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Abstract

The wide occurrence of Paleoproterozoic mafic dikes in the basement of the Trans-North China Orogen provides important
constraints on the majer1800 Ma tectonothermal event of the North China Craton. These mafic dikes form a tholeiitic series
dominated by basalts and basaltic andesites, and can be geochemically classified into three groups: The Groups 1 and 2 rocks
are characterized by high total FeO contents (12.69-15.61%), of which the Group 1 rocks are more enriched in LILE and LREE
contents and depleted in HFSE ((Th/Nb) 2.5-3.8, (La/Yb)cn = 3.0-5.8; (Nb/La) 0.27-0.38) and have more radiogenic
Nd isotopic ratios £yq(t) = —3.40 to—5.14), than the Group 2 rocks ((Th/Nb¥ 0.8-1.2, (La/Yb)cn = 1.5-2.1, (Nb/La)y
0.65-0.87 gng(t) = —0.60 to—1.67). In contrast, the Group 3 rocks are typified by low FeOt (7.86—-11.04%) and high MgO
(5.62-9.56%) contents. Higher (La/Yb)cn (4.22-7.13) ratios, less radiogenic Nd isotopic s#gi®s< —2.75 to—5.52), and
more significant Th—U and Nb—Ta depletion are also apparent feattseS°Ar geochronology of three representative samples
from each group yielded plateau ages of 17800.5Ma, 1765.3t 1.1 Ma and 1774.% 0.7 Ma, respectively. These elemental
and isotopic data suggest that the geochemical variations of these rocks cannot be simply explained by crystallization from a
common parental magma involving crustal contamination during emplacement. Instead, they most likely originated from variable
sources under different degrees of partial melting. The Group 1 rocks were derived from relatively low degrees of partial melting
of a refractory lithospheric mantle previously metasomatised by subduction-related fluids, whereas the Group 2 rocks originated
from a hybridized source involving ca. 40% subduction-modified lithospheric mantle, similar to the Group 1, and ca.60%
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N-MORB component. In contrast, the Group 3 rocks show significant Th—U depletion that may mark the involvement of por-
tions of gabbroic lower crust trapped in the source region during subduction. Based on all the available data, we propose a
tectonic model of a full subduction-syncollision-postcollision-rifting cycle for the evolution of the NCC between 1870 and
1765 Ma. A variety of source regions beneath the southern Taihang Mountains initially developed during the period of subduc-
tion/collision, and subsequent extension/rifting resulted in the melting of the subduction-modified lithospheric mantle, which
produced widespread Paleoproterozoic mafic dikes on the Trans-North China Orogen in response to upwelling of convective

mantle.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The most important tectonothermal event in the
North China Craton (NCC) occurredaf.800 Ma, and
was widely recorded in the early Precambrian rocks
(Wuand Zhang, 1998; Zhai, 1999; Zhai and Bian, 2000;
Zhai et al., 2001; Zhao, 2001; Zhao et al., 1999, 2000,
2001, Wang et al., 2003a;lzhai and Liu, 2003and

references therein). This event has traditionally been

named the “liliang Movement” and taken to mark the
final cratonization of the NCCZhao, 1993 However,
two different tectonic models have been postulated to
account for the~1800 Ma event in the NCC. One
suggests that the 1800 Ma metamorphism and sub-
sequent extension-uplift-magmatism (1800-1650 Ma,
Zhang et al., 1994were caused by a mantle plume
related to the break-up of a global pre-Rodinia super-
continent Zhai and Bian, 2000; Zhai et al., 2001; Zhai
and Liu, 2003. The other model suggests a continental
collision scenario, proposing that the NCC consists
of two Archean blocks (the Eastern and the West-
ern Blocks), separated by thel800 Ma Trans-North

stand whether it is associated with a mantle plume or
subduction/collision. Previous studies have mostly fo-
cused on the lithology, geochemistry, geochronology,
structure and metamorphic P-T-t path of the metamor-
phic basement of the NCZkao et al., 1999, 2000,
2001, 2002a,1zhao, 200&nd references therein), and
little attention has been paid to the mafic dike swarms.
There is more than one mafic dike swarm that intruded
the basement rocks of the Central Zo@#4o et al.,
2000, 2002 Li et al., 2003, and some earlier ones
are metamorphosed. However, there is one mafic dike
swarm that is devoid of metamorphism and deforma-
tion, and that is one of the most important geologi-
cal signatures of the'1800 Ma eventQian and Chen,
1987; Halls et al., 2000This mafic dike swarm should
therefore provide importantinformation on mantle pro-
cesses and the tectonic evolution of the NCC during
the Paleoproterozoic. Although preliminary paleomag-
netic data, lithochemistry and K—Ar geochronology of
these mafic dikes have been reportelb§ and Mo,
1994; Halls et al., 2000; Qian and Chen, 1987; Lietal.,
2001), the precise age and systematic geochemistry are

China Orogen (also named the Central Zone) shown rare. Hence, the nature of the mantle source beneath the

in Fig. 1a (Zhao et al., 1999, 2000, 2001; Zhao, 2p01

This model also proposes that the 1870-1800 Ma meta-

morphism resulted from the continental-continental
collision and that the following period of extension-
uplift-magmatism (1800-1650 Ma) was a marker of
postcollisional, and intracontinental rifting, reflecting
a change of tectonic regime in the NCZh@o, 2001;
Wang et al., 2003b

Because of this divergence of views, it is vitally im-
portant to characterize the geochemistry of the mafic

Central Zone of the NCC at1800 Ma remains poorly
constrained.

This study was initiated to conduct systematic geo-
chemical *°Ar—2%Ar geochronological and Sr—Nd iso-
topic analyses of the unmetamorphosed mafic dikes in
the southern Taihang Mountains that may be consid-
ered representative of the Proterozoic dike swarm of
the Central Zone of the NCC. Our aims are to charac-
terize the nature of the mantle source for the mafic dikes
and to advance understanding of the tectonic processes

magmatism that accompanied this event and under-that operated during the1800 Ma event.
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Fig. 1. (a) Schematic map showing major tectonic units of the North China Craton (NCC), and the location of the Zanhuang (ZH), Hengshan
(HS), Wutai (WT), Liliang (LL) and Fuping (FP) domains in the Central Zone of the NCC (&ftewo et al., 1999, 2000(b) Geological map
showing the distribution of the Paleoproterozoic mafic dikes (&f@ng et al., 2003a,b, 19971c) Geological profile showing how mafic dikes

crosscut the metamorphosed basement but subsequently underlie unmetamorphosed Changcheng Group. (d) Rose diagram showing the strik
of the dikes in the Zanhuang domain.

2. Geological background and petrology 1992; Liu et al., 2002; Zhao et al., 1999, 2000, 2001,
Zhai et al., 2001; Zhai and Liu, 20D3rhey form a se-
The North China Craton is one of the ancient cratons ries of mountainous inliers in fault contact with a cover
in China. It has an ancient crustal basement that is com-composed of the Mesoproterozoic Changcheng Group
posed of amphibolite to granulite facies Archean grey and Paleozoic—Mesozoic stratelg]ls et al., 200D
tonalitic gneisses and greenstones, and PaleoproteroMany of the crustal rocks of the NCC were formed
zoic khondalites and interlayered clasti&u( et al., at~2500 Ma, and were affected by the 1870-1800 Ma
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tectonothermal event (e.Guan et al., 2002Zhao et
al., 2002a,bWilde et al., 1997, 1998, 2002; Zhai and
Liu, 2003. This event resulted in widespread meta-
morphism and uplift Zhao et al., 1999, 2000, 2001,
2002a,bWilde et al., 1997, 2002 leading to the final
cratonation of the NCCzhao et al., 1999

