1000-0569,/2004,/020( 06 )-1375-88 Acta Petrologica Sinica &% ¥4k

A de F R AL LTSRN EmB A Nd-Sr Wﬁ%
FIE R EXNELLEFERFTEBEEERANE X

BER MmmERE FER
HAN BaoFu' , KAGAMI Hiroo” and LI HuiMin®

- HEWA S T AL ECE AR A SR E (AL RUE ), AR &, dEat 100871

- KRR R AR TE PG, B, HAR 68202

- KA IS, K 300170

Key Laboratory of Orogenic Belts and Crustal Evolution, MOE, Department of Geology, Peking University, Beijing 100871, China

Institute for Study of the Earths Interior, Okayama University, Misasa, Tottori, 682-02 Japan

. Tianjin Institute of Geology and Mineral Resources, Tianjin 300170, China
2004-01-06 M A%, 2004-08-13 # =,

Han BF, Kagami H and Li HM. 2004. Age and Nd-Sr isotopic geochemistry of the Guangtoushan alkaline granite, Hebei
province, China: implications for early Mesozoic crust-mantle interaction in North China Block. Acta Petrologica Sinica,
20( 6 ):1375 —1388

Abstract The Guangtoushan alkaline granite occurs in the Precambrian metamorphic rocks of the North China block and contains
the assemblage of quartz + alkaline feldspar + arfvedsonite + aegirine augite + aenigmatite + astrophyllite, accessory minerals are
zircon, ilmenite, and chevkinite. Late pigmatitic pods in the granite are composed of coarse-grained quartz + alkaline feldspar +
arfvedsonite. A whole-rock Rb-Sr isochron age is 200 + 16 Ma, with ( 87 Qp/% Sp )i = 0.705 +£0. 008 and MSWD = 11.2, in
correspondence to a cooling age. A concordia age of 220 + 1 Ma yielded by the single-grain zircon U-Pb dating is considered to
represent the emplacement age of the granite. Geochemically, the granite is characterized by A/CNK < 1 and A/NK < 1, low
Al, Oy, MgO, CaO, Ba, Sr and high total alkali, MnO, Rb, Ga contents and pronounced negative Eu anomalies. Mineralogy and
geochemistry of the granites are consistent with those of post-orogenic A-type granites. Therefore, it is suggested that the Guangtoushan
alkaline granite was produced by magmatism in a post-orogenic setting.

The averaged gy,( T = 220 Ma ) value is —8.9, higher than that for the lower crust of the North China block, implying that the
parent magma for the granite could not be produced from the partial melting of the lower crust. It is also impossible that the parent
magma was originated from the Precambrian high-pressure granulite terranes in northern Hebei province, because the granulites have no
evidence for partial melting. Similarly, the magma could not be derived from the present-day lower crust beneath the North China block
because of its young age of 120 to 140 Ma. An enriched mantle source in subcontinental lithosphere is suggested for the Guangtoushan
alkaline granite, which was contaminated by the crustal materials subducted in early Proterozoic.

The early Mesozoic intrusive zone in northern North China block, including the Guangtoushan alkaline granite, has been
considered to be derived mainly from enriched mantle sources. The most intense magmatism in eastern China at around 130 Ma is in
correspondence to the peak time of lithospheric thinning, but the mantle-derived magmatism before 130 Ma would be related to a
process from initial to extreme lithospheric thinning. It is thus suggested that the early Mesozoic intrusions in northern North China
block were formed in the early stage of lithospheric thinning.

The early Mesozoic magmatism related to initial lithospheric thinning generated a post-orogenic A-type granite belt from eastern
Northeast China through northern North China block to northern Alaxa region. The distribution of these early Mesozoic intrusions in
either eastern Northeast China or northern North China block is limited to a long and narrow zone, indicating that not whole of eastern
China was involved in initial lithospheric thinning. The lithospheric thinning would not occur widely until Jurassic and Cretaceous. It is
concluded that the Meso-Cenozoic process of lithospheric thinning started temporally in early Mesozoic and spatially in northern North
China block and eastern Northeast China. As more and more eastern China was involved in such a process of lithospheric thinning, the
peak magmatism occurred at around 130 Ma. This would be the reason at depth for the Jurassic-Cretaceous magmatism in eastern
China. In addition, the addition of mantle-derived magmas to the crust also resulted in the vertical growth of continental crust during
the initial lithospheric thinning.
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Table 1 Representative analyses of rock-forming minerals in the Guangtoushan alkaline granite.
WA FNAT

BT2 BT3 BT4 BT6 BT9 BT12 BT2 BTS BT6 BT9 BT10 BT13
Si0, 51.07 50.73 50.90 50.99 50.52 50. 44 48.97 47.45 49.35 48.45 48.73 47.28
TiO, 0.39 0.30 0.34 0.36 0.36 0.34 1.54 1.68 1.29 1.39 0.77 1.53
Al, 04 0.50 0.20 0.27 0.25 0.33 0.26 0.76 1.28 1.36 1.16 1.56 2.04
FeO™ 28.85 29.01 27.63 29.34 28.34 27.77 33.97 34.47 33.51 33.59 34.12 34.59
MnO 0.68 0.89 1.13 0.66 0.91 1.18 1.26 1.20 1.03 1.16 1.16 1.51
MgO 0.00 0.08 0.15 0.14 0.05 0.20 0.00 0.34 0.00 0.22 0.20 0.63
Ca0 12.09 11.78 13.21 12.64 13.19 13.55 3.24 3.80 3.99 3.70 3.91 3.51
Na, O 6.43 5.94 .89 5.61 5.64 5.78 5.53 5.51 5.78 5.91 5.64 5.42
K,0 0.00 0.01 .04 0.00 0.03 0.00 2.11 1.61 1.53 2.05 1.15 1.24
Total 100. 01 98. 94 99.56 99.99 99.37 99.52 97.38 97.34 97.84 97.63 97.24 97.75

