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345678� U-Pb 9�.):;<=*>, '(?@A 228B225 Ma 5 159B156

Ma CDE�, FGHAIJK5LMNK, OPQεNd(t)R(−10.6B−11.1), � A/CNK,

Rb/Sr SR5 tDM R(1887B1817 Ma), �T>#)UVW4(REE)XFYZ[(TE1,3 =

1.13B1.34)�%\. <]^_-`
,)/a.�
�.b9�.cd, e>����

IJK�	
��
?@AIJfghij(258B243 Ma, k�l��mn)opq 20

Ma )pgh)rstuvw, xLMNK)y?@Az{|}~tu��q)�pr

svw; CDEK�	
��
?@)��K J1, ����%��tu��{|}~t

u���)	�EK; CDEK�	
��
OP�2)/a�/01.%&, �"'

(���E���)��/�(q�50 km)l�����������, zNW{��
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���
�[1]. ������������� 24ºN�

26ºN, 113ºE�116ºE�������� �!. " 60#$%, &'�!()*+,�-W, Sn,

U, REE./01234�56789:;[2~6], < 10#=(>?@�AB�A/C�ADEF

:;.), G567HIJK�1LIMN�OP71LQRSTU7VRSTWXYTYZ

Y, [:7\�]^(ASI = Al2O3/(CaO+Na2O+K2O), �_^, ` A/CNK)ab/� 1.10. cd

ef�g=�hij, `k-lmno�pqj�k-lrso�t�uj[4~6], vwg=ij

�56789:&xyyzA1L{|A}~-�~�����������!�. ��, �

���Gk�������$��������, �i��|��h��HI���cd�

f�����,�����K� ¡¢£.

"$%, Carter.[7]4�k�¤¥�(¦�pq§¨�}©ª-«hj¬ 258�243 Ma, ­

®¯@��°��±¢, Zhou � Li[8]4�k���t�j:²³¨´µ¶·¸¹º���/

2003-04-21 ��, 2003-06-09 ����

* ����	
��
�(���: 40072025)�����	
����
�(���: 40132010)����

** E-mail: xuezhou@nju.edu.cn
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»�¼½¾¿(�lk¦ÀaÁÂ&ÃÄyzÅÆ�ÇÈ, �¯ Barbarin[9]� Sylvester[10]4�

56789:�É©ª89:�ÊË, Ì���ÍÎ����pqj�t�uj56789

:Ï�:Af�A
ÐÑ;���yzÅÆ3ÒÓ.

1 ���������	
��

ÔÕ:;Ö×AO1K�Ø¦:Y, ���Ù���� 6=56789:¬Ú;���

Û, cd�:;ÜÝA�hÞß�ÀàKáâãä>à 1, åæ�}~��~��çèxéA

��ê^����ë���ìí>à 2, �Gk 4 =:;�îïðY U-Pb ����$xé>

à 3, U-Pb �ñKòó±ô 1. Nd ���ìí>à 4. ^Õ�çè��Aõö�÷ø, ê±à

2, 3, 4ùúû. ���^Õ�åæôö��üKÇÈ>ý:

� 1 ���� 6���	
��
�����

��

��
��� � 	 
�/km2 � � 
 � � � �

�� GD04
�����������

��
157.0 ��� !� "#$-%&$'()$*+

,- ZG01-3 ��./�01� 18 km 98.0 23435637�� !�
89 -%&:*+;7�< -=>?

��

@A GD06-3
�����������

��
20.0 ��� !� ����;"#-89$*+

BC GD08
��DE�������

��
9.5 7�� !� ����F�;89-%&$*+

GHI G99-2-3 JKLM�0NK 7.5 km 12.0 OP2343��� !� "#-89$*+

NQR G99-3-3 JKST�0�N 8 km 19.0 2343��� !� 89:UVW�*+

� 1 ������	
��
���� U-Pb��������
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� 2 ������	
��
������( �%)!"���/µg#g−1$�%&'( a)

���� � � , - @ A B C GHI NQR YZ[ b)

��� GD04 ZG01-3 GD06-3 GD08 G99-2-3 G99-3-3 (\ Ba-Sr)