Proterozoic dike swarms are widespread in the
basement of the Central Zone of the NCC, but rare
in the Eastern and Western blockli&n and Chen,
1987; Zhao et al., 2000 There are two major dike
swarms with NWN and WNW trends in the Central
Zone, (e.g. in the Hengshan, Wutaijllang, Fuping,
Zanhuang domains, ségég. 1a). The earlier swarm,
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Many of these dikes follow faults, suggesting syn- or
post-faulting emplacement. Based on the measurement
of the attitudes of 137 dikes, two average trends of
NNE4C® and NWN330 are identified Fig. 1d). The
average trend of NNE4Gs roughly parallel to the elon-
gation of the Zanhuang metamorphic domain, while
the strike of 330 s close to the orientation of the Pro-
terozoic mafic swarms reported from other areas in the
NCC. The size of dikes varies widely, with thickness
generally ranging from 1 to 30 m (with a maximum
of about 100 m), and traceable length ranging from 5
to 20km (with a maximum of about 50 km). Litho-
logically, these dikes are dominantly dolerite. Their

as in the Hengshan domain, was metamorphosed tomineral compositions are plagioclase (25-60% by vol-

amphibolitic and even granulitic facies dikes and retro-

ume), clinopyroxene (20-50%), biotite 2%), amphi-

gressed eclogitic facies that record pressures to 15 kbbole (~2%), quartz (2—4%), Fe—Ti oxides (1-5%) and

(Zhao et al., 1999, 2001, 2002aooke and O’Brien,
2001). The later mafic dike swarm is commonly devoid
of deformation and metamorphism with sporadically
chilled margins and baked contacts with country rocks.

minor amounts of euhedral titanite and apatite.

3. Analytical methods

In general, these unmetamorphosed dikes dip steeply,
cut both the Archean and Paleoproterozoic basement, Weathered rims were removed from all rocks. They
and are covered by Neoproterozoic strata. Earlier were then were crushed to millimeter-scale chips for
K—Ar dating on whole rock samples of these dikes geochemical analyses. Some grains were carefully
yielded a spectrum of ages between 1.8 and 1.0 Gahandpicked under a binocular microscope from sepa-
(Qian and Chen, 1987; Hou and Mo, 199%owever, rate fractions of selected samples, and only fresh grains
Li et al. (2002)reported that metamorphosed mafic of 20-40-mesh size were selected 48Ar/3%Ar anal-
dikes from the Hengshan domain were intruded at yses. The rocks chips for major and trace element and
2512-2489 Ma (SHRIMP U-Pb zircon) and were over- Sr—Nd isotopic analyses were further crushed and pow-
printed by the~1850 Ma tectonothermal event. An dered to 200-mesh using an agate mill.
unmetamorphosed WNW-striking dolerite dike from Major elements were determined by X-ray fluo-
the Hengshan domain yielded a single-grain zircon rescence spectrometry at the Hubei Institute of Geol-
U-Pb age of 1769.% 2.5 Ma, which was interpreted ogy and Mineral Resource, the Chinese Ministry of
as the intrusive agdHalls et al., 2000; Li et al., 2001 Land and Resources. FeO content was analyzed by
Wang et al. (2003a,tiecently reported th&PAr/3%Ar a wet chemical method. Trace element analysis was
biotite ages of 1820-1790 Ma for the greenschist- to performed at the Institute of Geochemistry, the Chi-
amphibolite-facies gneisses and mylonite, which are nese Academy of Sciences (CAS) with an inductively
interpreted to define the timing of the final regional coupled plasma mass spectrometer (ICP-MS). Detailed
metamorphism and ductile deformation event. These sample preparation and analytical procedures follow
suggest that the unmetamorphosed/undeformationalQi et al. (2000) The international standard BCR-1 was
mafic dikes should be younger than 1790 Ma. chosento calibrate element concentrations of measured
In the southern Taihang Mountains, unmetamor- samples. Analytical uncertainties werd % for major
phosed mafic dike${g. 1b) are alsowidespread. These elements anet5% for most trace elements. The results
dikes are typical of those throughout the Central Zone are presented ifiable 1
of the NCC, and cut across both the Archean Zanhuang The whole rocks samples selected f9Ar/3°Ar
Group and Paleoproterozoic Gangtaohe Group, but areanalyses were individually wrapped in Al-foil packets,
covered by the unmetamorphosed Changcheng Groupencapsulated in sealed Gd-foil, and irradiated in
with an age of <1700 Maf/ang et al., 2003a;Fig. 1c). the central thimble position of the nuclear reactor



Table 1
Major and trace element analyses for Paleoproterozoic mafic dikes in the southern Taihang Mountains

Sample  Group 1 Group 2

99JX-60 99JX-62 99JX-68 99IX-69 99IX-70 99IX-71 99IX-76 99IX-16 99IX-17 99JX-18 99JX-20 99JX-80 99JX-81 99JX-85 99IX-87

Major oxides (wt.%)
Si0, 5109 5037 4923 4748 4710 4806 4770 4980 5000 4978 5011 5067 5029 5084 5101
Al,O3 1340 1497 1357 1404 1393 1371 1376 1317 1330 1329 1290 1301 1304 1245 1247
FeO; 5.13 324 439 536 563 494 570 392 393 411 569 403 407 334 430
FeO 880 955 937 970 963 1043 1005 892 873 878 767 973 953 1133 1060
MgO 5.90 557 560 645 640 538 579 634 669 648 614 675 672 566 521
CaO 849 868 936 841 931 845 928 987 929 896 879 916 926 952 957
NaO 248 283 253 268 232 273 264 278 246 290 189 266 271 256 203
K20 0.25 046 027 060 049 034 043 062 071 076 098 030 034 035 083

MnO 0.18 018 020 021 022 024 024 021 021 020 021 020 021 024 023
TiO2 124 133 182 129 126 129 131 124 118 121 127 110 108 117 118
P>0s 0.29 033 032 034 035 033 034 014 013 013 015 011 011 011 011

LOI 2.60 247 300 316 310 292 278 282 319 323 398 212 242 226 227
Total 9985 9998 9966 9972 9974 9882 10002 9983 9982 9983 9978 9984 9978 9983 9981
Mg* 0.44 045 043 044 044 039 041 048 050 048 046 048 048 042 039
FeOt 1342 1247 1332 1452 1470 1488 1518 1245 1227 1248 1279 1336 1319 1434 1447

Trace elements
Sc 375 342 288 359 359 348 396 323 367 385 385 409 404 399 390

1/-5S (¥002) SET Yyoreasay uelquedald / 'fe 18 Buem ‘A

\ 281 266 275 263 267 276 450 259 277 292 297 350 350 408 403
Cr 141 97 269 187 155 113 113 67 81 82 H1 119 97 137 235

Co 518 603 486 776 605 565 687 463 481 512 527 683 655 746 744

Ni 50.2 149 125 139 120 131 123 48 540 553 512 818 576 519 503

Rb 31 8.8 34 118 9.2 33 4.0 212 265 321 365 4.0 5.0 26 205

Sr 165 246 194 193 244 162 203 166 162 174 230 152 178 129 119
Y 38.8 304 417 284 286 318 268 234 261 274 281 252 242 302 287

Zr 133 129 184 87 884 111 105 @ 849 959 977 712 769 784 798

Nb 6.41 535 946 492 499 503 503 487 520 573 589 534 582 408 399
Ba 586 114 890 436 280 100 227 251 296 278 507 442 564 258 242

La 2064 1524 3213 1251 1363 1761 1653 673 7.39 845 858 594 661 751 690
Ce 4416 3275 7249 2975 3046 3996 3660 1641 1809 2026 2063 1475 1504 1645 1661