0=6 0 =23
Si 2.001 2.020 2.008 2.014 2.004 1.993 7.908 7.656 7.938 7.847 7.825 7.498
Al 0.023 0.009 0.013 0.012 0.015 0.012 0. 145 0.243 0.258 0.222 0.295 0.381
Ti 0.011 0.009 0.010 0.011 0.011 0.010 0.187 0.204 0.156 0.169 0.093 0.183
Fel* 0.440 0.393 0.404 0.369 0.390 0.425 0.377 0. 668 0.062 0.182 0.533 1.149
Fe?* 0.505 0.573 0.508 0. 600 0.650 0.492 4.210 3.983 4.446 4.368 4.049 3.438
Mn 0.023 0.030 0.038 0.022 0.031 0.039 0.172 0.164 0.140 0.159 0.158 0.203
Mg 0.000 0. 005 0.009 0.008 0.003 0.012 0.000 0.082 0.000 0.053 0.048 0.149
Ca 0.508 0.502 0.558 0.535 0.561 0.574 0.561 0.657 0.688 0.642 0.673 0.596
Na 0.489 0.459 0.451 0.430 0.434 0.443 1.731 1.724 1.802 1.856 1.756 1.667
K 0.000 0.001 0.002 0.000 0.002 0.000 0.435 0.331 0.314 0.424 0.236 0.251
Total 4.000 3.999 3.998 4.000 3.998 4.000 15.727 15.712 15.804 15.922 15.664 15.514
AR e AT AT

BT2 BT3 BT4 BT6 BT9 BT12 BT2 BT2 BT6 BT6 BT10 BT9
Si0, 40. 69 41.79 40.92 41.32 41.41 40.96 68.44 64.95 68.70 65.02 69.13 34.27
TiO, 9.18 8.98 9.14 9.17 8.97 8.96 0.00 0.00 0.00 0.07 0.00 11.50
Al, 04 0.62 0.44 0.31 0.56 0.34 1.19 19.19 18.13 19.26 18.02 19.23 0.96
FeO ™ 40.49 39.39 40.85 40.82 40.43 39.79 .95 0.15 0.43 0.46 0.33 34.44
MnO 1.48 1.65 1.62 1.34 1.57 1.61 .00 0.28 0.22 0.00 0.00 3.85
MgO 0.05 0.05 0.05 0.00 0.07 0.10 0.00 0.00 0.00 0.00 0.00 0.09
CaO 0.24 0.20 0.18 0.00 0.25 0.75 0.00 0.15 0.00 0.00 0.02 1.30
Na, O 7.84 7.59 7.75 7.36 7.90 7.39 11.08 0.00 11.22 0.53 11.09 1.40
K,0 0.00 0.03 0.00 0.00 0.00 0.01 0.18 16.33 0.00 15.82 0.09 5.29
Total 100.59 100.12  100.82  100.57  100.94 100.76 99. 84 99.99 99.83 99.92 99.89 93.10

0 =20 0 =28 0 =31

Si 5.756 5.942 5.788 5.876 5.784 5.790 12.003 12.021 12.021 12.027 12. 064 7.884
Al 0.103 0.074 0.051 0.094 0.056 0.198 3.963 3.952 3.969 3.925 3.952 0.249
Ti 0.976 0.962 0.972 0.982 0.942 0.953 0.000 0.000 0.000 0.010 0.000 1.992
Fe** 0.141 0.000 0.161 0.030 0.160 0.012 0.000 0.000 0.000 0.000 0.000 0. 156
Fe?* 4.649 4.680 4.667 4.828 4.680 4.692 0.139 0.023 0.063 0.071 0.048 6.469
Mn 0.177 0.199 0.194 0.161 0.186 0.192 0.000 0.044 0.033 0.000 0.000 0.747
Mg 0.011 0.011 0.011 0.000 0.015 0.021 0. 000 0.000 0.000 0.000 0.000 0.028
Ca 0.037 0.031 0.028 0.000 0.037 0.114 0.000 0.030 0.000 0.000 0.004 0.318
Na 2.150 2.092 2.124 2.029 2.140 2.023 3.768 0.000 3.807 0.190 3.753 0.608
K 0.000 0.005 0.000 0.000 0.000 0.002 0.040 3.856 0.000 3.733 0.020 1.549
Total 14.000 14.000 14.000 14.000  14.000 14.000 19.913 19.926  19.893 19.956 19.841  20.000
Ab 98.9 0.0 100.0 4.8 99.4
An 0.0 0.8 0.0 0.0 0.1
Or 1.1 99.2 0.0 95.2 0.5
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Table 2 Representative analyses of chevkinite in the
Guangtoushan alkaline granite.
TEER I B
BT5 BT6 BT7 BT9 BT10 BT13
Si0, 18.83 17.64 18.04 17.66 18.28 17.37
TiO, 19.31 19.88 18.92 18.39 18.99 18.34
Al, 04 0.05 0.00 0.00 0.00 0.29 0.05
FeO ™ 11.95 11.48 11.56 12.17 11.80 12.84
MnO 0.34 0.38 0.40 0.48 0.36 0.40
MgO 0.04 0.09 0.06 0.04 0.03 0.00
CaO 2.24 1.81 1.61 1.40 2.15 1.44
Na, O 0.05 0.03 0.04 0.04 0.05 0.01
K,0 0.00 0.00 0.00 0.00 0.03 0.01
Y, 04 0.24 0.23 0.24 0.00 0.18 0.47
La, O, 11.96  11.07 11.55 12.76  12.08 11.02
Ce, 0,4 22.60 26.91 24.53 25.20 24.60 24.86
Pr, 04 3.93 3.73 3.81 4.45 3.59 3.60
Nd, O; 7.19 7.59 7.28 7.44 6.50 7.83
Total 98.53 100.65 98.03 100.03 98.92 97.94
Y+REE 45.92 49.53 47.41 49.85 46.95 47.78
0 =22
Si 3.849 3.663 3.801 3.708 3.785 3.693
Al 3.005 3.071 3.003 2.904 2.963 2.884
Ti 0.012  0.000 0.000 0.000 0.074 0.013
Fe’* 0.827 0.781 0.744 0.968 0.907 1.114
Fe?* 1.234 1.212  1.296 1.168 1.135 1.168
Mn 0.062 0.067 0.076 0.084 0.063 0.071
Mg 0.012  0.027 0.013 0.013 0.013  0.000
Ca 0.496 0.402 0.367 0.314 0.473 0.326
Na 0.025 0.013 0.026 0.018 0.024 0.004
K 0.000 0.000 0.000 0.000 0.008 0.002
Y 0.025 0.025 0.026 0.000 0.020 0.054
La 0.919 0.848 0.887 0.988 0.921 0.863
Ce 1.714  2.045 1.900 1.938 1.867 1.935
Pr 0.298 0.283 0.304 0.340 0.274 0.279
Nd 0.522  0.563 0.557 0.558 0.473  0.59%4
Total 13.000 13.000 13.000 13.000 13.000 13.000