]^� 1 2 3 4 5 6

SiO2 72.58 75.17 76.02 73.56 75.66 70.18 72.12
TiO2 0.14 0.03 0.04 0.14 0.01 0.03 0.37
Al2O3 13.91 13.74 13.84 13.55 13.40 15.89 13.82
Fe2O3 0.40 0.39 0.07 0.26 0.13 0.74 2.40
FeO 1.41 0.80 1.26 1.46 1.16 0.93
MnO 0.03 0.08 0.04 0.04 0.25 0.10 0.05
MgO 0.35 0.08 0.24 0.27 0 0 0.90
CaO 0.89 0.31 0.28 0.96 0.37 0.60 1.93
Na2O 2.99 3.61 3.79 3.07 3.79 3.80 4.12
K2O 5.63 4.46 3.46 4.79 3.95 6.48 3.58
P2O5 0.07 0.14 0.04 0.18 0.03 0.01 0.12
_`a 1.52 0.52 0.91 1.34 0.83 0.87 0.45

ba 99.92 99.33 99.99 99.62 99.58 99.63 99.85

A/CNK 1.10 1.21 1.32 1.13 1.20 1.11
c (norm) 1.43 2.73 3.46 1.97 2.30 1.55

Rb 407 1164 819 472 884 1733 90.7
Sr 50.3 6.64 7.01 50.3 6.20 12.6 547
Y 74.3 4.05 44.6 32.0 85.0 170 6.43
Zr 96.8 5.54 24.3 89.9 24.7 55.4 121
Nb 19.7 50.7 91.4 26.4 38.4 24.6 10.6
Ba 121 26.2 22.9 214 13.1 23.8 1124
Hf 4.28 0.47 3.23 3.60 3.97 6.08 3.50
Ta 2.90 16.2 17.8 5.89 26.5 15.7 0.851
Th 44.6 6.39 9.86 32.0 18.2 30.6 7.86
U 43.6 3.82 13.0 26.5 20.3 31.9 1.86

La 36.9 1.50 8.13 27.6 19.5 11.7 38.6
Ce 85.2 4.77 24.6 61.3 68.4 31.1 61.9
Pr 10.3 0.47 3.88 6.95 10.4 4.37
Nd 38.3 2.09 15.1 26.8 42.0 19.1 24.3
Sm 9.99 0.70 7.09 5.89 18.7 8.87 3.53
Eu 0.49 0.06 0.03 0.56 0.02 0.08 0.937
Gd 8.04 0.57 5.25 5.37 11.9 10.8
Tb 1.93 0.16 1.40 1.00 2.63 2.56 0.293
Dy 12.3 0.85 8.18 6.64 15.5 20.6
Ho 2.57 0.13 1.32 1.00 2.43 4.45
Er 8.10 0.32 4.24 3.24 8.40 14.7
Tm 1.14 0.07 0.73 0.42 1.68 2.34
Yb 7.74 0.55 5.96 2.81 17.1 18.0 0.789
Lu 1.20 0.06 0.84 0.41 2.74 2.80 0.131
cREE 224.15 12.28 86.75 149.94 221.53 151.43

cLREE/ΣY 1.54 1.42 0.81 2.44 1.08 0.31

(La/Yb)N 3.22 1.84 0.92 6.64 0.77 0.44
(La/Sm)N 2.32 1.35 0.72 2.95 0.66 0.83
(Gd/Yb)N 0.84 0.83 0.71 1.55 0.56 0.49
δEu 0.168 0.274 0.017 0.304 0.003 0.025
TE1,3 1.15 1.34 1.33 1.15 1.32 1.13
K/Rb 114.90 31.82 35.09 84.25 37.08 39.39
Zr/Hf 22.64 11.78 7.54 25.01 6.22 9.11
Nb/Ta 6.81 3.12 5.15 4.48 1.45 1.57
Y/Ho 28.85 32.17 33.76 32.13 35.07 38.19

a) FadefghKiSj*klj$/jfgmno, pqr/jfgs. tade;uvde(REE)wxhOy

ljz*k/j{|}~���wxfgO�q ICP-MSno, � AMH-1� GBPG-1�����, ������(RSD)��

� 10%, ���fg������

b) YZ[\ Ba-Sr !�~�����[11]O BB7, BB10, BB11, BB12, BB13, BB14, BB15� 7�� ¡�¢
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� 3 �������	
��
��� U-Pb ������� a)

� � � � � � � d) �	
�/Ma
206Pb 207Pb 207Pb�
/��� �� � � � � b) ��

/µg

U
/µg�g−1

Pb
/µg�g−1

Pbc)

/ng 206Pb/204Pb 208Pb/206Pb 206Pb/238U 207Pb/235U 207Pb/206Pb 238U 235U 206Pb

1 �������� (1) 10 994 43 0.087 280 0.08059 0.0362(7) 0.251(7) 0.0504(10) 229 228 214

2 !����"#� (1) 15 3171 116 0.091 685 0.02626 0.0360(1) 0.250(6) 0.0504(11) 228 226 212