Pr 551 408 908 400 405 520 496 225 245 269 289 204 209 239 231
Nd 2059 1817 3971 1649 1787 1838 2108 1000 1101 1232 1211 988 1038 1099 1036
Sm 567 484 879 415 428 496 559 309 340 376 346 287 310 300 308
Eu 145 140 216 120 119 145 152 111 126 139 137 093 092 108 102
Gd 577 476 759 451 464 513 495 354 390 440 466 338 307 381 371
Tb 0.99 085 122 078 082 088 087 066 076 080 082 063 062 073 070
Dy 6.32 529 715 479 488 547 514 427 473 493 532 416 412 484 496
Ho 138 116 156 106 113 120 112 093 109 108 112 090 093 118 115

69



Table 1 Continued)

09

Sample Group 1 Group 2
Er 411 295 424 283 307 342 313 250 261 291 324 261 246 330 309
Tm 0.60 042 058 043 046 049 049 033 042 041 045 038 036 049 050
Yb 4.06 279 395 297 282 339 300 234 282 285 288 268 260 341 332
Lu 0.57 037 057 041 046 047 047 036 039 035 039 036 038 049 046
Hf 3.54 371 508 221 241 282 281 225 256 295 285 182 192 207 206
Ta 042 038 062 036 035 029 031 034 034 041 039 033 034 026 025
Pb 410 384 383 327 449 293 373 848 815 817 978 225 247 488 561
Th 219 239 287 156 159 162 161 053 056 064 062 065 066 067 067 <
] 0.46 039 043 034 023 028 027 014 017 019 018 018 Q17 014 013 =
Th/Ta 518 629 462 436 450 566 517 158 163 156 160 198 193 261 270 g
(Nb/La)y 0.30 034 028 038 035 027 029 Q70 068 065 066 087 085 065 070 ﬁ
(Th/La)y 0.86 127 Q72 101 094 Q74 Q79 063 061 062 058 088 081 Q72 Q79 o
TilTi* 0.62 080 Q70 080 076 071 Q74 097 083 078 080 090 094 084 088 =
(La/Yb)cn 360 387 577 298 342 368 391 203 186 210 211 157 180 156 147 g
(Gd/Yb)en 117 141 159 126 136 125 137 125 115 128 134 104 098 093 092 8
Eu/Eu* Q77 090 Q79 088 090 087 087 102 106 105 105 092 091 098 092 g
Group 3 g
Py
99JX-01 99JX-02 99JX-03 99JX-04 99JX-05 99JX-06 99JX-07 99JX-08 99JX-49 99JX-51 99JX-54 99JX-56 99JX-57 99JIX-58 99J§-65
Major oxides %
SiO, 50.55 5263 5274 5272 5230 5224 5261 5285 4762 4952 5124 5099 5075 5054 4864 ,:j
Al,O3 1479 1418 1423 1416 1434 1441 1421 1426 1372 1563 1462 1476 1533 1520 1518 ]
FeO3 4.61 411 371 403 431 462 408 474 149 164 137 108 122 161 386 ’g
FeO 623 673 713 673 6.60 647 677 602 937 610 778 753 7.95 772 550 Q
MgO 6.13 582 542 547 548 569 553 547 1107 814 7.00 806 7.19 692 7.64 o
CaO 855 7.80 856 852 826 778 861 856 866 1142 975 1115 1110 1097 1134 b
Na,O 273 217 175 181 199 214 186 167 155 201 244 182 224 244 290 3
K20 110 124 141 139 146 141 131 122 121 154 154 108 Q75 065 012
MnO 0.15 015 016 015 016 017 015 014 018 016 017 016 015 016 016
TiO2 0.91 105 106 104 108 107 105 105 071 080 081 067 Q76 Q76 065
P,0Os5 0.19 023 023 023 024 025 023 023 016 017 018 017 016 016 021
LOI 3.85 369 340 353 356 354 335 356 404 266 290 241 220 268 344
Total 9979 9980 9980 9978 9978 9979 9976 9977 9978 9979 9980 9988 9980 9981 9964
Mg# 0.52 050 048 049 048 049 049 049 065 066 058 063 059 058 061
FeOt 1038 1043 1047 1036 1048 1063 1044 1029 1071 758 901 850 905 917 897



Table 1 Continued
Group 3

99JX-01 99JX-02 99JX-03 99JX-04 99JX-05 99JX-06 99IX-07 99JX-08 99JX-49 99JX-51 99JX-54 99JX-56 99JX-57 99IX-58 99JX-65
Trace elements

Sc 317 312 308 308 312 304 27.0 309 235 265 317 300 301 317 334

\Y 222 239 241 240 245 233 215 244 163 184 175 179 211 218 205

Cr 57.7 431 420 460 555 713 464 418 754 489 458 421 374 381 303

Co 466 452 450 445 449 432 410 449 67.2 516 385 415 438 426 467

Ni 80.7 612 650 620 67.7 705 587 594 339 200 119 211 136 130 177

Rb 136 168 17.6 180 207 199 141 158 449 519 413 331 241 202 126

Sr 318 361 366 360 358 341 328 417 298 388 374 300 397 393 281

Y 20.3 211 221 219 241 238 197 226 155 17.8 214 160 181 184 221

Zr 981 115 126 130 131 118 111 118 .86 682 774 67.5 717 686 728 <
Nb 351 439 452 448 467 464 396 457 309 351 398 314 360 356 388 s
Ba 494 499 520 507 514 503 440 461 272 352 398 238 290 239 219 é
La 1454 1831 1930 1895 1971 1907 1691 1935 1293 1431 1772 900 1168 1231 1312 @
Ce 3378 4244 4370 4332 4462 4382 3832 4414 2952 3254 3941 2157 2641 2780 2890 L
Pr 475 585 604 603 615 616 535 598 403 448 473 287 352 369 376 3
Nd 1968 2449 2525 2480 2582 2554 2204 2504 1670 1865 2116 1180 1561 1618 1563 @
Sm 427 513 518 526 543 535 453 519 342 389 443 319 388 369 398 3]
Eu 134 150 156 152 156 156 133 152 110 125 137 097 116 125 120 3
Gd 421 467 497 491 513 499 432 501 323 365 453 302 324 339 367 §
Tb 0.65 069 074 074 Q79 076 063 074 050 056 Q76 049 056 058 062 o
Dy 3.68 397 405 400 425 423 342 402 279 308 399 292 316 327 392 %
Ho 0.75 Q77 079 Q079 084 085 068 079 056 061 085 070 064 070 083 o
Er 2.09 212 221 218 233 234 191 218 152 172 214 173 174 179 223 S
™m 0.31 031 032 032 034 035 028 032 023 026 032 023 023 025 031 &
Yb 1.88 185 198 196 213 214 168 196 139 164 186 151 161 168 213 2
Lu 0.29 028 032 032 033 034 024 029 022 025 027 021 021 023 031 §
Hf 2.34 282 304 310 316 311 241 307 168 179 187 183 198 191 182 E
Ta 023 024 025 025 026 026 021 025 020 022 033 022 026 025 027 a
Pb 358 379 355 350 356 335 307 361 199 211 229 186 167 180 263 ﬂ
Th 0.66 a71 072 Q072 080 068 063 078 049 053 065 053 049 044 064

U 0.11 014 014 014 015 013 011 015 010 012 018 Q012 011 010 016

Thi/Ta 288 291 292 293 309 260 302 319 241 238 195 246 188 179 236

(Nb/La)y 0.23 023 023 023 023 023 023 023 023 024 022 034 030 028 028
(Th/La)y 0.36 031 030 031 033 029 030 033 031 030 030 048 034 029 040
Ti/Ti* 0.67 071 067 066 065 066 Q076 066 068 067 053 066 068 065 053
(La’Yb)cn 549 7.02 690 685 655 632 713 699 659 618 673 422 488 521 437
(Gd/Yb)cn 186 209 208 207 199 193 213 212 192 184 201 165 158 167 143
Eu/Eu* 096 092 092 090 089 091 091 090 099 100 093 094 097 106 094

FeOt = FeO + 0.9*F£0s, LOI: Loss on ignition, M§ = Mg2+/(Mg2*+ + Fét), Eu/Eu* = (Eu)cn/[(Gd)cn + (Sm)cn)/2, TilTi* = (2*1/(Gdy + Thby)). Symbol with “cn” denotes
the values normalized to chondrite, and wikli tlenotes values normalized against primitive mantle.

