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Abstract: During Early Cretaceous, NNE-trending extensional basins filling with various volcanic-

sedimentary formations developed in the northeastern Da Hinggan Ling (Mts.), northeastern China. This

study investigates the formation age and geological background of Jiufengshan Formation, providing

insights into its tectonic setting and formation mechanisms. Detrital zircons from four sandstone samples of

Jiufengshan Formation in Nenjiang area indicate a maximum depositional age of 1161 Ma, corresponding

to late Early Cretaceous. Petrographic analysis and zircon age peak comparisons suggest these sandstones

originated from proximal deposits with nearby provenances of earlier and contemporaneous volcanic

rocks. Further research on the sandstone framework and trace elements in detrital zircons indicates that the

formation process of Jiufengshan Formation was likely related to the low-angle subduction of the Paleo-

Pacific plate.
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Introduction

The Central Asian Orogenic Belt (CAOB) is
one of the largest and longest-evolving accretionary
orogenic belts on Earth (Sengor et al., 1993, 2018;
Xiao et al., 2009), which is situated among the
Siberian, East European, Tarim and North China
cratons, extending from the Ural Mountains to the
Pacific coast (Jahn et al., 2000; Xiao et al., 2003,
2015; Wilde, 2015). The northeastern China, part of
the eastern segment of the CAOB, is referred to the
Xing’an—Mongolian Orogenic Belt (XMOB) (Liu
et al., 2017b, 2021; Zhang et al., 2019; Guan et al.,
2019), which witnessed the closure of the Paleo-
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Asian Ocean and the amalgamation of multiple
microcontinental massifs or terranes (Wu et al., 2011;
Tang et al., 2013; Zhou et al., 2013; Zhou et al., 2015;
Wilde, 2015; Fu et al., 2016, 2018; Mi et al., 2017;
Guan et al., 2019; Li et al., 2019) (Fig.1). During
early Mesozoic, the tectonic evolution of northeastern
China was dominated by the closure of the eastern
Paleo-Asian Ocean. Subsequently, in late Mesozoic,
widespread NW-SE extensional structures developed,
which influenced by superposition and transformation
from both the Mongol-Okhotsk tectonic domain in
the northwest and the Paleo-Pacific tectonic domain
in the east (Wu et al., 2007; Zhou et al., 2009; Li
et al.,2017) (Fig.1). During Early Cretaceous, a series
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of NNE-trending faulted basins characterized by the
development of the volcanic-sedimentary formations,
e.g., Ganhe Formation, Jiufengshan Formation and
Guanghua Formation, were formed in northeastern
Da Hinggan Ling (Mts.). The dynamic mechanisms
of these formations remain unclear (Liu et al., 2008b;
Yang et al., 2020).

Detrital zircons are resilient to weathering,
erosion, abrasion, and thermal alteration, enabling their
survival through multiple transportation events while
retaining a stable U-Pb isotopic system (Bruguier
& Lancelet, 1997; Lee et al., 1997; Cherniak &
Watson, 2000). Research shows that zircons in clastic
sediments reflect provenance characteristics and
illustrate the relationship between basin subsidence
and tectonic thermal events (Carter & Steve, 1999;
Fedo et al., 2003; Griffin et al., 2004; Moecher &
Samson, 2006; Kelty et al., 2008). This paper aims
to integrate petrology, zircon U-Pb geochronology
and trace element geochemistry of detrital zircons

to determine the provenance and tectonic setting of

sandstones from Jiufengshan Formation in Nenjiang

area of northeastern Da Hinggan Ling (Mts.).

1 Geological setting

The Da Hinggan Ling (Mts.) in northeastern
China (Fig.1) provides a comprehensive record of
Mesozoic evolution (Jiang et al., 2010; Wu et al.,
2011; Xu et al., 2013; Ouyang et al., 2015; Yuan et al.,
2018). During Early Cretaceous, the Dayangshu and
Heibaoshan—Handaqi basins formed in northeastern Da
Hinggan Ling (Mts.), characterized by the deposition
of the Jiufengshan Formation in Nenjiang area (Liu
et al., 2008b; Yang et al., 2020). Defined by the
109" team of the Heilongjiang Coalfield Geological
Exploration Bureau in 1973 in the Dayangshu Basin,
the Jiufengshan Formation consists of sedimentary,
volcanic and volcaniclastic rocks, along with plant
fossils (Liu et al., 2008b; Tong et al., 2008) (Fig.2). It
is located on the northeastern slope of the Da Hinggan
Ling (Mts.) and the northwestern slope of the Xiao

Hinggan Ling (Mts.), in conformable contact with

Fig.1 Main tectonic features in northeastern China (modified after Liu et al., 2017b; Liang et al., 2019)
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Fig.2 Detailed geological map with sampling locations (modified after Song et al., 2022)

the overlying Ganhe Formation and the underlying
Guanghua Formation. This paper presents an analysis
of four sandstone samples from the Jiufengshan
Formation through framework analysis and detrital

zircon dating.