5 JCHEHIERIL AR
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Table 3 Whole-rock chemical composition of the Guangtoushan alkaline granite

BT2 BT3 BT4 BTS BT6 BT7 BTS BT9 BTI10 BTI2 BTI3
Sio, 71.38 70.72 71.37 72.43 71.37 72.85 74.56 71.09 71.61 70.29 71.40
TiO, 0.36 0.37 0.46 0.25 0.33 0.19 0.20 0.44 0.33 0.46 0.10
Al 0, 12. 11 12.88 13.01 12.41 11.58 12.06 11.93 12.38 12.79 13.07 13.89
Fe, 0, 1.40 1.13 1.25 1.58 3.11 1.36 2.53 0.91 0.87 1.53 1.30
FeO 3.98 3.32 3.45 2.50 3.10 2.90 1.60 3.88 2.76 3.50 1.88
MnO 0.19 0.15 0.16 0.14 0.19 0.13 0.08 0.16 0.12 0.17 0.14
MgO 0.05 0.05 0.04 0.04 0.16 0.10 0.03 0.04 0.03 0.07 0.19
Ca0 0.61 1.04 0.58 0.43 0.77 0.40 0.33 0.56 0.49 0.65 0.45
Na, 0 4.75 4.63 4.95 4.83 4.56 4.81 3.80 4.95 4.83 4.94 3.38
K,0 4.50 4.94 4.63 4.63 4.24 4.32 4.38 4.89 5.00 5.17 7.38
P,0; 0.13 0.07 0.14 0.13 0.17 0.15 0.13 0.13 0. 14 0.12 0.05
LOI 0.36 0.37 0.10 0.16 0.31 0.29 0.00 0.23 0.51 0.35 0.21
Total 99.82 99.67  100.14 99.53 99.89 99.56 99.57 99. 66 99.48  100.32  100.37
A/CNK 0.88 0.87 0.92 0.90 0.86 0.91 1.03 0.86 0.90 0.88 0.97
NK/A 1.05 1.01 1.01 1.04 1.04 1.04 0.92 1.09 1.04 1.05 0.97
Rb 110 114 116 157 114 120 114 105 106 110 206
Ba 17 27 23 31 43 50 62 34 31 12 109
Sr 6 9 5 8 18 10 19 6 7 6 9
Ga 28 29 29 28 27 27 25 28 27 28 34
Nb 23 22 19 27 26 24 28 10 14 23 13
Ir 410 418 442 703 343 269 754 136 223 422 152
Y 68 56 53 44 40 30 87 27 25 67 10
Zn 182 130 123 140 198 138 48 111 105 189 98
La 109.5 81.1 75.5 110.1 385.6 216.7 58.1 62.9 90.7 33.2 29.3
Ce 231.0 131.9 163.5 214.4 659.8 349.2 112.0 119.3 170.6 76.3 50.7
Pr 30.0 20.3 20.5 23.9 72.4 40.8 15.2 16.7 20.5 9.27 6.07
Nd 105.7 76.0 75.2 77.2 242.6 137.2 58.6 56.0 64.8 37.9 20.9
Sm 18.3 14.3 13.9 10.9 26.8 16.0 13.6 8.59 9.00 8.34 3.43
Eu 0.82 0.63 0.63 0.47 1.13 0.67 0.69 0.39 0.42 0.38 0.16
Gd 15.6 11.2 11.7 8.86 16.4 9.55 14.0 6.78 6.65 7.08 2.34
Dy 11.6 8.79 9.20 7.30 8.24 5.67 13.6 4.83 4.14 7.17 2.00
Er 6.41 4.69 5.07 4.71 5.07 3.75 7.24 2.61 2.44 4.45 1.56
Yb 5.39 5.79 4.39 5.46 7.01 5.23 5.36 2.68 2.74 5.91 2.75
Lu 0.86 0.95 0.72 0.87 1.33 0.93 0.85 0.45 0.46 0.99 0.43
SFEu* 0.14 0.15 0.15 0. 14 0.16 0.15 0.15 0.15 0.16 0.15 0.16
Molar ratio: A/CNK = Al,05/ ( CaO + Na,O + K,0) and NK/A = (Na,O + K,0) / Al,O5.
2000 [ B R e O S Y B IR R Heie | R T L I I I
1000 3 E 690 |- 1-2032¥Ma
. g L s Smi0.704 + 0,004 g
a - i W 085 MSWD-1.91 & B
E 100 4 &, A 1
§ B ] 5 0.80 —
% I ™ | 075 o i
g BTB/\\ 3 -
- \ e
\f/ 070 I I !
- s Gn 70 80
l | ! | | | | | | 1 1 | | | | 57 36
LaCePrNd  Sm FuGd Tb Dy ITo Tr Tm Yb Lu Rb/8r