3 �������� (2) 10 179 10 0.038 125 0.08971 0.0357(21) 0.250(24) 0.0507(35) 226 226 228

4 !����#� (1) 10 623 25 0.055 262 0.01716 0.0342(11) 0.241(13) 0.0510(20) 217 219 242

5 �������� (1) 10 1527 82 0.170 267 0.05536 0.0445(4) 0.330(5) 0.0537(6) 281 289 360

$%

GD04

6 &���#� (5) 15 363 28 0.076 242 0.1861 0.0556(13) 0.944(24) 0.123(1) 349 675 2002

7 �����#� (2) 10 894 34 0.022 947 0.09011 0.0358(6) 0.247(7) 0.0501(10) 227 224 198

8 �������� (2) 10 1320 47 0.005 5583 0.08548 0.0358(4) 0.248(5) 0.0503(6) 227 225 210

9 �����#� (1) 15 816 29 0.007 4088 0.07624 0.0355(6) 0.252(7) 0.0516(10) 225 228 266

10 !������� (4) 15 2367 82 0.005 9542 0.09852 0.0350(1) 0.244(5) 0.0507(10) 222 222 226

�'

ZG01-3

11 �������� (1) 5 1024 52 0.021 757 0.08643 0.0473(14) 0.349(15) 0.0535(16) 298 304 352

12 �����()� (1) 10 2243 64 0.006 7652 0.6127 0.0295(3) 0.203(4) 0.0499(6) 188 188 189

13 �����#� (3) 10 1064 31 0.009 2139 0.6478 0.0292(4) 0.200(5) 0.0495(9) 186 185 172

14 !��(����� (1) 10 1311 33 0.010 2159 0.05718 0.0254(5) 0.168(6) 0.0479(11) 161 157 96

15 !����#� (2) 10 2168 55 0.019 1132 0.05741 0.0250(10) 0.170(10) 0.0492(27) 159 159 156

*+

GD08

16 ,������� (3) 10 484 12 0.007 1115 0.1427 0.0236(15) 0.166(18) 0.0511(41) 151 156 243

17 ������ (6) 15 609 36 0.010 2092 0.9268 0.0342(5) 0.239(6) 0.0507(10) 217 218 229

18 ������ (5) 10 422 45 0.019 503 2.432 0.0337(17) 0.234(18) 0.0503(28) 214 213 209

19 �����-./0 (7) 10 1159 70 0.016 1135 1.751 0.0245(6) 0.166(6) 0.0490(13) 156 156 150

123

G99-2-3

20 �����-./0 (6) 15 226 30 0.003 1703 5.227 0.0243(17) 0.164(20) 0.0489(38) 155 154 144

a) �� U-Pb4
5���6789:, U; Pb����<=4>2?@�ABCDEFG. H5IJ Krogh(1973)[12]K9LMNOP: ��> 0.25 mLQRLSTUQ

VW5XYZS[-\[]^]_, `a 205Pb-235U bc67d; 1-2 ef[]^ghi, jhigL��kl�f[-mn]^bcg`>opqrs, > VG-354 t�uvs

9: U-Pb���=4. Ew U-Pb���xJyz��{|}~9:��. ����OP Pb��� 0.050ng, U��� 0.002ng. xJ�5 PBDAT[13]; ISOPLOT[14]��9:�

�

b) ��W����0x

c) ������

d) 206Pb/204Pb�z�����67d����. �����L����y���G�����. ��WLx�� 2σ�z� , ¡¢: 0.0342(5)�£ 0.0342¤0.0005(2σ)
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� 4 ������	
��
�� Nd���%&'( a)

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

�� GD04 11.02 48.34 0.13790 0.512005£06 −10.6 1869

,- ZG01-3 31.37 70.39 0.26950 0.512187£09 −10.9 1887

@A c) GD06-3 10.40 19.79 0.31790 0.512257£13 −10.6 1853

BC GD08 9.485 48.00 0.11950 0.511989£07 −11.1 1850

GHI G99-2-3 26.34 61.91 0.25730 0.512150£05 −10.7 1817

NQR 8.93 32.98 0.16380 0.512054£12 −10.7d) 1818d)

a) ¤� Nd ¥�ew¦hOyljz*W§*k¨©{|}¥�eª«mno, }qW¬­� VG-354 ®, ¯°fg

±²³��[15]. ´�wxµ²O Nd ¥�e�� BCR-1 ¶ 143Nd/144Nd w¦¢� 0.512626£9(2σ ), W¬fg·�� 2σ ¸
¹. Nd¥�eº¢w¦pq 146Nd/144Nd=0.7219»¼��/, ª«¤±² Sm'Nd¶´½¾� 1ng

b) tDM=(1/λ)ln{1+[(143Nd/144Nd)m−(143Nd/144Nd)DM–((147Sm/144Nd)m−(147Sm/144Nd)c)(e λt−1)]/[(147Sm/144Nd)c−(147Sm/144Nd)DM]},
pq¿ÀÁÂ�»¼ÃÄ[16]. ��mÅÆ��w¦¢, �� cÅÆSÇ*È¢, ��DMÅÆÉÊ*Ë¢, ÌVÍ�λ = 6.54