2 Sample descriptions

Microscopic examination of sandstone samples
(21INJ1, 21NJ5-1, 21NJ6-1 and 21NJ8) from the
Jiufengshan Formation reveals similar immature
textures (Fig.3a-d; Table 1). These samples are poorly
sorted and primarily consist of angular clastics, indica-
ting low textural and compositional maturity. The
detrital grains mainly include lithic fragments, feldspar
and quartz. The lithic fragments are predominantly
andesitic, with a minor presence of rhyolitic frag-

ments. Feldspar is mainly plagioclase with minor

potassium feldspar, while quartz is predominantly
monocrystalline, exhibiting surface cracks and slight

undulating extinction with sub-grains.

3 Analytical methods

3.1 Sandstone framework analysis

The method for reconstructing provenance based
on framework constituent analysis was originated from
Dickinson et al. (1983), who summarized sandstone
detrital compositions across various global areas
and tectonic settings, and established discrimination
diagrams to differentiate provenance based on
sandstone compositions and modal contents. Garzanti
(2019) later refined this method. It involves statistical
data on constituents observed under the microscope,

representing tectonic settings through triangular
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Abbreviations: Lv, lithic volcanic fragment; Pl, plagioclase; Qm, monocrystalline quartz.

Fig.3 Typical macro- and micro-photographs

diagrams such as Qt-F-L and Qm-F-Lt diagrams.
In these diagrams, Qt denotes total quartz (Qm for
monocrystalline quartz and Qp for polycrystalline
quartz), F represents feldspar (Kf for K-feldspar and
PI for plagioclase), and Lt refers to total lithic (Lv
for lithic volcanic fragment, Ls for lithic sedimentary
fragment and Qp). In our study, we counted over
300 grains per thin section, recording the number and
size of different components to prepare for tectonic
discrimination diagrams from Dickinson et al. (1983).

Data are presented in Table 1.

Table 1 Detrital component contents (%) of sandstones

from Jiufengshan Formation

Sample No. Qt F L Qm F Lt
21NJ1 20 44 36 19 44 37
21NJ5-1 23 38 39 22 38 40
21NJ6-1 24 36 40 23 36 41
21NJ8 19 41 40 18 41 41

3.2 Zircon U-Pb dating
The LA-ICP-MS zircon U-Pb dating of four

sandstone samples was performed at the Key Labora-
tory of Mineral Resources Evaluation in Northeast
Asia, Ministry of Natural Resources, Jilin University.
To ensure representative ages, at least 60 zircon grains
were selected from each sandstone sample. Helium gas
was employed as the carrier gas to minimize aerosol de-
position at the ablation site and in transport tubing
(Andersen, 2002; Jackson et al., 2004; Vermeesch,
2004). The analysis utilized a 7500A mass spectrome-
ter with a German 193-ArF excimer laser, featuring a
32 pm ablation spot diameter and a frequency of 7 Hz.
The U-Pb isotope fractionation corrections were based
on the external age standards of 91500 and GJ-1, while
the NIST610 glass standard was employed for the
Pb, U and Th content calculations. Age distribution
diagrams were generated using **Pb/**U for grains
younger than 1 Ga and *’Pb/**Pb for those older than
1 Ga. All dated zircon grains have a concordance
within £10 %.
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4 Results

4.1 Sandstone framework analysis

The mineral content of four typical sandstone
samples from the Jiufengshan Formation was analy-
zed, and the results are presented in Table 1. In the
provenance discrimination diagram, all samples fall

within the transitional arc region (Fig.4).

4.2 Zircon U-Pb dating

The selected zircons from four dated sandstone
samples are euhedral to subhedral, with sizes ranging
from 60 to 120 pm (Fig.5), showing clear internal
structures and typical oscillatory growth zoning in
CL images. Their Th/U ratios (0.05-3.57) indicate a
magmatic origin (Pupin, 1980; Koschek, 1993; Hoskin

& Schaltegger, 2003) (Table 2).