K5 4 Rb-Sr %5t [K

4 BRRL A PREAL RS TR A hL
A KB P L LT B0 Fig. 5 Rb-Sr whole-rock isochron of the Guangtoushan
Fig.4 Chondrite-normalized rare earth element patterns for alli .
the Guangtoushan alkaline granite. alkalline granite.
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Table 4 Rb-Sr and Sm-Nd isotopic data of the Guangtoushan alkaline granite
BT2 BT4 BT5 BT6 BT7 BT10
Rb 109. 09 114.19 157.16 114.20 118.21 103.59
Sr 5.25 4.75 7.67 17.49 9.71 6.12
8 Rb/%Sr 61.09 70. 82 60.21 18.94 35.49 49.79
878y/80 S 0.881371 0.911221 0.877225 0.759175 0.804737 0. 838166
+ 20 0.000014 0.000014 0.000013 0.000012 0.000012 0.000011
(878r/%08r ).
i 707 .7 .7 .7 .7 .
(200 Ma) 0.7076 0.7098 0.7060 0.7053 0.7038 0. 6966
(¥Sr/%8r),
(220 Ma) 0. 6902 0. 6896 0. 6888 0. 6999 0. 6937 0. 6824
Sm 18.5 16.2 12.9 32.9 18.0 10.3
Nd 103 85.8 89.6 271 144 70.6
Ssmnd -0.450 -0.419 -0.558 -0.627 -0.615 -0.552
47 Sm/ M Nd 0.1082 0.1142 0.0870 0.0733 0.0757 0.0882
Nd/ 1 Nd 0.512054 0.512012 0.512031 0.512019 0.512014 0.512038
20 0. 000009 0. 000013 0. 000009 0. 000006 0. 000009 0. 000005
ena(0) -11.39 -12.21 -11.84 -12.07 -12.17 -11.70
exq( 200 Ma) -9.13 -10.10 -9.03 -8.91 -9.06 -8.94
exg( 220 Ma) -8.91 -9.90 -8.76 -8.61 -8.77 -8.65
x5 XILLUWEERENER U-Pb HITER
Table 5 U-Pb analyses of zircons from the Guangtoushan alkaline granite
W ne/g) ‘ JEF FWAFRE (Ma)
zﬁ E E jé':ﬁ ll:}r-"— 206 208 206 207 207 206 207 207
a ( ) (ne) Pb Pb Pb Pb Pb Pb Pb Pb
ne U Pb & 204 Pb 206 Pb 238 U 235 U 206 Pb 238 U 235 U 206 Ph
0.03460  0.2411  0.05055
1 20 336 15 0.020 748 0.3927 0 00084 +0.0088 +0.00126 219-3 219.4 220.4
0.03480  0.2429  0.05063
2 20 1153 51 0.091 574 0.3026  ,0"00032 +0.0041 +0 00065 220-5 220.8 223.8
0.03467  0.2425  0.05061
3 15 5996 319 0.390 522 0.5797 0700021 £0.0020 0 00028 220-3 220.5 223.1
0.03469  0.2418  0.05055
4 20 1210 54 0.099 556 0.3009 5700029 +0.0033 =0 00049 219-8 219.9 220.4

6 W B AR HIMLER AL 22 R AIE

XF 6 VERg AR AR F AT T Rb-Sr Al Sm-Nd [Ff3 # 43
B 22 4 ), 3R15 0 Rb-Sr 24 U LR4EHA T= 200 £16 Ma,
(¥S/%Sr), = 0.705 + 0.008, MSWD = 11.2( B 5), iX—
FEAESE 5 DIFIIY Rb-Sr &8 S IR AR 29 200Ma, 35 4
25,1993 TZRIE5E 1994 )FEiR2EVE P —8. SR, H BLe:
A1 U-Pb SEAEZS IR FIAE RS2 220 + 1 Ma( 325,816 ),

T = 220 Ma HAE A9 St/% Sr W44 HfE( ¥ Se/*Sr ),
=0.6824 ~0.6999 , % F Ik 422 5 Wb FBRIE WL 7 4 197 S/ % Se L
{5 0.69897 + 0.00003 . 3XXF FH i AR AE < & W AR B AT
B2y, (B, BRI T = 200 Ma 31555 St/* Sr W) 1R 1

{8, BREE S BT10 f( ¥ St/%Sr ), g 0. 6944, 159K BH B fw (K 2
Ah,HAY 5 ARER BT Se/% S ), =0.7023 ~0.7068 ZJA]. N
UG BT10 LA HAY 5 AFF S A S S ) 2k, 15 31 1 2
KT =203+ 8 Ma,( Sr/*Sr), = 0.704 + 0.004,MSWD =
1.9, ZeBT 2R A TS RIS A BT lcsE , (LR S AR B B9 (Y Se/% S )
WA B, WA Rb-Sr 280 4RI 545 U-Pb 4E
W& 2 18145 T 22 5 0 J DR T BE R 8 A7 U-Pb A R 1] L BE 4
15, 1 LA F) 900°C( Mezger and Krogstad, 1997 ), 1Mi & 142 i
LR YA AL, AN R4 Rb-Sr 7R 2 3t P41 38 B2 BH B A
7], BRI 42 Rb-Sr 1A R 0933 AR BE W] REAR X AR . RO , 4
A U-Pb 4RI T 45 AR, T4 Rb-Sr 45 BT 2L AF I ) 7]
B FAERS

Sm-Nd BRZUIME , found BT =0.42 ~ - 0.63 Z[H], #&
T = 220 Ma i1 ,e,,( T) = -8.61 ~ -9.90,
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Fig.6 " Ph/* U -**Pb/* U concordia plot showing
the concordia age with +2g error ellipses determined by
conventional U-Pb analyses of four zircon grains from the
Guangtoushan alkalline granite.
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Fig. 7 Ce - Ga/Al and Y - Ga/Al discrimination
diagrams showing the A-type nature of the Guangtoushan
alkaline granite.