19
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Table 2
4OAr/3%Ar isotopic analytical data for incremental heating experiments on whole-rock dikes
Temperature®C) (*OAr/3%Ar .,  (P8APAN M C7AMRAN L (CBAPPAN L, 3%Ar, (4°Ar/39Ary) 39Ar  Apparent age
(102 mol) (x1o) (%) (t+ 1o Ma)
99JX-16, weight = 0.1712g
420 8809 01039 20623 Q03442 1783 57.7#0.034 579 970.32+ 27.46
550 10147 00784 16973 02892 2363 78.610.029 768 1222.64+ 27.92
670 11923 00659 35687 03440 2106 100.3+0.348 684 1452.89t 36.81
800 14272 00316 29849 Q02722 3658 133.9£0.028 1180 1758.98t 34.45
900 14057 00217 42394 01975 6384 134.8-0.020 2070 1767.19 27.13
1000 14447 00348 44079 02762 3978 134.9£0.028 1290 1767.75t 35.03
1100 14303 00303 27135 02636 3820 134.5+0.027 1240 1764.49t 33.66
1200 14311 00290 28551 02739 3195 135.0£0.028 1030 1768.66t 34.76
1300 14850 00500 25670 03450 2315 134.2+0.035 752 1761.62£42.28
1450 16356 00990 31917 05446 1169 135.0£ 0.056 379 1768.10t 64.68

tp = 1765.3+ 1.1 Ma,*CAr/3€Ar ratio = 286.6 = 1767.4+ 35.7 Ma, MSWD = 0.524; = 1759.2+ 2.0 Ma, MSWD = 4.06
99JX-65, weight =0.1834 g

400 25525 01026 41900 05026 0902 226.G:0.057 329 2405.75£77.51
520 10512 01026 26381 08846 1806 75.35:0.0900 660 1187.5279.20
650 12650 00963 40105 05964 1920 98.76+0.060 701 1439.35:61.45
780 14489 00362 53505 03442 3189 135.40.035 1160 1772.04: 42.26
900 14189 00243 43792 01951 5690 135.3:0.020 2070 1773.72£ 27.02
1000 14373 00305 58856 02691 3777 1354 0.027 1380 1776.95t 34.40
1100 14280 00273 58864 02705 3373 135.40.028 1230 1777.06t 34.52
1200 14448 00330 43611 02684 3145 135.4-0.027 1140 177491 34.32
1300 15130 00568 51581 03784 2034 135.4£0.039 743 1774.80Gt 46.17
1450 15213 00609 43362 04421 1517 134.9+:0.045 554 1770.3#53.07

tp = 1774.74 0.7 Ma,*CAr/38Ar ratio = 283.94 = 1777.5+ 24.2 Ma, MSWD = 0.51t; = 1769.9+ 2.0 Ma, MSWD = 0.67
99JX-71, weight = 0.1786 g

400 23652 00869 54669 06196 1606 212.14-0.0667 343 2321.19t 88.55
520 72452 00566 17986 02613 2456 56.00+ 0.025 794 948.42+-21.10
650 10982 00535 19320 02634 2594 94.33:0.026 839 1393.50t 28.28
750 14475 00310 18956 02586 3359 135.9:0.026 1080 1777.79E33.35
850 14497 00301 15693 02392 4611 136.3:0.025 1490 1781.2°A431.45
980 14364 00254 16971 02392 5909 136.4-0.025 1910 1781.8131.41
1100 14465 00290 22101 02878 3984 136.4:0.0298 1280 1782.18t 36.40
1200 14405 00297 24129 02972 3312 136.2:0.030 1070 1780.2137.33
1300 15024 00487 25675 03346 2373 136.6£0.034 767 1781.0141.50
1450 16823 01141 32957 04696 1256 136.3:0.048 406 1780.76£56.77

tp = 1780.74 0.5 Ma,*CAr/36Ar ratio = 292.7t; = 1781.2+ 17.0 Ma, MSWD = 0.18}; = 1778.6+ 2.0 Ma, MSWD = 2.38

) =5.543e10/a, J = 0.01235, {OAr/3%Ar) . measured values 6PAr/3%Ar, 3%Ary: measured values 8PAry which was produced by K decay.
tp, ty andt; are plateau age, isochron age and inverse isochron age, respectively.

(1000 kW) at the Chinese Academy of Atomic En- The concentrations 6PAr, 37Ar, 38Ar, 3%Ar and“0Ar
ergy Science for 2627 minutes with an instantaneous Were corrected for the system blank, radioactive decay

neutron flux of 6.63x 10'2n/(cn2s~1). After irra- of nucleogenic isotopes, and minor interference reac-
diation, the samples were progressively degassed andtions involving Ca, K and CI. The details of the ana-
purified in steps from 400-42@ to 1450°C. Puri- lytical and correction techniques can be foun&ang

fied argon was finally collected using a Zr—Al getter €t al. (1996) An internal standard amphibole (BSP-1)
pump, and subsequently analyzed with a gas sourcewas used as a monitor, the age of which is 2a@60
mass-spectrometer operated in the static mode RGA-18.6 Ma. The results d°Ar/3%Ar thermochronology
10 at the Institute of Geology and Geophysics, CAS. analyses are listed ifable 2
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Table 3
Sr—Nd isotopic analyses for Paleoproterozoic mafic dikes in the southern Taihang Mountains
Sample Sm  Nd Rb Sr M47smA4iNd  87RbASSr  14Nd/A4UNd (20)  87SrASSr (o) 8TSIASSIE)  eng(t)
Group 1
99JX-62 484 1817 578 2460 0161 Q068 0511985 (11) 0706232 (17) 0704527  —4.75
99JX-69 415 1649 1176 1930 0.152 Q177 0511954 (6) 0709722 (17)  0r05278 —-3.40
99JX-70 428 1787 917 2441 0145 Q109 0511797 (10) 0707769 (13) 0705028  —4.79
99JX-76 559 2108 399 2032 0160 Q057 0511956 (8) 0706528 (14)  0r05094 -5.14
Group 2
99JX-16 309 1000 1521 1663 0.187 Q0265 0512436 (10) 0712056 (14) (0705388  —1.67
99JX-18 376 1232 2207 1741 0184 0368 0512414 (9) 0714497 (15) 0/05248  —1.62
99JX-20 346 1211 3047 2296 0173 Q0385 0512292 (10) 0714934 (17) (0705254  —1.45
99JX-81 310 1038 498 1784 0181 Q081 0512422 (11) 0706673 (17) 0704635 —0.60
99JX-87 308 1036 2046 1190 0.180 Q499 0512385 (10) /17161 (17) (Oro4618  —1.17
Group 3
99JX-02 513 2449 675 3612 0127 Q054 0511668 (8) 0705326 (16) 0704022  —3.23
99JX-04 526 2480 800 3598 0128 Q064 0511643 (8) 0705783 (11) (0r04248 —-4.07
99JX-07 453 2204 408 3278 0124 Q036 0511665 (8) 0704993 (16) (/04112 —-2.75
99JX-54 443 2116 3135 3737 0127 Q243 0511664(11) 0711091 (9) 0704989 —-3.32
99JX-56 287 1180 3313 3000 0.147 Q0320 0511785 (9) 0712802 (13) /04747  —-5.52
99JX-58 369 1618 1019 3929 0.138 Q075 0511703 (9) 0706326 (13) 0r04445 —5.06