For sample 21NJ1, 120 zircons were analyzed,
yielding 114 with less than 10% discordance (Table
2). The ***Pb/**U ages from these grains ranged from
875420 Ma to 113+5 Ma (Fig.6a), and divided into
seven groups: 875 Ma, 633 Ma, 469 Ma, 374-283 Ma
(66 grains, peak at 306 Ma), 253-202 Ma (37 grains,
peak at 225 Ma), 185-161 Ma (6 grains, peak at 172 Ma),
and 120113 Ma (2 grains).

In sample 21NJ5-1, 70 zircons were analyzed,
with 67 yielding less than 10% discordance (Table
2). The **Pb/**U ages from these concordant zircon
grains ranged from 524+14 Ma to 118+6 Ma (Fig.6b),
organized into four groups: 524 Ma, 342-277 Ma
(59 grains, peak at 303 Ma), 248-221 Ma (5 grains,
peak at 236 Ma), and 125-118 Ma (2 grains).

Fig.4 Provenance discrimination diagram of sandstone from Jiufengshan Formation (modified after Dickinson

etal., 1983)

Fig.5 Cathodoluminescence images of representative zircons of sandstones from Jiufengshan Formation



84

Jia X. H., Liang C. Y. and Zheng C. Q.

Table 2 Zircon U-Pb dating results of detrital zircons from Jiufengshan Formation

Isotopic ratio Age/Ma
No. Th/U
27pp/2pp lo 27pp/Ay lo pyfU - 1o *Pb/Pb 1o Pb/PU 1o Pb/PU o

