû���fV��x����, �

)Ï#�T�� 99%�à. )Ï 40Ar-39Ar v���

Ó: �a, FGd¹F#_©*Ó: mn*Ô

��� Ar#½ÒN�a*�µv�, t��ÈÉ[31]

ÕÖ#� . FG#Ó: mnF:[× ØÙ%

&'Ú 49-2 ±�Û H8 ÜÖ��, mnbc4 62 �

b, Ýv: GI4 1.45×1018/cm2, � Þµ: G

I#¹F4:[¹F ZBJ*;)d ZBH-25-��*

ß��à¹F 77600*;)d[¾¹FBSP-1*;),

{�³vÂ4 132.8½1.4, 132.7½1.2, 414.5½3.7 d

2060½8 Ma. mnû#FGO á½Ò�s:��

Ô�����¾ Ar, ½�û# Ar �Ï[ RGA-10 p

�µ¶��â� Ar 	
�µ�. ×ãÇ®��^b

cäå*�IæË*vçè�*Á6Îþ*K.Ca.Cl

£©	
�� 37Ar énêÆ¹·T. �³ëì��

#λ (40K)4 5.543×10−10/a. Ar	
�µ¿F:[Ù%

Ú��N�Ç0ö&'E Ar-Aríîu��.

3 �	

3.1 ���� Sm-Nd ��

6.�FG# Sm, Nd8I�{	
��3PÍ
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1. WÍ 1¿ªÀË, ^_&#6.� Sm, Nd8Iv

Â4 2.23+6.20 µg/gd 1.86+4.54 µg/g; ¡bc&F

G# Sm, Nd8I1�J�. Wfgïu#Ç®�ð,

|}6.�# Sm, Nd 8Iuñ¹K¹a#Y\(Í

1). ^_&6.�# 147Sm/144Nd, 143Nd/144Nd �¹a

ò�vÂ4 0.6409+1.0749, 0.512229+0.513372, ¡

bc&6.� 143Nd/144Nd �UVóK. Eu6.�

FG Sm8I� Nd, Sm/Nd�J�, 	
�vçU

V, ôu� Sm-Nd	
���.

F 147Sm/144Nd-143Nd/144Nd õ/:, Eu^_&

6.�FGtÍË¾ö÷#øêU�(õ 1). ��

ISOPLOTÀù, Åúû6.�Þü#�bø t = 402

± 6 Ma(2σ), MSWD4 0.3, (143Nd/144Nd)i4 0.510544 ±

9, ��#εNd(t)�4−30.7. ýþ�Eu^_&6.�

FG7��	¦��, "	Ñ*	¶����#�0,

Rz��û¶��?¹ �#�� ; ¿	FG®

�bø�³ëì#εNd(t)�¹aò����(Í 1), V

WÎ�Ó�#�³Ç®�$Í6.��í#C3b

c. �û��#7, bc&6.�FG W-77-1 �

	�øê
�, ôÅØN{ Sm-Nd ����e¶�

� ���uU , V4ô26.�:GHuLMe

¶)Ï��fg.

� 1 ��Au-Sb-W������ Sm-Nd	
�����

3.2 ��� Ar-Ar ��

)ÏFG#Ar	
�µ¿»¼PÍ 2d 3. WÍ

2, 3 dõ 2 ¿ªÀË, |}��#].FGtV�¾

]�K*:c�#“ýp”�³µ. ô2�³µ:#

��³Ä��Ë�³���$FG#»A�³[32]. N

6.���	¦��#FG WX-17, {��#Ë�³

4 419.8 ± 20.2 Ma(Í 2), N6.�# Sm-Nd	
��

³(402 ± 6 Ma)FÃÄò�x×Î¦Ì; {��³

423.2 ± 1.2 Ma(õ 2(a))d�bø�³ 421.6 ± 4.5

Ma(õ 2(b))�K 6.� Sm-Nd�³. �� 1K��

#FG YRS-30, {��#Ë�³4 414.4 ± 19.2 Ma

(Í 3), �N6.��³dFG WX-17��Ë�³1

� 1 �� Au-Sb-W ������� Sm, Nd 	
��� a)

���� �� Sm/µg�g−1 Nd/µg�g−1 147Sm/144Nd 143Nd/144Nd(2σ) εNd (t)

W-77-1 0.925 0.558 1.0027 0.514194(7) −11.00
7��

W-67 2.23 1.86 0.7267 0.512457(6) −30.73

WX-18 2.30 2.18 0.6409 0.512229(7) −30.77
9��

WX-19 2.86 2.66 0.6492 0.512251(8) −30.77

WX-20 5.73 3.22 1.0749 0.513372(7) −30.76
10��

WX-21 6.20 4.54 0.8260 0.512714(6) −30.82

a) �	
�: ������������; ���: ������ . ! W-77-1"#$%&'�(, )*�+,"-.%&'�

� 2 �� Au-Sb-W �����	 WX-17 
 40Ar-39Ar ����� a)