Sr and Nd isotopic ratios were measured by MC- and (Th/Nbh = 0.8-1.2.Fig. 2a illustrates the dif-
ICP-MS at the Guangzhou Institute of Geochemistry, ferences in FeOt content and (Nb/haktio of these
CAS. The analytical procedures for Sr—Nd analyses groups. When plotted onthe Nb/Y versus Silagram
are the same as reported Wi et al., 2002andLiang (Winchester and Floyd, 197,7all these rocks belong
et al., 2003 The87Srf%Sr ratio of the NBS 987 stan-  to the subalkaline series and are composed of basalt
dard and™3Nd/*44Nd ratio of the La Jolla standard and basaltic andesit€ig. 2b). Similar results can be
were 0.710265% 12 and 0.511862 10, respectively. obtained in the TAS diagranL.€Bas et al., 1986not
The measure@’SrP8Sr and*3Nd/A4“Nd ratios were  shown). Using the classification dénsen (1976}he
normalized ta®9Sr8Sr = 0.1194 and*®Nd/*4*Nd = Groups 1 and 2 samples plot in the high-Fe tholeiitic
0.7219, respectiveh)?’RbPSr and14’SmA44Nd ra- basalt field of the tholeiitic series, but the Group 3 rocks
tios were calculated using the Rb, Sr, Sm and Nd abun- plot close to the high-Mg tholeiitic basalt fielBig. 2c).
dances measured by ICP-MS. The measured and age-

corrected”’SrFESr andsnq(t) are listed inTable 3 4.1.2. Major oxides and compatible elements

The Groups 1 and 2 rocks both display small vari-

4. Results ations in major oxide contentsig. 3), with SiO,
= 48.71-52.53% (volatile-free), MgO = 5.34-6.92%,
4.1. Geochemical characteristics FeOt = 12.69-15.61%, T = 1.11-1.48%, mg-
number = 0.39-0.50, Cr = 14-269ppm, and Ni =
4.1.1. Classification of mafic dikes 48-149 ppm. There are compositional differences be-

The mafic dikes can be divided into three main tween the Groups 1 and 2 rocks, with the for-
types (Groups 1, 2 and 3) based on variations in FeOt mer showing higher AlO3, FeOt, TiG and ROs,
(FeOt = FeO + 0.9*Fg03) content, and their dis- and lower SiQ@ and CaO than the latteTéble J.
tinctive (Nb/Lan and (Th/Nbh ratios. The Groups 1 The Group 3 rocks have a much wider range with
and 2 rocks have high FeOt of 12.69-15.61%, while SiO, = 48.74-54.93%, MgO = 5.62-9.56%, FeOt =
the Group 3 rocks have low FeOt (7.86-11.04%). 7.86-11.04%, Ti@= 0.68-1.12%, Cr = 42—754 ppm,
Group 1 has (Nb/La) = 0.27-0.38 and (Th/Nb)= and Ni=59-339 ppm. The mg-numbers are inthe range
2.6-3.8, whereas Group 2 has (Nb/ha) 0.65-0.87 of 0.48-0.68. In general, the Groups 1 and 2 rocks ex-
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Fig. 2. (a) Nb/La vs. FeOt (=FeO + 0.9*4@3), (b) SiG; vs. Nb/Y,
and (c) FeO + FgD3 + TiO, — Al,03 — MgO diagrams. (b) and
(c) are aftetVinchester and Floyd (197@ndJensen (1976)espec-

tively.

hibit lower SiQ, Al203, Niand Cr contents, but higher
FeOt, TiG® V and Sc contents than Group 3 rocks with
comparable MgO value§éble 1andFig. 3). For the
Group 3 rocks, MgO correlates negatively with $jO
FeOt, BOs and TiQ, but positively with ApO3, CaO,

Ni, Cr and CaO/AdO3 (Fig. J). In contrast, for the
Groups 1 and 2 rocks, there is only a positive correlation
of Al,O3 and Cr with MgO; other oxides are relatively
constant, irrespective of MgO contefig. 3).

4.1.3. Incompatible elements

The incompatible element compositions exhibit dis-
tinct variations between the group3able 1. The
Group 1 rocks have weakly negative Eu anomalies with
Eu/Eu* = 0.77-0.90, whereas the Group 2 rocks have
Eu/Eu* values of 0.91-1.06. The Group 1 rocks show
slight REE fractionation with (La/Yb)cn = 2.98-5.77
and (Gd/Yb)cn = 1.17-1.59, but the Group 2 rocks
show a flat REE pattern ((La/Yb)cn = 1.47-2.11 and
(Gd/Yb)en = 0.92-1.34). In contrast to both these
groups, the Group 3 rocks have (La/Yb)cn =4.22—-7.13
and (Gd/Yb)cn=1.43-2.13, showing strong REE frac-
tionation, with Eu/Eu* = 0.89-1.06T@ble J). In the
primitive-mantle normalized spidergranfadg. 4), the
Group 1 rocks are characterized by marked Nb-Ta, Sr
and Ti, and slight Zr—Hf negative anomalies. In con-
trast, weak Th—U, Nb—Ta, and P—Ti negative anomalies
are presentinthe Group 2 rocks. The Group 3 rocks dis-
play significant Th-U, Nb—Ta, P-Ti, and slight Zr—Hf
negative anomalies. We also noted that Groups 1 and
2 rocks show the differences in the degree of light rare
earth element (LREE) enrichment and the magnitude
of Nb—-Ta-Ti and Th-U anomalies. For example, the
Groups 1 and 3 rocks exhibit significant depletion of
Nb relative to La, with (Nb/La) = 0.22-0.38, in clear
contrast to Group 2 rocks where (Nb/ba&) 0.65-0.87
(Fig. 2a andTable ). There is also more significant
depletion of Th and U relative to La in the Group 3
rocks, with (Th/Lah = 0.29-0.48, compared with that
of other groups where (Th/La)y 0.72-1.27 for Group
1, and 0.58-0.88 for Group 2.

4.2. “OAr/39Ar geochronology

Representative whole-rock samples f8Ar/3°Ar
analyses were collected from the centers of three
fine-grained dolerite dikes (10-15m in width) from
Hujia’an, Zanhuang (JX-71 of Group 1), Canyansi,
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Fig. 4. Primitive mantle-normalized trace element patterns for un-
metamorphosed Paleoproterozoic mafic dikes in the Zanhuang do-
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Jingxing (JX-16 for Group 2), and Huangbeiping, Zan-
huang (JX-65 from Group 3), respectivelyig. 1b).
The trends of the three dikes are NE4@X-71),
NW340 (JX-65) and NE40 (JX-16), respectively.
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All the three samples hav®Ar/3°Ar spectra with
similar characteristicsHig. 5a, ¢ and e), and yielded
plateau ages of 1780% 0.5Ma (99JX-71), 1765.3
+ 1.1 Ma (99JX-16) and 1774 % 0.7 Ma (99JX-65),
which are defined by 80-83% of tofAr released for
seven successive intermediate- and high-temperature
steps at & level of uncertainty. Their Ca/K ratios
(Ca/K = 1.7887Arc4/*°Ark) show little variation with
successive heating steps. Their isochron- and inverse
isochron-agesHig. %, d and f) are similar to the
plateau agesT@able 2, and the inverse ordinate inter-
cepts {CAr/36Ar ratios = 283.9-292.7) yielded by the
36Ar/40Ar—39Ar/40Ar data are slightly lower than the
40Ar/38Ar ratio of 295.5 in the present-day atmosphere
(Table 2, suggesting no significant excéSar or 36Ar
loss. Therefore, the plateau ages (1765-1781 Ma) are
deemed to be reliable.