2INJ1-1 0.051 1 0.0014 02424  0.0075  0.0344 0.0009 246 32 220 6 218 5 040
2INJ1-2 0.056 6 0.0042 04194 00305 00538 0.0017 476 104 356 22 338 11 063
2INJ1-3 0.052 4 0.0020 02712 00109  0.0375 0.0010 303 47 244 9 238 6 037
2INJ1-4 0.049 3 0.0022 02717 00126  0.0400 0.0011 160 60 244 10 253 7039
2INJ1-5 0.0523 0.0015 03588  0.0114 00498 0.0013 299 33 311 9 313 8 033
2INJ1-6 0.050 8 0.0017 02502  0.0091 00358 0.0009 229 41 227 7 226 6 071
2INJ1-7 0.050 7 0.0016 02581  0.0089 00369 0.0010 229 38 233 7 234 6 036
2INJ1-8 0.054 0 0.0060 03689 00396 00496 0.0019 371 171 319 29 312 12 055
2INJ1-9 0.0512 00017 02691 00096 00381 0.0010 250 39 242 8 241 6 031
2INJ1-10 0.0527 0.0052 03772 00361 00519 0.0019 316 151 325 27 326 12 066
2INJ1-11 0.053 5 0.0042 03721 00283 00504 0.0016 352 14 321 21 317 10 0.60
2INJI1-12 0.052 8 0.0048 03755 00337 00516 0.0018 321 141 324 25 324 1 062
2INJ1-13 0.054 2 0.0041 04202  0.0314 00563 0.0018 378 110 356 22 353 1 0.60
21NJ1-14 0.0527 0.0022 03522 00152  0.0485 0.0013 315 52 306 11 305 8 045
2INJI-15 0.053 3 0.0035 04009  0.0260 00546 0.0017 342 92 342 19 342 10 062
2INJ1-16 0.050 0 0.0021 02415 00104 00351 0.0009 194 53 220 9 222 6 072
2INJ1-17 0.0535 0.0038 04149 00292 00563 0.0018 349 103 352 21 353 11 047
2INJ1-18 0.050 1 0.0049 01946 00187  0.0282 0.0010 201 150 181 16 179 6 075
2INJ1-19 0.052 4 0.0056 03537  0.0367  0.0490 0.0019 302 165 308 28 308 11 051
21NJ1-20 0.049 7 0.0036 01730  0.0122  0.0253 0.0008 179 104 162 1 161 5 060
2INJ1-21 0.051 1 0.0015 02547  0.0082  0.0361 0.0009 247 34 230 7 229 6 033
2INJ1-22 0.053 1 0.0049 03563  0.0319 00487 0.0017 333 140 309 24 306 10 048
2INJ1-23 0.053 4 0.0062 03910 00439 00531 0.0022 345 179 335 32 334 13 075
2INJ1-24 0.0529 0.0038 03443 00245 00472 0.0015 324 105 300 19 297 9 055
2INJ1-25 0.0529 0.0045 03673 00303 00503 0.0017 326 126 318 2 316 10 058
2INJ1-26 0.053 5 0.0020 03642 00141 00494 0.0013 350 4 315 10 311 8 056
2INJ1-27 0.0539 0.0048 04209  0.0365 00567 0.0020 366 134 357 26 355 12 1.02
21NJ1-28 0.051 0 0.0045 02571 00224 00366 0.0013 239 134 232 18 232 8 079
2INJ1-29 0.056 2 0.0030 05853 00310 00755 0.0022 461 68 468 20 469 13 053
2INJ1-30 0.053 0 0.0023 03444 00151 00471 0.0013 328 53 300 1 297 8 128
2INJ1-31 0.053 5 0.0019 04011 00149 00544 0.0014 348 41 342 1 342 9 070
2INJ1-32 0.053 4 0.0041 03933  0.0298  0.0535 0.0017 345 13 337 22 336 11 054
2INJ1-33 0.055 6 0.0046 02643 00214 00345 0.0012 436 121 238 17 219 7 058
2INJ1-34 0.050 4 0.0018 02465  0.0090  0.0355 0.0009 213 41 224 7 225 6 040
2INJ1-35 0.054 2 0.0031 04166 00237 00558 0.0016 378 77 354 17 350 10 077
2INJ1-36 0.052 1 00021 03429 00142 00478 0.0013 289 49 299 11 301 1.16
2INJ1-37 0.0527 0.0030 03410 00195 00470 0.0014 315 78 298 15 296 8  1.04
2INJ1-38 0.054 0 0.0036 04040 00264 00542 0.0017 372 93 345 19 340 10 0.80
2INJ1-39 0.0512 0.0024 02501 00118 00354 0.0010 251 60 227 10 224 6 038
21NJ1-40 0.052 0 0.0051 03507  0.0337  0.0489 0.0018 286 151 305 25 308 11056
21NJ1-41 0.050 6 0.0033 02448 00158  0.0351 0.0011 220 9% 222 13 223 7065
2INJ1-42 0.053 6 0.0046 04078  0.0343  0.0552 0.0019 353 128 347 25 346 12 091
21NJ1-43 0.053 0 0.0050 03582  0.0332  0.0490 0.0018 330 145 311 25 308 1 054
2INJ1-44 0.049 4 0.0027 03355 00181  0.0493 0.0014 164 75 294 14 310 8 085
21NJ1-45 0.0527 0.0019 02713 00101 00374 0.0010 314 42 244 8 237 6 099
2INJ1-46 0.052 0 0.0035 03439 00231 00480 0.0015 285 99 300 17 302 9 051
2INJ1-47 0.053 3 0.0037 03675 00252 00500 0.0015 342 100 318 19 315 9 053
21NJ1-48 0.0522 0.0026 03360 00165 00467 0.0013 295 64 294 13 294 8 079
21NJ1-49 0.0525 0.0049 03643 00329 00503 0.0018 307 141 315 24 316 1 06l
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(continued Table 2)
Isotopic ratio Age/Ma
No. Th/U
*7Pb/*Pb lo *Tpb/ U lo PpbfU 16 PbAPb 1o Y"PbAPU 1e PBPU L o