/01� 23/� (40Ar/39Ar)m (36Ar/39Ar)m (37Ar/39Ar)m (38Ar/39Ar)m
39Ark/mol 40Ar*/39Ark (1σ) 39Ark/% 456/Ma (1 σ)

1 400 74.00 0.1333 2.780 0.7600 0.8683×10-12 35.13 ± 0.08 8.65 649.5 ± 42.7

2 480 33.54 0.0416 1.523 0.3698 2.224×10-12 21.45 ± 0.04 22.1 423.6 ± 14.7

3 560 40.00 0.0645 1.820 0.5210 1.436×10-12 21.23 ± 0.05 14.3 419.8 ± 20.2

4 650 48.94 0.0941 2.352 0.6918 0.9844×10-12 21.53 ± 0.07 9.81 425.0 ± 27.0

5 760 58.54 0.1266 2.993 0.8449 0.7316×10-12 21.66 ± 0.09 7.29 427.3 ± 33.1

6 880 64.05 0.1370 2.533 0.7479 0.8453×10-12 24.06 ± 0.08 8.42 468.9 ± 31.8

7 1020 73.87 0.1666 2.938 0.8600 0.6945×10-12 25.19 ± 0.09 6.92 488.3 ± 37.8

8 1150 70.76 0.1515 2.801 0.8697 0.7641×10-12 26.53 ± 0.09 7.61 510.9 ± 39.8

9 1300 72.03 0.1351 2.760 0.8189 0.8567×10-12 32.62 ± 0.08 8.54 610.2 ± 43.6

10 1500 98.26 0.1852 3.225 1.1560 0.6250×10-12 44.24 ± 0.12 6.23 785.7 ± 75.6

a) �+�7 = 0.2214 g, 89:; J = 0.012335; ���: <=>�?�@
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� 2 �������	
 40Ar-39Ar ������������

(a) �+WX-17A56BCD56 tp; (b) �+WX-17AEFG56 ti; (c) �+ YRS-30A56BCD56 tp; (d) �+ YRS-30AEFG56 ti

� 3 �� Au-Sb-W �����	 YRS-30 
 40Ar-39A ������ a)

/01� 23/� (40Ar/39Ar)m (36Ar/39Ar)m (37Ar/39Ar)m (38Ar/39Ar)m
39Ark/mol 40Ar*/39Ark (1 σ) 39Ark/% 456/Ma (1 σ)

1 400 97.56 0.2034 1.545 0.7220 0.6836×10-12 37.95 ± 0.07 6.84 692.8 ± 42.8

2 480 34.32 0.0454 0.991 0.4068 2.040×10-12 21.07 ± 0.04 20.4 416.9 ± 15.9

3 560 37.83 0.0579 1.226 0.4986 1.599×10-12 20.93 ± 0.05 16.0 414.4 ± 19.2

4 660 48.81 0.0952 1.762 0.6857 0.9732×10-12 21.01 ± 0.07 9.74 415.9 ± 26.2

5 780 60.17 0.1333 2.136 0.8867 0.6949×10-12 21.22 ± 0.09 6.95 419.5 ± 34.1

6 900 58.85 0.1242 1.949 0.7547 0.7460×10-12 22.55 ± 0.08 7.46 442.9 ± 30.5

7 1050 61.13 0.1250 2.279 0.8375 0.9265×10-12 24.64 ± 0.09 9.27 478.9 ± 36.2

8 1200 65.53 0.1370 2.335 0.8877 0.8454×10-12 25.54 ± 0.09 8.46 494.1 ± 39.4

9 1350 63.82 0.1316 2.277 0.8763 0.8802×10-12 25.40 ± 0.09 8.80 491.8 ± 38.8

10 1500 83.27 0.1923 2.668 0.8269 0.6020×10-12 27.03 ± 0.08 6.02 519.1 ± 38.4

a) �+�7= 0.2243 g, 89:; J = 0.012335; ���: <=>�?�@

���; ���� 416.2 ± 0.8 Ma(� 2(c))	
���

� 415.1 ± 3.1 Ma(� 2(d))����. ������

����������	
�������� , !

"#������$%&' . (
��)*�+,
40Ar/39Ar -�. 295.6 ± 2.88(� 2(b))	 295.1 ±

1.98(� 2(d)), /01-(295.5 ± 5)����, 234

����567 40Ar �89:�, ��;<=>�

Ar-Ar ��?@AB&C, ����������D

���*EFGH�IJ�K.

4 ��

��;<=>�LMN Sm-Nd 
����	G

H 40Ar-39Ar OPQ��, �FRST Au-Sb-W NU

IJVWXYZ[ . \]?@R^_V`a�b�

��- [27]. cRd
a [27]�;<FR , STNUe

/fgNhiGH�jklmk Rb-Sr 
����

 144.8 ± 11.7 Ma. noV: (1) jklmk Rb-SrO

PQb�pq�r&stu�]vw[33,34], (2) xN

yz[�JN{|}=>�~OPQpq��% ,

(3) �`��B�����@FRxNtuyz[

JN��, x���&C���V�����.