The approximate timing of mafic dike intrusion can
also be defined from several data sources. A pegmatite
vein from the Fuping complex, which offsets the re-
gionally metamorphosed and deformational structures
dated at 1875-1802 Mdkao etal., 2002a)byielded a
zircon SHRIMP U-Pb age of 17998 Ma (Wang etal.,
1997; Wilde et al., 1998 The Zanhuang complex has
striking similarities in lithology, time of major mag-
matism, deformation and metamorphic history to the
Fuping complexZhao et al., 2002a;.iu et al., 2002;
Wang et al., 2003aThe last regional ductile deforma-
tional structures in the Zanhuang complex were dated
at 1820-1790 Ma (miner4PAr/3°Ar method Wang et
al., 2003a,h The other constraint is that the oldest age
for the unmetamorphosed Changcheng Group is con-
sidered to be-1700 Ma (u and Li, 1991; Wang et al.,
2003h. All these facts suggest that the undeformed
and unmetamorphosed mafic dikes were very likely
intruded during the time interval of 1790-1700 Ma.
This is supported by the single-grain zircon U-Pb
age of 1769.4 2.5 Ma reported for the unmetamor-
phosed WNW-striking dolerite dike from the Heng-
shan domainHalls et al., 200 Therefore, the plateau
ages of 1781-1765Ma from the current study can
be interpreted to date the intrusion of these mafic
dikes.

4.3. Sr—Nd isotopes

The mafic dike rocks have a very narrow range in
Srisotopic ratios{’'SrféSr(t) = 0.704022-0.705388),
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Fig. 5. “0Ar/3%Ar age spectra and Ca/K ratios (a): 99JX-71, (c): 99JX-65, (e): 99JX-16, and inverse isochron age (b): 99JX-71, (d): 99JX-65,
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and fine lines show Ca/K ratios. SE®. 1b for the location of the samples.

and variable Nd isotopic valuespy(t) = —0.60 to —5.52). However, the Group 2 rocks show relatively

—b5.52), similar to that of the rift-related Paleoprotero- highereng(t) values (0.60 to—1.67).

zoic Xiong'er volcanics in the NCCefyq(t) = —3.8 to

—9.0,Zhao et al., 2002a)bln the87Srf8Sr(t) versus

end(t) diagram Fig. 6), most of the samples plot into 5. Discussion

the field witheng(t) value of less than 0 afdSrf8Sr(t)

ratio of >0.7045. The Group 1 rocks havRq(t) = The compositional variations amongst the three

—3.40 to—5.14, similar to that of Group 342.75t0  groups identified in the preceding sections most likely
reflect complicated magmatic processes and/or the na-

2.0 ; ture of the source. These characteristics can generally
@ (roun b be attributed to: (1) various amounts of assimilation-
00 i fractional crystallization of mantle-derived magma and
crustal contamination en route; (2) various degrees of
&gl partial melting of a homogeneous source at different
2 pressures and temperatures; and (3) mantle source vari-
w ability, e.g. metasomatised lithospheric mantle or hy-
40— bridized sourceBell and Simonetti, 1996
-0.0— .
5.1. Alteration effects
S0 ().7‘03 ().7‘04 ().7‘05 :1.7‘06 n.',!n? 0.708 The mafic dikes in the region might have been al-

tered to various degrees after intrusion, which can be
determined from petrographic observations and rela-

Fig. 6. ena(t) (t = 1770 Ma) vs. initiaP7SrA8Sr() diagram for Pale-  tively high loss on ignition in almost all the samples
oproterozoic mafic dikes in the Zanhuang domain. (2.20-4.01%). Some incompatible elements, such as

8751/8681(1)
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Rb, Ba and K, are known to be mobile during weather- tion between MgO and Cr and Nrig. 3h and i). The

ing (Deniel, 1998, as demonstrated by the considerable decrease of CaO/A0D3 with lowering MgO indicates
scatter in primitive—mantle-normalized patterns shown clinopyroxene fractionationHg. 3g). It is also noted

in Fig. 4 The age-correction of measur&@®rfeSrin- that Sr content increases slightly as MgO decreases
volves Rb concentrations, and thus the effect on initial (Fig. 3) and there are negligible negative Eu anoma-
87SrB8sr ratios is particularly important. However, the  lies, indicating that fractionation of plagioclase might
consistency demonstrated by the data set (except forbe insignificant.

Rb, K and Ba) in primitive—mantle-normalized patterns Although the details of the fractionation of the
(Fig. 4), suggests that absolute abundances and ratiosGroups 1 and 2 dikes are less well constrained, due to
of incompatible elements, such as REE, Th, U, Nb, Ta, the narrow compositional range, clinopyroxene frac-
Zr, Hf, Y, Ti, are the least sensitive to weathering. This tionation for Group 1 and olivine fractionation for
is supported by a large number of studi@sdhum et Group 2 can be proposed, based on the lov Mgues,

al., 1991; Deniel, 1998; Kerrich et al., 1999; Xu et al., and Crand Ni content§{g. 3h andi). Plagioclase frac-
2001). Accordingly, the following discussions focus on  tionation is essential for the Group 1 rocks, as reflected

these immobile elements angqy(t) value. in negative Sr anomalie&ig. 4a) and low Eu/Eu* val-

ues of 0.77-0.90. However, distinct incompatible ele-
5.2. Crustal contamination and magma ment ratios andyg(t) values Tables 1 and Bsuggest
fractionation that these geochemical features can not be explained by

a simple fractionation relationship amongst the groups.

The Group 1 rocks have high Th content and Th/Ta It is more likely that they have evolved from different
ratios of 3.84—6.29Table 1), but relatively constant  parental magmas.
(Nb/La)n, 87SrP8Sr(t) ratios andyq(t) values irrespec-
tive of SiO, content Tables 1 and B This suggests  5.3. Degree of partial melting
that these rocks encountered little to no crustal con-
tamination during their ascent. The Group 2 and 3  The distinctincompatible element patterns between
rocks contain low Th and U contents, with Th/Taratios the groups might be related to various degrees of par-
(1.56-3.19) near that of primitive mantle values (2.3). tial melting or to different depths of melting. In general,
Although (Nb/Lah ratios for the Group 2 rocks tend low La/Yb ratios reflect a melting regime dominated by
to decrease with magma evolutiofable 1), there is relatively large melt fractions and/or spinel as the pre-
no trend of increasin§’SrP8Sr() ratios or decreas-  dominantresidual phase, whereas high La/Yb ratios are
ing eng(t) values with increasing Si) as would be indicative of smaller melt fractions and/or garnet con-
expected in rocks affected by crustal contamination. trol (Xu etal., 2001; Deniel, 1998Therefore, the high
The (Nb/Laj ratios of 0.22—0.38 (average 0.31) for (La/Yb)nand (Gd/Ybhratios, in combination with rel-
the Group 1 and 3 rocks are near or even lower than atively low HREE abundance, for the Group 3 rocks
that of the average crust. The broad similarity in im- suggest that they may have formed by low degrees of
mobile incompatible element behavior for each group partial melting of a garnet-bearing source. The rela-
also suggests negligible crustal contamination en route tively low P,Os/Al 03 ratios (0.008-0.017) for these
through the crust. High (Nb/Layatios (0.65—-0.87) for ~ rocks also indicate a relatively low percentage of melt-
Group 2 therefore may reflect the source characteristicsing. For the Group 2 rocks, the flat REE patterns, near-
rather than crustal contamination. chondritic (Gd/Ybh, and low total REES, but relatively