7 W

63k A AR AR AL B 250 =R, 1 ) 2 A0 b sk Ak = 5
A A BER AR B 7)), T H MnO S EEET A
TUAE 5 45 B - 2118 0. 06% ( Whalen et al. , 1987 ), #%I Eby
(1992)432%5, JB T A2 BIFE A B 8 ) RISk th i
16 5 R AR DR AR AR 18 LLREE T A SIS 3

7.1 ERERX

B MR A B K A BIME & ( Loiselle and Wones, 1979 )
PR, T A BUIE R A MR IR — BAATEAN A AR, R
1525 BB AL Collins et al. , 1982 ), FIFEPHIE = IN K A-
A6 N PR 4316 M Creaser er al. , 1991 ) A 1B IFAK S
5( Anderson and Morrison, 1992 ) &I T =5 3t #Hi1€( Bonin et
al. , 1978; Foland et al. , 1988; Foland and Allen, 1991 )&k
TREE T A S i 43 5+ Turner et al. 5 1992 ), BB 7E 1A
HAEH( Dickin et al. , 1991; Kerr and Fryer, 1993 ), ~N—Tii

B FAR 2004, 2006 )
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Fig.8 Nb -Y - Ce and Nb — Y - 3Ga discrimination
diagrams, showing the Guangtoushan alkaline granite in
A2 subgroup.

f o AR, AR R KRG A BUE R 5 (9 Se-Nd [F]
PEBRFAE B2 T Z R AR U E 5 35 0 A BE Ak A 2K
435 Martin et al. , 1994; Han et al. ; 1997 ) 2R T &8 #
M VRO RS ,1998 ) | B ARAE FHJE B R 3T 2E T 1 38 1 35 4
FERIC Wu et al. , 2002 )55 HIGIE A, o E A BYAE 5 Y
T EA 2Dl b g 5, R T BB L b e A Wei et al.
2000 ), 5 X LA A A Hbg 40 53y 3, T BEAT 20 B B R 9 iy
M T TS 5( Jahn et al. , 2000a 2000b, 2001 ).

Jek B A6 A RS (Y S/ Se ), AR R B R, T
N/ NG ELEAS AR X 30/ 6 4 )0 X AFEAY Sr-Nd [
PLB R A AE LT RMEAR 5 25 T A7 A, A g ks ( Martin
et al. , 1994 ) ATt 1L SCC V7R R AF, 1998 ) B iR 5 12 7 vl
(Han et al. ; 1997 ) BBIpTTHEF 1L( ZE85 55,1994 ) 52T
BRI T—5855,1997 )% . XA B OLAY ™= A= ] g S AL
i - EA 5 Rb A% Se( BI 7 Rb/Sr Ul ) A4 S5A ( Wu er
al. , 2002 ), K BELTEAH A8 AL AR FCAGC Y St/ Sr ), BR 2 Beli b o
A2 VR DX R R IR, SR (Y S/ S ) A — AR 3k
PR IX [l o; ZAHAE( Weis et al. , 1987 ). TEX RIS T, Nd
[ {57 224 o B 2 S VR X A 21 28 56 E B (KPR

ek INBEAEAL B 25 1Y £40( T =220Ma ¥ A fafl, 6 4
FEREIE R - 8.9 £ 4), FoAEXFER Nd [F {7 R FR1E
B AR X FTREAG -1 M58 2 SERA/EH; 3 . F 4,

P A3k LB 4 B 25 e 6 7 A b i 8 2 40 IR AR T
FRZ LA SE Rl DLHERR A R IR T L s e v BB,
M2k [T HE A AT REME RS . AR db N b 522 iy Kl AR R
T A TN A A - BB AR AR A R AL, BEATTHE T = 130Ma
AF ey T)FE =30 ~ —40 Z[8)( Jahn et al. , 1999 ), B fifi4%
TR LB P AE B 2 B TE B AR BEAT 4G IE 76 T = 220Ma i
THLFEH ey ( T YA SSHEA FHm A SH R KRAEN, 56k
IBEPEAE A 1 ey TMEFEAE B & RZE, R FibFe A
Al RBSR A IME— SRR . AN AR AE S VG JL R R AR — 7 T
FE T g AR B R AT 0 I FE R AT I MR AR 2
FLA R M R A M 2 (R R 42 T 2 343 EE e ( 2 A
25,2002 ). FTLL, ATFERLE o HERRORE A M IR AR S 5 R ) R
oAE— IR X AT BB AN K

FARA AT BB IR T T o7, (0 Hh 52 9 B 0] LA AR,
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I AR AE LT R h 2 R R — iR R, A
WA HESE ¥ BRI —AN T B g ) 5 R A TR A I I 0
L ARt Ak LR PETE A 19 Nd RS R RRE  (H R AR
[ R A AE R W] e R R X TR A R A, s R4k R T & 4R
Hiu S R DX AR o o AR SR 4 5 3k 1L P A 5 A B Nd
[R5 2 B b 76 X LA AT R R A0 e 8%, (R AR dbdb 2
S e A AR A SR T B =) S A BT % Sk LB A8
F A IR TR R AL R R A AL Z IR .

FEARIALR BB BE R - IE KA 2% Rl — SR BT 5 o]
DI AR A S TE s im0 . T e Ak E 8
MEAEANE R A AR, HHE B & LIS, 752 240Ma B,
e N -5, 40 BARESE,2001 ). KEEBRES ey (1 =
229Ma )fE Ky — 5. 8( ABHF %2 45,2003 ), S I B4k A-1E &K
FAH B N R R ARAE AR —5, pbAh, fedbabgan R v
Ti] AT ) = B 20 B B 1 Nd R 2 BAT B 22 b b 4
FEC el [ #55,2000 ). ARGk LB AL A 1Y e, ( ¢ ALK
FRLLLZ A R R R BT A 1 ey, ( ¢ O, (HEIF B 25 2R X
Hfedb g A R s T e B NFERIK R .