Î10−12 a−1, t��3�ÏÐÑ, �O: (147Sm/144Nd)DM = 0.2136, (143Nd/144Nd)DM=0.513151, (147Sm/144Nd)c=0.118

c) ��ÒoÐÑpq(207.6£3.2) Ma( ÓÔÕPÖ3 U-Pb¥�e¦Ðª«×Ø��)

d)  ÙÚÛ�(1994)[17]

1.1 �� U-Pb ������	
� Nd ����


�������U-Pb�	
 4��
���������(� 1), A/CNK���� 1.10(�

2), ������(� 1),  !"#$%&'()*�, +��,-.��(/012334�

5��6789). : U-Pb ;<=�	>?@A, BCD�E	F/GHIJK>LM(� 3 N

O 1), PQ 206Pb/238U �E	F(RSTUV�)
W�X��Y0	F: Z[��(228.0\0.5)

Ma(� 3] 1^3_`a)bcd��(224.8\4.0) Ma(� 3] 7^10)bef�� 159 Ma(� 3]

15)Nghi��(155.9\3.6) Ma(� 3 ] 19^20). !j, klmn[18]opq4ghi��r

�br�st
uvw)*� Rb-SrnMx	F(155\2) Ma(6yz�, MSWD = 1.62).  !,

{|}~������)*���1r�����(T3)N�w��(J2~3)�yM~.

6y��
εNd(t)N tDM��9s�(� 4), UV�9�X(10.8\0.2)N(1.85\0.03)Ga(n = 6).

�!�Y�O 2, ����"#
(8X��������. ��{|}~���)*���

���7Z�;�: (�) ���(��>?�3), ����� ¡¢b£¤�b�¥��¦§

Rz¨, ©ª�«¬�, z� A/CNK>1.10; (­) V®¯°, �±�, ª���²�; (³) 9´

µ¶, ������)*�/;�)*��
E&·¸�, ¹�w��AE&·Aº», ¼�

½¾��, >?ª4¿�E&;�À��bÁ�)*�sÂ��, Ã� 5 ÄÅ.  !, "#�

�7�,
%&ÆÇ�È¨9ÉÊ-Y0
ËÌ1r , ¹ª$QÍÁ�bÀ���5ÎÏ


Ð�.

1.2 �������	����

O 3(a)ÑÅÒ{|}~���)*�$ÓÔ
W Ba-Sr)*�[25],  !ªÕ� Ba-Sr)*

�Ö`4×Ø�@RØ�
� Ba, SrÙÚ�Ûr ÜÝ[25~26]; ;M, ÞÑÅß Rb, Th, U, Nb


à�, à�$ Rb�áâ1(Rb = 400Ü1700 µg/g, � 2)N Rb/Sr>>2, Sr/Ba<<1, ã· Harris

N Inger[27]Ûä�åÇ�'(
)*�æçNãèéêë��)*�ìí(Í#îX: �ï�

ð Rb 
��)*�ïñòóXWô¨9ÉÊ
Ð�), õ7ö>÷øî"#ªù'(�%&

(8, ¼ÝWô¨9ÉÊ�5
Ð�.
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� 2 �������	
��
��εNd(t)-t�
���������	
��(ABCD)
������������ Nd ���
��������. ���������

� !���"#$%[19]&'����()%[20]&*+���,-%[21~23]./0%[23], 1�2�34���5�367

8[24]. 9: A, B, C, D 4;�<=>?@: (0, −9.34), (500, −5.79), (0, −19.19), (500, −14.69)

� 5 �����������������
��� ! a)

A/CNKA

B1.10

CDEFG8

1.10~1.00
HDEFG8

I1.00

JEFG8

KLM/km2

LM/km2 2708 256 242 3260
NOP

QR/% 84.5 8.0 7.5

LM/km2 10127 17228 4191 31546
STUP

QR/% 32.1 54.6 13.3

a) 
 110º00′EV117º00′E. 23º20′NV26º40′N��W 35X 1�20Y�Z�[\].^_`a\]bc

� 3(b)�������	
� REE �
�������“M”��
���[28], �
��

����� TE1, 3�1.10, ��� 1.13V1.34� , !�"�	
#$�%&"'()*+,*

-./01(� �2345[29~30]. 674589$ Eu ��:;<,=>/0?@AB(!