21NJ1-50 0.053 8 0.002 8 0.426 8 0.022 3 0.0576  0.001 6 362 68 361 16 361 10 0.55
21NJ1-51 0.0523 0.004 9 0.353 6 0.0322 0.0491 0.0017 297 142 307 24 309 11 0.58
21NJ1-52 0.050 6 0.002 5 02422 0.0121 0.0347 0.0010 224 66 220 10 220 6 0.70
21NJ1-53 0.0520 0.002 8 03451 0.018 4 0.0481 0.0014 285 72 301 14 303 8 0.65
21NJ1-54 0.058 0 0.003 7 0.4273 0.026 8 0.0535 0.0016 529 85 361 19 336 10 0.70
21NJ1-55 0.052 6 0.004 8 0.343 9 0.030 7 0.0474  0.001 6 310 140 300 23 299 10 0.56
21NJ1-56 0.0515 0.003 9 0.333 6 0.024 6 0.0470 0.0015 264 111 292 19 296 9 0.68
21NJ1-57 0.050 0 0.001 8 0.2372 0.009 0 0.0344  0.0009 195 44 216 7 218 6 0.86
21NJ1-58 0.049 9 0.002 5 0.228 0 0.011 4 0.0332  0.0009 188 66 209 9 210 6 0.45
21NJ1-59 0.051 6 0.003 4 0.326 1 0.0215 0.0458 0.0014 269 97 287 16 289 8 0.62
21NJ1-60 0.047 5 0.003 9 03164 0.025 4 0.0484  0.0015 74 120 279 20 304 9 0.49
21NJ1-61 0.0512 0.001 8 04217 0.0153 0.0598 0.0015 252 42 357 11 374 9 0.60
21NJ1-62 0.050 5 0.003 7 0.3411 0.024 4 0.0490 0.0015 218 110 298 18 309 9 0.69
21INJ1-63 0.0551 0.004 1 0.390 0 0.028 1 0.0514 0.001 6 414 106 334 21 323 10 0.49
21INJ1-64 0.049 7 0.004 2 0.308 1 0.025 4 0.0451 0.0015 179 126 273 20 284 9 0.30
21INJ1-65 0.046 9 0.004 7 0.244 4 0.024 0 0.0379  0.0013 42 151 222 20 240 8 0.55
21NJ1-66 0.048 4 0.003 1 03185 0.020 3 0.0478 0.001 4 121 91 281 16 301 8 1.05
21NJ1-67 0.0472 0.002 1 0.229 8 0.0102 0.0354  0.0009 58 54 210 8 224 6 0.96
21NJ1-68 0.0513 0.003 5 04167 0.028 2 0.0590 0.0017 256 101 354 20 369 11 0.60
21NJ1-69 0.046 9 0.0114 0.114 5 0.027 3 0.0177  0.000 8 45 404 110 25 113 5 0.96
21NJ1-70 0.045 4 0.003 6 0.1720 0.013 5 0.0275  0.000 8 - 113 161 12 175 5 0.63
21INJ1-71 0.063 7 0.001 7 0.905 1 0.0259 0.1032 0.0025 731 27 654 14 633 15 0.34
21NJ1-72 0.051 6 0.001 5 0.2509 0.007 9 0.0353  0.0009 268 34 227 6 224 5 0.66
21NJ1-73 0.049 1 0.001 4 0.248 9 0.007 6 0.036 8  0.0009 154 33 226 6 233 6 0.39
21NJ1-74 0.0527 0.0019 0.4200 0.0159 0.0579 0.0015 315 43 356 11 363 9 0.68
21NJ1-75 0.0502 0.002 0 0.240 3 0.009 7 0.0348  0.0009 206 49 219 8 220 6 1.10
21NJ1-76 0.058 2 0.003 2 0.476 9 0.026 1 0.0595  0.0017 539 71 396 18 372 10 1.32
21NJ1-77 0.058 5 0.003 4 0.3958 0.0229 0.0491 0.0014 550 76 339 17 309 9 0.75
21NJ1-78 0.0570 0.005 5 0.383 3 0.036 1 0.0488 0.001 8 492 143 329 26 307 11 0.63
21NJ1-79 0.067 7 0.001 7 1.3549 0.0370 0.1453  0.003 5 860 25 870 16 875 20 0.56
21NJ1-80 0.048 1 0.002 7 0.124 6 0.006 9 0.0188  0.0005 105 75 119 6 120 3 0.55
21NJ1-81 0.0540 0.001 5 0.269 8 0.008 1 0.0363  0.0009 369 31 243 6 230 6 0.54
21NJ1-82 0.049 5 0.001 5 0.234 6 0.007 7 0.0344  0.0009 173 36 214 6 218 5 0.64
21NJ1-83 0.053 6 0.002 4 0.373 1 0.016 8 0.0505 0.0013 356 55 322 12 318 8 0.36
21NJ1-84 0.054 3 0.001 4 0.2655 0.007 7 0.0355  0.0009 384 29 239 6 225 5 0.43
21NJ1-85 0.0573 0.003 5 0.3539 0.0211 0.0449 0.0013 502 81 308 16 283 8 0.61
21NJ1-86 0.0517 0.002 1 0.3819 0.016 1 0.0537 0.001 4 273 51 328 12 337 9 0.52
21NJ1-87 0.050 4 0.0019 03314 0.0132 0.0478  0.0012 213 47 291 10 301 8 0.94
21NJ1-88 0.0510 0.0019 0.349 6 0.0134 0.0498  0.001 3 242 45 304 10 313 8 1.16
21NJ1-89 0.054 4 0.004 5 02181 0.0175 0.0291 0.0010 387 122 200 15 185 6 0.51
21NJ1-90 0.0499 0.002 9 0.224 6 0.0117 0.0326  0.0008 191 133 206 10 207 5 0.35
21NJ1-91 0.057 4 0.002 8 0.4229 0.020 6 0.0535 0.0015 506 60 358 15 336 9 0.54
21INJ1-92 0.056 6 0.002 5 0.4159 0.0190 0.0533 0.001 4 478 55 353 14 335 9 0.56
21INJ1-93 0.053 9 0.002 3 0.265 4 0.011 8 0.0358  0.001 0 365 54 239 9 227 6 0.84
21NJ1-94 0.050 3 0.002 3 0.2556 0.011 8 0.0369  0.001 0 210 59 231 10 233 6 0.55
21NJ1-95 0.051 6 0.001 9 0343 6 0.0132 0.0484  0.001 3 266 44 300 10 305 8 0.74
21NJ1-96 0.049 5 0.001 3 0.1819 0.005 4 0.0267  0.000 7 173 31 170 5 170 4 0.57
21NJ1-97 0.0554 0.002 1 0.259 1 0.0103 0.0339  0.0009 429 45 234 8 215 6 1.16
21NJ1-98 0.050 5 0.001 4 0.248 9 0.007 5 0.0358  0.0009 217 32 226 6 227 6 0.36