I T AT R B A AL 9 T Hb 58 S 20 A T R
ZUyR AT Menzies et al. , 1993 ; Griffin et al. , 1998 ) Z i
A SRR 7= SRS, 1998 ), ILiE I X R A
LTI A ARG £ A AT R LE 120 ~ 140Ma 22 [1]( B3
45,1998; Liu et al. , 2001 ), 4R, B b AR ACTE W0 T Ml 5e
RERE M AR A UE S TR X, B, DU R TP i
WA 19 Re-0s [ RAFFT AN B 7~ , ARAb IS 1 5 A T8 1l
AR, TR TE 1. 85Ga 2845 4 A1 V8 b i & 46 1
HIFEHIC Gao et al. , 2002 ), FF22 57 1 W b AR AR G 5 2 ek i
( Xu,2001 ), HIL,1.85Ca BN A ABEMIEEESST
el R AR A RTES) .

ASEAEARFB I EAA RN A v LR A A T (st B
W5E,1996 ). i B4 AR A A TE SRS A 2924 460Ma( Dobbs et
al. , 1994 )&, Y i 5 A7 B 08 5 AR Y ey (0 VN - 6.7
CHPRIHAE 1996 ), BOSIX A4 VBl b S 7 1. 85Ga JE Y
(Gao et al. , 2002 ), 4B} FHIHIME ) &\ ( ¢ BN +5.9, T LA
SR A B HIME Y £, g = — 0. 36, BT AT LLAS 2 220Ma B 45
A1 P B IR B ey, (o BN - 8. 8, 5563k I BB 4K bd A Y
exg( ¢t PFIMH 8.9 WA B 2. Xk —2 BR ek 1L
PEAE B A BRI AT BE 5 1. 85Ga JE R A Pl b A5 5

7.2 WRRH

IR IR MR AL R R, AT RE 2 A2 B HhFe W) Y TR
oo MDA ATRERVIR YY) BOR S T #oe s £, I ek
BEAE R R AL TR R IR IR A RZ PR, AR, A
TIHb AT R, WUR IR R R A A R IR X, S vt R
R TRARFNC SOPFITHY T HSE PR K.

HRAE AL LI 2% 5 A R RSB R AL AR5 9 Nd [R]
BLFRHE  JHERIAE 1. 85Ga HEAUZR VE PR &8 73 il 48 36 1L 5 A2
F1( Zhao et al. , 2000; Gao et al. , 2002 ), 5 shid 2 H F )
TAHNC SOPFICRY T M52 BT R BUA A Pl g AR 1S
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20 5 Metasomatic evenl .
F b al 1.85 Ga Crustal formation
(o e S at 3.50 Ga
o f CHUR -
D F
K
£ -10F Lithospheric
= Mantle
i
=20

Lower crust
in North China

O | 1.0 2.0 3.0 . 4.0 I
T(Ga)

B9 SakimgtEfe 5 A GTE ey T) - T RAKH
R E. B 4ed R M2 JE F 51 A Jahn et al.
(1999 )JFFBEHIE LT 3. 5Ga. A A1 B ML 315 [ P L
I BEY A -IE KA F, B2~ 55,2001 ), KIFEEE
(D, BB % %,2003 ), 24t & 1A A C K, PR i 45,
1996 )FRZE I i B AL IT 47 T 1. 85Ga ( Gao et al. ,
2002 ). FEAHITIE WIESC,

Fig.9 &y,( T)-T plot for G — the Guangtoushan alkaline
granite, the lower crust of the North China craton ( Jahn et
al. , 1999 ) with the assumption of crustal formation at 3.5
Ga and the lithospheric mantle defined by F — the Fanshan
ultramafic-syenite complex ( Mu et al. , 2001 ), D - the
Datong lamprophyre ( Shao et al. , 2003 ), and K - the
Kimberlites from North China ( Chi et al. , 1996 ) and its
evolution started from 1. 85 Ga ( Gao et al. , 2002 ). See

text for detailed discussions.

oo HILIER Y 220Ma I A1 Pl M b F A 19 e, (0 I FDE
Sk IIBPEAE PG A 09 ey (o FIEIEAAT Y, 9F B K T4
JER T He7EC P9 ) IXSRWT, ANk 1L Bk AE b 5 R U T
BRI AT B L, S S2 B s sE i BUR G i LR R 2
1, FEATT A2 AN T o SR, 5 4R 9 o A el i et 2 A TE
RGO Tl I R VAR YN o Y P e N <
PRk T SO BRI I, A AR IR B, 5 2 Al 2
AR PR BB BB A A S A A A
T AR ISR e S 2 50 A 2 5 S AN AT PR
B HBSE IR AL AL T BEIE I 1Ok BV AE B . X AT B —
TR P A8 B AR R

7.3 HBERIER

— BT OL T, e o il ) A S I U IR
WA RE AR s Bl A AT AT BE T AR AR R A . M IR
KA LI EN I 5 2 5, A T REHE AL O A8 5 A 2%, T
H A RIAE b AR BT A AL A WS B B . i LA, M
WAL R A BUAE R A R R SR EU A 20 B 45 A e A
R R TEAR KRR BE b, DE S R TR AU B A A A
LA SECT A BAER A 5 T e A8 b A A IR (Y R 1l
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SFHFIE, A1 Ba Sr P \Ti Eu SR & T K 3 ). P RE
SHERAT Y B O, T T SR A1 5 8 Ak andk
BRSO A 55 M 23 B A G B gL < a T,
W YIBRER B AN, A TiO, &% B 1E 9% A A WA EkdE A
(K1), BRSSO A A L, Tio, & & IF A, W
RRERERAE A WA P B X BRAR G Ti S5
AEARR I EEI , IR T S o