� 3 �������	
��
�"#$%(a)�&'$%(b)�(
d Ba-SrFG8e
fghi[11]; jk=J��lmn�8A
hi[33], opqrA
hi[34]
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2)��CDEFG�	
�HIB[30,31]: ?@ Zr/Hf = 6V25(HIBJ 36V40), Nb/Ta = 1V

7(12), Y/Ho = 29V38(28), K/Rb = 29V38(230). KLMNO�*+[32], PQ“�	
RSTU

VWX+Y1(�Z[”[30], \]^9$'()1(� �2345�_`ab.

2 ��: ������	
��
	������������

����, �� �!"#$��%, J1&'!"��%()	

cdQefO�ghi�	
"jc-klmnc-olmopcqrst�uv, PQw

pxCyz
{, | 20}~
(, � 3260 km2(���s�tghi�����	
�), ��

_`#$��� 230�200Ma � [6,35~39], ������#$�gh��_��i 258�243

Ma[7]��� 20 Ma ��������9��. \54�A�^, ��%�C� ¡p¢£�

9_¤¥¦"�� 380�320 Ma, ��-§¨�©#$�ª«¬­®q¯�	
°�� 40 Ma,

J 340�280 Ma ±²[40]. W³´µ¶¬­����	
#$��·¸i��¹º»¼,r½

¾¿�±À, Á 24�14 Ma[10]. �Â,  Ãgh��_�����±²"ÄcÅzÆ
Ç�:

qrstuv� 3 ÈÉÊ
Ë,ÌÍlÎÏÐÑÒÓÔ
Ë#$ÕÖB, 
×^ 255�229

Ma(Øq¯, 40Ar-39Ar x±�ÕÖ)[41], 245 Ma(«ÙØq¯, 40Ar-39Ar ÚÕÖ)[42]. ��\Û,

Ü± T1�T2PÝÞJ_�gh����ßQÄcàáCO, e� T3âr½�ã��±i.

Turner x[43]äå�æ«9tË
ç
è�éJ, ����T��·�#��, ê�
�

ëìí��(î=#$�
� , ïð67ìí^ñ¹¥¦� , ^�òó�ôõyöÇ�

(isostatic responses). ÷�, \øFùúé 230�200 Ma ^cdCOûòóCü���mìí

,ý+i, þ/��KL�·
�ìÞÈ�=��'45, #$�ghi����	
, 6F

±i�)ls×t�����	

#$±V2Ü, Á 230�220 Ma[44~46]. �Â, \�C· 

�
C��Ü±ûòó��Cüó�: ���cdCüó�� 33�40 km[47~48], ïcd%¦�

�	
��C����9,%�R�, ��%Ë��(��, ��Ü±HI��� 6.5�13

km[49]. bï, Ü±\]�Cüó�^�50 km�.

��������	
��
������, ��������������, � 

!:

(�) Äc��� !"#0ÕÖBJ 200�180 Ma�(~J1)�$t
,��
.

(%) &tþi(� 180�140 Ma), Á%-T'()�
ç*��Qcd+O, ,"eu-,

�×^.w/¡012, ��P3àá�m3�:�&tTi(140�90 Ma)�$t-��*�.

b�, "�	
±4
{ , ���ú�
ç*�5uc65Õ7�,Ë�89�:[8,50].

�;}Õ<, z«7=>?ZÄcT%¦�
ç*�@AQeCB�ãCDE[8,51~53]. F

G4H�F Zhou[8]éJ, �IJKL�ô J2M, 5%�ucsNOì(�PQË#R"��%

�tSuT, OìUV± Ws), XMYZ·
ç[�-%=Cü-
'\, PQ���ã=

�Cü�'45, ��]¦^�_��	·
ç. 6F`abcC?Z�#$�	
�YN

Mbm�	
�d&4 ,
ç*�V± 5KÕ7��:. 6F`a�ef"�úé.w/

¡^&ti$t-
çg. cd�_(-
H^Ü±�g���. hi·
�j�/0klû

��éJ]bcmn�9��[54], � 4 ^4Hop�mn�9��±4���%�uc-T

%¦��!qhi·
�j�/0rs�. �%.u-wu�tuhi
(K1)�j�/0CB
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�C�� , ��v��wghi
 , ;

Nb-Ta, x HFSE, * LILE; nc�µy

hi
 (J2), ��Jg�Lz��{|

}���, ~z Na-Ta ;<; ol�


�
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