-=���� , ���b���/x����

�������]�gMNU�JN�K��� .

 ����;<FR , WXY ¡�¢£z�¤�

��¥¦����, §¨�©ª�«Y�¤¬®�

¯�°±¤�²i	N³´eJNµQ�¶�·¸,
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� 4 �������	
������� a)

�� �� �����	�
� ������ ��/ Ma

���, Sm-Nd���� 402 ± 6

�� W-Sb-W, Pt3bnm
��, 40Ar-39Ar����(�� ��) 423.2 ± 1.2(419.8 ± 20.2)

416.2 ± 0.8(414.4 ± 19.2)

!" W, Pt3bnm #$%&, K-Ar � 412.2 ± 6.6

'() Au, Pt3bnw *+�, K-Ar � 412.46

,!

%� Sb, Pt3bnw ��, 40Ar-39Ar����(�� ��) 397.4 ± 0.4(396.4 ± 30.6)
422.2 ± 0.2(421.6 ± 31.9)

-. Au-Sb, Z1j /0��123453, Rb-Sr���� 435 ± 9

67 Au, Pt3bnw
/0��123453, Rb-Sr����

#$8&, Rb-Sr����
412 ± 33
418 ± 4

9: Au, Pt3bnw *+�, K-Ar � 404.20

,!;

<=> Au, Pt3bnw /0��, 40Ar-39Ar����(�� ��) 381.7 ± 0.4(381.1 ± 19.2)

a) !"?@ABCD[40], '()E9:?@ABCD[41], 67E-.?@ABCD[42], FGHIJC?@

��������	
���������[35~39].

��������, ������ !�"#$%&

�'()*+,-�
�./(� 4). 0��1�2

�	32�45� 26789:, ; 40Ar-39Ar<=>

?@A 397.4 ± 0.4B 422.2 ± 0.2 Ma; CDE=>?

@A 396.4 ± 30.6B 421.5 ± 31.9 Ma(� 4), 	FGHI

�J!�B78=>KLMN. 0�OPQ Au-(Sb)

�R�*+,-
�S@�T, ;
�=>A 381U

435 Ma(� 4), 	FGVI�=>WXYLZP[.

���RJ!��\�]^_�`�abεNd K

c�d(−30.7), efghJ!��
�ij`Ak

l. mn��, ��o�pq1�r�εNd(402 Ma)A

−7.0U−16.1, ��stuvwx�rBytuvz

�{r�εNd(402 Ma)K?@A−7.7U−10.9 B−9.4U

−12.3(|}~, ����), '������RJ!�

�abK. ��, ��J!�s� Nd ������

0�PQ���tu�pq, ����y��u�"

�
���k�� . �P��	���t�p��

�B Sr  ¡���
¢LMN. C£���¤¥[43],

0�¦�§¨pq©����R��lq , �pq

s Au, SbB W�ª«K¬?@A 0.0014, 0.42B 1.9

µg/g, ���R�
�®B��pqs¯°±�


�t�²��³´µ¶vQ·�. ¸¹� Sr  ¡�

����, ���RJ!�� 87Sr/86SrKA 0.7468U

0.7500[44], �¯�1�rBwx�r{7�HIK

('D� 0.729), 
�ijº��µy�����k

��»¼�½¯¾¿
� Sr �. À�Á�ÁÂ�p

®"p���Bp�Ã���ÄÅ, )ÆOÇÈÉ

p��ÊË()ÌÍuÎÏÐ���pq [45~48], Ñ

O�k��CaÒ
� 3.1 GaÓ�[47,49].

5 ��

(Ô) FÕÖ/J!��&×�RØÙÚ Sm-Nd

 ¡�I=��, HÛ0��� Au-Sb-W �R�


�=>A 402 ± 6 Ma.

(Ü) ��78� 40Ar-39Ar =>ÝÞ“¦ßà”,

;CDE=>"<=>B]^_=>�Fá�, â7

89:�CDE=>(420 ± 20 MaB 414 ± 19 Ma)	

J!� Sm-Nd ¡�=>MNãä.

(å) FGHI�J!�B78=>K , ���

�Ò
�*+,Ì- . �	�æçPè&2!�R

�=>WXLMN , �	ÇÈÉp�*+,-��

��SéLP[.

(ê) J!��abεNd Kdë−30.7, �d�ÆO

tu�pq�L`K, 
�ijs� Ndº�����

y��
���k���©���o��tu�pq.

�� ��������	
������; ���

������������� �!"#$%&'()*

+,-�./0� 1�234"#$567��89;

(:����);<����, =>?@ABCDEF

G,HIJ"#KLM;<NO; =>PQRS-, TU

VWLMX;<YZ, [\]^_`abcY. d��

e�Wfghi"#jklmno(G1999043200)p�Wq

rsth�(uvw: 49925309),-�./0fxyzn

o(KZCX3-SW-125)��.

� � � �
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