Most mafic dikes do not represent primary melts, highHREE andY abundances, suggestarelatively high
as judged from their low MgO (mostly <8.0%), Mg  percentage of melting of mantle sources in the absence
(0.39-0.68) and Ni contents (48—339 ppm). These char- of garnet. The Group 1 rocks exhibit similar fraction-
acteristics suggest that they underwent a degree of frac-ation of HREE, but their relatively higher (La/Yib)
tional crystallization in magma chambers prior to em- ratios in comparison with the Group 2 rocks indicate
placement. The Group 3 rocks may have experienced that their formation involved a lower degree of melting.
fractionation of olivine and clinopyroxene from the The sample 99JX-68 has a higher (La/Yb) ratio and
parental magmas, supported by the positive correla- concentration of incompatible elements than the oth-
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ers, being likely ascribed to a lower degree of partial rocks exhibit two distinct linear trends. One formed by
melting. the Group 1 and Group 2 rocks strongly suggest the
The question remains as to whether these dikes mixing of the subduction-related lithospheric mantle
possibly represent the products of proportional par- end member characterized by the Group 1 rocks and
tial melting of a similar source. However, the ratios MORB-like component end member. The other con-
of incompatible elements with similar distribution co- stituted by the Group 3 rocks implies mixing of the
efficients (e.g. Th/Nb, Zr/Nb, Nb/La), which are the subduction-related lithospheric mantle, characterized
least susceptible to partial melting and fractional crys- by the Group 1 rocks, and the lower crust end mem-
tallization processes, show regular variation amongst ber with higher La/Nb and Zr/Nb, but lower Y/Nb, Th
the groups as illustrated ifable 1 Such variations  and U contentsKigs. &-—c). Same conclusion is also
in incompatible element ratios and isotopic composi- observed in the plot of incompatible elemental versus
tions potentially argue against a scenario that they were isotopic ratio Fig. 8d).
generated by variable degrees of partial melting of the ~ Th—U depletion can be partially caused by plagio-
same homogeneous source. We believe, therefore, thatlase accumulation in gabbros with extremely low (Th,
these differences most likely reflect source variability U)/Pb ratios Gancarz and Wasserburg, 1977; Sobolev
(i.e. two or more source components were involved). etal., 2000 and low partition coefficients for Th and U
relative to Ba and Lal(@Tourette et al., 1995 This
5.4. Source characteristics is also supported, to some extent, by the extremely
low (Th/La)n ratio of 0.02+ 0.01 for gabbros from
The Group 1 and 3 rocks show negative Nb—Ta Samail Chen and Pallister, 1984nd the Precambrian
anomalies and lowpnyg (t) values, and the former also  Gabal Gerf ophiolite in EgyptZimmer et al., 199b
have high Th—U content&{gs. /aand c). These finger-  Therefore, significant Th-U depletionkigs. 4 and d
prints indicate that a crustal component must have beensuggests the possibility that the Group 3 rocks were
involved in the generation of these mafic dikes. The the product of a refractory metasomatised lithospheric
most likely source therefore is the continental litho- mantle mixed with a gabbroic component. Then the
spheric mantle due to negligible crustal contamination question arises whether the involvement of gabbros oc-
during ascent, as discussed above. curredinthe source region or en route through the crust.
Depletion of Ta relative to La generally results from A possible scenario is that metasomatised lithospheric
metasomatism of the mantle source by subduction- mantle-derived magmas rose through the crust-mantle
related processes, and low (Hf/Smjatios imply a boundary and mixed with gabbro-derived melau(
mantle source that underwent carbonatitic metaso- et al., 200). Assuming that the Group 1 rocks repre-
matism (aFleche et al., 1998 The relatively high sent the metasomatised lithospheric end-member com-
(Hf/[Sm)nand low (Ta/Lai ratios of the Group 1 and 3  ponent and that (Th/La)is stable during the partial
rocks indicate that the cause of metasomatism may bemelting and crystallized fractionation, modeling cal-
a subduction- rather than a carbonatite-related processculations show that, to obtain the low (Th/baatios
(Fig. 7a). Nb is depleted relative to the LREEs and neg- of 0.29-0.48 (average of 0.34) for the Group 3 rocks,
ative Nb—Ta and Zr—Hf anomalies are well defined in at least 65% gabbro-derived melts are required (even
the Group 1 and 3 rocks. These characteristics, togetherwith the assumption of extremely low (Th/lredf 0.01
with low eng(t) values and relatively high LILE/HREE  for gabbro-derived melts). Itis unlikely that such a high
(or LILE/HFSE) ratios, are commonly interpreted as percentage of gabbro-derived melts was involved in the
the signatures of the addition of subduction-related flu- formation of the Group 3 rocks. The other possible sce-
ids into a depleted mantle sourdéefpezhinskas etal.,  narioisthatthe large negative Th—U anomalies resulted
1997. The trends irFig. 7b and c are also consistent  from the involvement of recycled plagioclase-rich gab-
with anincrease in hydrous metasomatismin their man- brosinthe magma sourddd¢fmann and Jochum, 1996;
tle source. Therefore, the Group 1 rocks most likely Sobolev et al., 2000In general, oceanic gabbros have
originated from a lithospheric mantle metasomatised high Nb/La ratios andng(t) values, and are likely to
by subducted fluids. In the diagrams of the incom- have substantial positive Sr and smaller positive Eu
patible element ratiodHg. 8a—c), Groups 1, 2 and 3 anomalies lofmann and Jochum, 1996; Sobolev et
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Fig. 7. Plots of (a) (Hf/Sm) vs. (Ta/La), (b) Ba/Y vs. Nb/Y, (c) Nb/Zr vs. Th/Zr, and (d) (Th/Bays. (Th/Lah for Paleoproterozoic mafic
dikes in the Zanhuang domain. (a) and (b) are respectively ldfitnann and Jochum (1998pdLaFleche et al. (1998)hile (c) and (d) are

from Kepezhinskas et al. (1997Jhe correlation in (c) and (d) suggests that the source of these mafic dikes has undergone fluid-related rather

than melt-related subduction metasomatism. The low Th basalts from Hawaiian volcBlod@suin and Jochum, 19Pére shown as shaded
fields in (d).

al., 200Q. However, except for a slightly positive Sr  sibly deformed to reach eclogite facie€doke and
anomaly in a few samples (99JX-51, -56, -57), insignif- O’Brien, 2003 during subduction, was recycled into
icant Srand Eu anomalies for most Group 3 rocks do not the mantle as eclogitic layers or pods to hybridise with
support the involvement of recycled oceanic gabbros. refractory peridotitesfemond et al., 1994 and such

As shown inFigs. 7 and 8the gabbroic end-memberis ascenariois proposed were for the Taihang Mountains.
required to have lower Nb/La, Y/Nb and Th-U, more As illustrated inFig. 8, the Groups 1 and 2 rocks
indicative of a gabbroic contribution from the lower plot along an array distinct from that of the Group 3
crust Hemond et al., 1994 We here propose that the rocks, and can be interpreted in terms of mixing be-
Group 3 rocks were derived from a hybridized source tween anend-member with the characteristics of Group
involving subduction-related lithospheric mantle and 1 and an end-member component with low Zr/Nb but
recycled gabbroic material. The gabbroic relics in the high Nb/La andsng(t) values, possibly equivalent to
lower crust likely came from rocks similar to either N-MORB. A positive correlation between Zr/Nb and
the high-pressure Jinggangku Formation (dominantly Y/Nb for Groups 1 and 2Kig. 8a) clearly indicates
gabbro/diorite) within the Wutai sequen&h@o et al., mixture of N-MORB with Group 1 end-member. High
1999 or earlier mafic dikes. In the Wutai/Hengshan (Th/La)nand (Ta/Lai ratios, and (Hf/Sm)ratios near
area Fig. 1a) the gabbroic component, which was pos- that for the N-MORB end membefFig. 7a and b),
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and Mcdonough, 19§9The data for the Groups 1 and 2 rocks follow a mixing array represented by the N-MORB and subduction-modified
continental lithospheric mantle end members. The data of the Group 3 rocks define another mixing array characterized by subduction-modified
lithospheric mantle and lower crustal end-members.

also suggest participation of an N-MORB component MORB mantle and a subduction-modified lithospheric
in the generation of Group 2. To quantitatively de- mantle.