— BN B Nb 5% J2 i 72 IR IE Z — ( Brown et al. ,
1984, Tarney and Weaver, 1987 ), {HJ2, LI T R, L
A LA R ALK B 43 B A B LT, W8 77 2k 1 Nb
54 ( Green, 1994 ), FFLL, 1 Nb S8 AN —E 525 A
AR IR X 37 B M 7e ) IR G bR i o DSk LB M A 5 A
97 Nb 58 v RERE A R X 32 2 Hh 5e 9 i A BRI G 1y TR A
AT REALAT BRER S TP 23 B I TR

e BT Bu 78 & ERH ARG > 85 A ey A,
MM A S B RES r= 42§ Sr Ml Bu 2%, R S5k &
AR S S A E R A 06, T AR A A 20 Ba & i o 35 PR AR
KA RENE N E DI Han et al. , 1997 ). R
SR Ba il St WYIEAHJCOCR( EIWS ) FTBE2 M INA KA R
KAMBAFET YA BRI EER, W BB =M
Iy B A ATEE M E] K Rb Ba 5509 & &, (HIX PRS2 AL 5
TRPEBEERE PR A BUTE b 2 T ARMENL SR B, B R 7E FaX 2858
A G B ERENIEAHE W

A BIAE R A BIRIE 2 —J& MgO &k, X nl fE /& & MgO
T AINAFINEA S ) B g Mg R, TEANA KBRS
AR ILT SRR K B E R LT R MG R AT
MR B 4) (A EMR T E MBI E ., B, (Gd/
Yb),, =0.68 ~2.68, BALIE HAIX 2 LT R /M £

2o RS AR B8 0 IR R AT RE S A A
R R R L TR R G, FE S BT FRE
AR %, B R LT EANMAS R e, T H S
SRAN, RN % AR TR M AR R RC 810 ). A4 BT12
AMEEH LT RN, T ER R TR s, w1l
AR T iZAE i AR ER A R B S B ARAL, © 28 B LI R
T U R A B . L I REER 2R T BE SR A
AHEATEN— D EEWRIE Y, HCAL, R Y 4
BIXT IR Ti A BT 5Tk

8 MHuFE X

MHAARTT IR, At H IR AR 15 25 3530 3l , R
S A B 5108 #( Menzies er al. , 1993; Griffin et al. ,
1998 ), A T HusE T i BERLISE 1998 ,2001 ), 5 11 B il 1
e FRHAESE,2002 ), BUF I AR TR R AR R
FE AR YT W8 TR R AR AR FR TR BB A °F e & 2B 7E
120 ~ 140Ma HAEIC B4R A 1998, 2001 ; Liu ef al. , 2001 ), T
DU Z B WA A AL AR 34 B (X, 2002 ),

B FAR 2004, 2006 )
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Fig. 10  Chevkinite as an important accessory mineral whose
fractional crystallization would result in decreasing LREE

concentration in the residual magma but would have

insignificant effects on HREE concentration. Therefore,

sample BT6 with the most abundant chevkinite shows the
largest LREE vs. HREE fractionation and sample BT13
possibly with little chevkinite no apparent LREE vs. HREE
fractionation.

AR, 135Ma RifJi S I AT 1 L TR R ) A BEHIY)

FETe it AR A AU ), AR AU AR 3 o TS S, R
A B — AL T AR RS E RPIR S 10T A rh AR TR, R
Fa 15 5 2R 0 Sl i i . 2R 135Ma HifJa AR db KA K
T8l 2 I 2 A P L 23K B de KR B 2 B, IR 4 G —
SE I 1) BE PN R 215 2l , AT AT BB 25 A Pl D AT B 31 44
BRI A O, R T ALAMANC 5 ) A= 2 0h( Xu, 2002 )ik
SEYFUUERIC Zhou et al., 2002 ), A1 Vel Il 40 7 22— 2 Y
) A RESE . I DA Bl AR I — BRI 46, 1] S L 2
Wy R AR o B A R B Bk BB DR ) 1 T 2
KB s TIFA R AT ), — T DR g e S T T i kA
IYIERL, T3 Hh— 7 T AL SR BUA A1 Pl e TR, THE 2 — €
FEFEI TR AR o Ha il A AR 38 0 B2 A B 1, JF &
A JRARAE T, M B E— 2 T iy, M 7e ) T 23 B 20 e il
SFHOUBCERITG S . B LL, A Vsl v o 2 v 1) 5 235 3l
BEF] e LANE IR 0 o =, ] R LASS IR A 0K Sy, i
BRI IR G IRE A . fEm IR FETE A
A P DB 14 B 40 L A R 0 SR VR 19 25 3 D 2L SR R LA AR
Tt | M SFe Y5 %) 5 9% 7 E A7 ( DePaolo and Daley, 2000;
Riley et al. , 2003 ), 7£55 J 1 350 B 7 1] , 17 12 /2 FH 559 ¥
K3 W R 58

H TR TOR RS Ok gt AL b 2 ARt b 2
ME—F R AR A BRI BG A A SR, 7R X, R AR AR
IR SRR AL ST L AR s ok U S A atie - L
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EB LR A A E 5 ,2000 ), 06k IR L KA
W= M AR A A 2. SRR b BRI R A Z
Ah R AERE RS SRR I G R T RL T HE — R A
A, Rb-Sr 4B ZR AR % JIURLES A U-Pb 4R #% A1 SHRIMP %5 4
U-Pb 4E 2 7E 198 ~236Ma Z [H]( FZ32%,199%4; Lu et dl. ,
2003; Miao et al. , 2002; FHTE5%,2001,2003 ), N A K H:
RISV £ 25 S50 5% R 19 4R 8 7E 220 ~ 230Ma 2 [E]( HR PF %
45,2000 ). IXEEHRZ B T M H AR TSI E S B A MK
FUBCRREE . BT LA, S dedb b g 8 b A AR5 2076 sh T At
SRR B AR R B TR . R X
BB Aot A A A0 P s 3 A S B o2 DAL A AR
HUR, 7E 135Ma R e X 2R 16