86 Jia X. H., Liang C. Y. and Zheng C. Q.

(continued Table 2)
Isotopic ratio Age/Ma
No. Th/U
*Pb/*Pb lo *Tpb/ U lo pofU 1e PbA"Pb 1e YPbAPU 1 PBPU 1o

21NJ1-99 0.0558 0.003 1 0.362 8 0.020 0 0.0472  0.001 3 446 73 314 15 297 8 0.79
21NJ1-100 0.0517 0.004 3 0.3692 0.028 9 0.0518 0.001 4 272 190 319 21 326 9 0.53
21INJ1-101 0.053 3 0.001 4 0.259 8 0.007 5 0.0353  0.0009 343 29 235 6 224 5 0.33
21NJ1-102 0.0510 0.006 6 0.3367 0.0419 0.0479  0.001 6 241 281 295 32 302 10 0.61
21NJ1-103 0.054 5 0.002 5 0.239 6 0.0113 0.0319  0.0009 391 59 218 9 202 5 0.88
21NJ1-104 0.050 6 0.002 0 0.2369 0.009 6 0.0339  0.0009 224 49 216 8 215 6 0.46
21NJ1-105 0.0556 0.002 8 0.389 6 0.019 6 0.0508  0.001 4 436 64 334 14 320 9 0.64
21NJ1-106 0.0558 0.002 1 0.274 6 0.010 6 0.0357  0.0009 444 43 246 8 226 6 0.66
21NJ1-107 0.0521 0.001 5 02429 0.007 6 0.0338 0.0009 292 33 221 6 214 5 0.28
21NJ1-108 0.052 4 0.003 7 0.343 8 0.024 0 0.0475 0.0015 304 103 300 18 299 9 0.54
21NJ1-109 0.058 2 0.002 3 0.4273 0.017 4 0.0532 0.0014 539 45 361 12 334 9 0.74
21NJ1-110 0.053 7 0.002 8 0.4102 0.021 6 0.0554  0.001 6 357 69 349 16 348 10 0.59
21NJ1-111 0.055 6 0.002 1 0.273 6 0.010 6 0.0357  0.0009 435 43 246 8 226 6 0.52
21NJ1-112 0.052 8 0.003 5 0.191 4 0.0125 0.0262  0.000 8 322 94 178 11 167 5 0.70
21NJ1-113 0.055 1 0.002 1 04226 0.016 6 0.0556 0.0015 414 44 358 12 349 9 0.55
2INJ1-114 0.0511 0.002 8 02590 0.014 1 0.0367 0.0010 244 74 234 11 233 6 0.72
21NJ5-1-1 0.053 5 0.003 7 0.3502 0.024 1 0.0475 0.0015 352 98 305 18 299 9 0.43
21NJ5-1-2 0.053 0 0.001 7 0.3576 0.012 8 0.0490 0.0013 330 38 310 10 308 8 0.51
21NJ5-1-3 0.053 1 0.002 4 0.3582 0.016 5 0.0490 0.001 4 332 56 311 12 308 8 0.46
21NJ5-1-4 0.0529 0.0019 0.353 8 0.013 8 0.0486  0.0013 324 44 308 10 306 8 0.49
21NJ5-1-5 0.058 0 0.002 3 0.6770 0.0279 0.0847  0.002 4 529 46 525 17 524 14 0.30
21NJ5-1-6 0.0529 0.003 0 0.344 1 0.019 6 0.0472  0.001 4 323 76 300 15 297 9 0.44