termine the respective contributions of the two end-  We also need to address the important issue con-
members, modeling of incompatible element ratios has cerning the iron-enrichment in the Groups 1 and 2
been performed using Group 1 and N-MORB as two rocks. The Groups 1 and 2 rocks with high total FeO
potential components. The resultaid. 9 show that (FeOt) contents have higher Ti/Ti* (0.62—0.97, average
the addition of about 60% N-MORB componentinto a of 0.80) than the “normal” Group 3 rocks (0.53-0.76,
subduction-modified lithospheric mantle can account average of 0.66Jable ). This is inconsistent with
for the variations of the incompatible element ratios the fact that high-FeOt liquids should evolve at a rel-
in the Group 2 rocks. When the calculation parame- atively lower oxidation state than common tholeiitic
ters of Nd (ppm) andng(t) are 12 and-5 for the magma Juster and Grove, 1989ndicating that the
subduction-related lithospheric end-member, and 7 and high FeOt of the Groups 1 and 2 rocks might not be
+6 for the N-MORB end-member, respectivelun the result of low-pressure fractionation of a primitive
and McDonough, 1989; Hawkesworth et al., 198t magma with normal iron contentklénski, 1992. Ex-
similar proportion of N-MORB component (50-60%) perimental data show that FeOt in primitive magmas is
can explain the Nd isotopic variations. Consequently, positively related to pressure and, at a given pressure,
we explain the isotopic and incompatible elemental the FeOtin melts increases with increasing degrees of
characteristics of the Group 2 rocks as resulting from a partial melting Hirose and Kushiro, 1993Following

high degree of partial melting of a mixture between N- this reasoning, the high FeOt of the Groups 1 and 2
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into the lithospheric mantle can account for the variations of the incompatible element ratios for the Group 2 magmas.

rocks was probably generated at a higher pressure thament. The Group 2 rocks (with lower FeOt than Group
Group 3, and the Group 2 rocks (with higher degrees 1) likely had a high proportion of N-MORB involve-
of partial melting) should have higher FeOt than the ment. These characteristics appear to preclude the pos-
Group 1 rocks. This is in fact contrary to the results sibility of streaks in mantle plume starting-heads as the
discussed above. Hence, different pressure conditionsFe-rich source. The Groups 1 and 2 rocks display higher
and/or various degrees of partial melting cannot ade- FeOt contents than the Group 3 rocks, which are inter-
guately explain the high-FeOt contents of the Groups preted as the product of lithospheric mantle hybridized
1 and 2 rocks. A more reasonable explanation is that by a gabbroic (possible eclogitic) component. This
the high FeOt contents in the magmas were inherited indicates that the involvement of eclogite/pyroxenite
from the source. blobs can probably be ruled out in the generation of
Although there is no direct modern analogy to ex- high-FeOt magma in the region. Therefore, it is spec-
plain the petrogenesis of high FeOt rockeybourne ulated that generation of these high FeOt rocks is most
et al., 1999 due to their unique chemistries, four spec- likely related to partial melting of a garnet-free refrac-
ulative possibilities have been suggested to account fortory mantle residueHanski and Smolkin, 1995The
the iron-rich nature of the source. These are: (1) Fe- refractory mantle residues may have relatively high
rich streaks in mantle plume starting-heaHeizberg FeOt contents, and this will increase during melting,
and Zhang, 1996; Gibson et al., 2000; Kerrich et al., due to the moderately incompatible affinity of FeOt
1999; (2) “normal” Iherzolite with eclogite/pyroxenite  (Hirose and Kushiro, 1993The gabbroic input would
blobs/streaksHauri, 1996; Takahasi et al., 19943) probably lower the FeOt of the Group 3 magnxa et
mantle wedge metasomatised by slab melt and/or de-al., 200).
laminated refractory slabLéybourne et al., 1999
and (4) garnet-free refractory mantle residtiaigski 5.5. Tectonic implications
and Smolkin, 1995 However, as discussed above, the
dikes dominantly occurinthe Central Zone ofthe NCC, As discussed previously, there are two distinct mod-
and only rarely in the Eastern and Western blocks. The els for the~1800 Ma tectonothermal event in the Cen-
Group 1 rocks with high FeOt contents exhibit the fin- tral Zone of the NCC. One proposes rifting related to
gerprint of a subduction-modified lithospheric compo- mantle plumesZhai and Liu, 2003 and the other to
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a continental collisionZhao et al., 1999, 2000, 2001,
Zhao, 200). Our data for the Paleoproterozoic mafic
dikes provide some important constraints on this debate
and the evolution of the NCC.

The three groups of mafic dikes have different ori-
gins. Group 1 was derived from refractory lithospheric
mantle metasomatised by subduction-related fluids,
Group 2 originated from a mixture of refractory meta-
somatised lithospheric mantle with a proportion of an
N-MORB component; and Group 3 was the product of
a hybridized source between subduction-related litho-
spheric mantle and a substantial amount of gabbroic
component trapped into the source region during sub-
duction. These results appear to support the fact that
the source of these mafic rocks was initially related to
subduction-collision processes rather than to a mantle
plume.

Information from SHRIMP U—Pb dating indicates
that only one generation of metamorphic zircons oc-
curs in the metamorphic complexes in the Central Zone
of the NCC, which were dated at 1870-1820 Ma (e.g.
Wang et al., 1997; Wu and Zhang, 1998; Guan et al.,
2002 Zhao et al., 2000, 2001, 2002ahao, 2001
Wang et al. (2003agonsidered that pdeformation
in the region was dominated by WNW-ESE short-
ening and top-to-ESE thrusting in a collisional envi-
ronment. The B event (1820-1790 Ma) was charac-
terized by divergent extensionall{ang et al., 1994
and ductile shearing as a result of post-collision exten-
sional collapse and exhumation of the thickened crust
(Wang et al., 2003aThe D;—D,—D3 sequence dated
at 1870-1790 Ma seems to represent a full collision-
thrusting/thickening-extensional collapse cycle. These
data provide important support for the suggestion that
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the iron-rich magma (2.78-2.83 g/én the upward
transport of large amounts of melt would be difficult.
Brooks et al. (19913uggested that only part of such a

the Central zone of the NCC resulted from subduction- magma could rise to reach the surface/subsurface when
collision between the Western and Eastern Blocks at rapid rifting or extension occurred. The Groups 1 and
1870-1820 MaZhao etal., 1999, 2000, 2001, 2002a,b 2 rocks have higher FeOt contents in comparison to

Zhao, 200

The formation of these mafic dikes (1781-1765 Ma)
post-dated the P post-collisional extension
(1820-1790Ma). In Zr—zr/Y and Ti-Ti/Zr dia-
grams Fig. 10, all samples plot within, or near to, the
within-plate basalt field. This indicates that these mafic
dikes might have been generated during intraconti-
nental rifting as evidenced by the contemporaneous
Miaoxiangshan- Miyun and Zhongtiaoshan-Xiong'er
rifting-type magmatism in the NCC at+1760 Ma
(Zhao et al., 2002a)b Due to the high density of

normal tholeiitic basalts, highlighting the importance
of the rifting/extension environment. This is also
supported by reports that Fe-rich magma/basaltic
glasses are commonly observed at divergent plate
margins Brooks et al., 1991

Taking into account the geochemical characteris-
tics and the*CAr/3%Ar geochronology, we propose
here that a variety of source regions of the Paleo-
proterozoic mafic dikes initially developed during the
period of Paleoproterozoic subduction/collision be-
tween the Eastern and Western blocks of the NCC,
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and subsequently extension led to the formation of geneous sources formed during previous subduction/
actual magma in response to the uprising of astheno- collision.

spheric mantle. Ascending convective mantle heated

overlying garnet-free refractory mantle residue that
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