R A RERTE IR R FAEdbdb . BB ar
FEFRU], A AR A BUAE R A R AL 0 7Rl X AR
T 257 Wu et al. , 2002 ), 76 P9 58 i B H7 385 J0 30 T 42
45,1998 )N T8 B A% 2 h ( 45,2002 Wang et al. ,
2004 ) I, BATAA R 5% 3k L Bt 18 < 5 R4t
SRR AR A S A, W HRAFEL A &
C B A2 278 5 2 i bR Ak 2 R AE , 1 B e T TE LS 5 A
BT S EFEEISE, 19985 Wu et al. , 2002; T ¥4,
2002; Wang et al. , 2004 ), £ A ARE, & WIHFED 2
1A ARt G RIAR SR A A T 3 LUy 38 41 R — A Ak alE A
B R R B FTLL, A RIS A AR BR T I 3 L
W, FEAEL AL AR 24 KB 0 5 A0 Rl b T BBt & 2F T AR
PO AR . SR IR 1 A A s vl o A A v T 3 L P 3R
PG A BIAE R bR, A8 2 1E A dh 2 i S0 7= g |
VIR 32 A4 Ja s LU AL i A A e A A 288, T
TS AE P LA N AR AR AL AU, 55 8 A B s AT 26
BB AR ACEAE — B TS R N YA R oA, R ] T 2
A B I R TR XN & B, R BT Ik
B AE A A P A A B R XN Tz kA, X
[T IR A BUAE b A AN A R T R Ok 4 A, 7R
bl X B S A1 BUAE B W et al. , 2002 ), 304 it
I5( Martin et al. , 1994 ). ¥ C( 0 R 45,1998 ) A&+ 1L
(RS 1994 ) VR PF( E—56%,1997 ) g5 Lh( B4 T~V
41997 ) FRMI(C Chen et al. ,1993 )45 A FIFE 5%

FH RIS Zhai et al. , 2004 )FRAE , He AL 7R EB 451 Bk
TR R IELIIT 48 T 150 ~ 140Ma, Z53 T 110 ~ 100Ma. T iX
I Z A AR T T R B SHRIMP 547 U-Pb 2 4F-45
SRR, Sl s R A AR R s eI R A X R Y 22
IAT B R LETE 180 ~ 80Ma J1E] , T b5 A2 44 vh 37 4 85
ARHREMICTE T 220Ma 2245 1) FHE( Wilde et al. , 2003
Liuet al. , 2004 ), F W5 BlH I PR AE 220Ma AP R E 29T

fo FTLAE, T AR AR A A o v A sf ) R DR AR AR
B LTTIG AE2S (8] B2 AR L AN AR 21 04 vf S 35 1Ly T
LRI AN G T Re A URR A R, B I A [ A, 45 b A
Y E LR 0 S 1T B T 25 5. BN, 76 VS L X, WTER A
A R EOR I 180Ma FF IR II( Xu e al. ,2004 ), BH i B
FAEAbA G . 5 BLURER I AR I i b 2 R B, e e AL
G AT I N — SRR R A AW . i, E
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A VB U B AN L R AR I, A TR S B WA E T
ShBET . XTRERLR T EART ST Z R ERY 2-0 LA
W B VIR IR B I A o AR SRS T B ZR38, MR 12 A T
AT W] BRI TLAN XA FE LR 19, At L2 ARAR &0 0 vh T
Wy FOR Rz —,

63k LB AL 5 A I U H AT B 5 B AR A A
Pl e A O, T L S b 5 2 1) A K B R B, B K
g LH 3%t A 3K W EE A BTk, b AR AR Sk 1 A
PEAE G BB BE RS - E KA 298 AR AR BEA LA AR A
B AR Y H e T A Al A5, 2000 ) 19T BLA R BT, Y
BHfEAEdb A G & A TS R AR, ot R U, FE R W L
e & AR A AT AR K Han er al. 5 19975 A8 S5,
1998 ; Jahn et al., 2000a 2000b, 2001; Wu et al., 2000,
2003; Wang et al. , 2004 ), B/FEAEIC AL GALAT B35 R, T
B A Ly Aedbab g i 73z KOs, At ) B i 5E A
A I ) B A A S, AN - 7R AR NG SRR %2
W —a e A K EE R A A k- & 22 A AR ALt
G B P E R, dhFe A 32 258 & A 7R R A AR W
et al., 2002 ), MbFE A 4K B i) ) X A AE Ak B $ T RE RS R 2
b gk 2= i E R AU A L X R AR AR B 5 T
Y R P G R P RB AR AR AN R R4S T [ R e
HAR A A VB ek T AR 5 AR b R AR B O R B ( Gao et al.
1998 )3 5 K F ¥ A He A #hi( Tatsumoto et al. , 1992 ) K.
SR AT AR — PSS AR M T i s 8] 30 4RV 1) e A P 0
A AAedt A g R A e R AR A ST B, 7R
oAz R o T L P ) s 4R oA B R A R AR L B A
W28 A% 2 P 1 BE IR 40 B AL B A T AR AR R 2 —
( 547 U-Pb 4F#5 0 228 +7Ma, £ 5%,2002 ), i 7E b b 4%
B - B 25 B (200 ~ 229Ma, BBHE 2255, 2002 )1 2 X F
ARG R P A= i v T 5 L B R i
JEE P A A o) A AR ek R v, R UG e A T TR I A e A B AR
TR T A0 P s

9 i

ek IR PEAE b o e B rp A AR TR TR SR B A B AE
R AR IR T ATE R T 7, A T ek A 2
AR M, T Al REAS IR T 5T AR 1 A Rl b, O 22
D 1SR EURI S S S 05 A AR R AL R . A R
5 AR A SRR T BB T 1.8 ~ 1. 9Ga IR il A A5 DG 1 3t 4%
ANCBOFFTCR) T HFEH) BTN A b , S BRI G i BT

Sk AP AE B e A b b 2l — B B AR AU JE
A BB AR S A AR LU R S R U5 32 6L
SRR A G I E AR > SR b FE X AR
RAEN T A LI BE PSR A A n MU B 45
HERR R AR URAE IR, SO T 5 i R4 2% sh 2
ZEAMY BB AR FE . AR Jb b g o AR AR A S T
AE-S5 AR AE AR M XA b A RS 3 Ll A A B 2 i AT
T 1) PY AT BEAE 1 a7 35 AU HR A 180T 5 A P e Dl
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