21NJ5-1-7 0.052 6 0.002 5 0.3458 0.016 7 0.0478 0.001 4 309 61 302 13 301 8 0.49
21NJ5-1-8 0.0530 0.003 1 0.3824 0.022 4 0.0523 0.0016 330 79 329 16 329 10 0.36
21NJ5-1-9 0.052 6 0.002 1 0.366 8 0.0152 0.0506 0.0014 313 48 317 11 318 9 0.44
21NJ5-1-10 0.0529 0.002 2 0.3598 0.0155 0.0493 0.001 4 326 51 312 12 310 8 0.35
21NJ5-1-11 0.053 5 0.004 0 0.3852 0.028 8 0.0523  0.0017 348 110 331 21 329 11 0.68
21NJ5-1-12 0.0532 0.002 6 0.3774 0.0190 0.0515 0.0015 337 64 325 14 324 9 0.43
21NJ5-1-13 0.052 8 0.002 5 03519 0.016 9 0.0484  0.001 4 318 60 306 13 305 8 0.47
21NJ5-1-14 0.0511 0.003 3 0.276 1 0.0177 0.0392  0.0012 244 91 248 14 248 7 0.73
21NJ5-1-15 0.052 4 0.002 8 0.343 0 0.018 5 0.0475 0.001 4 304 71 299 14 299 8 0.44
21NJ5-1-16 0.052 4 0.002 1 0.3500 0.014 6 0.0485 0.0013 302 48 305 11 305 8 0.44
21NJ5-1-17 0.0525 0.002 6 0.346 3 0.0172 0.0479  0.001 4 307 63 302 13 301 8 0.47
21NJ5-1-18 0.052 4 0.002 5 0.348 6 0.0169 0.0483  0.001 4 304 61 304 13 304 8 0.42
21NJ5-1-19 0.0521 0.004 3 0.267 6 0.021 7 0.0373  0.0013 288 124 241 17 236 8 0.74
21NJ5-1-20 0.0517 0.002 0 03379 0.013 6 0.0474  0.0013 271 47 296 10 299 8 0.49
21NJ5-1-21 0.0529 0.002 0 0.3462 0.0135 0.0475  0.0013 325 44 302 10 299 8 0.78
21NJ5-1-22 0.0529 0.002 9 0.363 6 0.020 3 0.0499  0.0015 323 75 315 15 314 9 0.44
21NJ5-1-23 0.052 8 0.002 4 0.3713 0.0173 0.0510 0.001 4 319 57 321 13 321 9 0.52
21NJ5-1-24 0.052 6 0.002 6 0.353 8 0.0177 0.0488 0.001 4 311 64 308 13 307 9 0.44
21NJ5-1-25 0.052 3 0.002 3 0.3393 0.0155 0.0471 0.0013 297 56 297 12 297 8 0.32
21NJ5-1-26 0.0528 0.001 9 03509 0.0134 0.0482  0.001 3 321 43 305 10 303 8 0.44
21NJ5-1-27 0.0530 0.002 1 0.360 0 0.0150 0.0492  0.001 3 330 48 312 11 310 8 0.37
21NJ5-1-28 0.0530 0.002 0 0.366 1 0.014 3 0.0501 0.001 4 328 44 317 11 315 8 0.35
21NJ5-1-29 0.053 1 0.002 0 0.3599 0.014 3 0.0492  0.0013 331 45 312 11 310 8 0.44
21NJ5-1-30 0.053 1 0.002 5 0.360 6 0.0170 0.0493  0.0014 332 58 313 13 310 8 0.47
21NJ5-1-31 0.052 4 0.002 1 0.3395 0.014 3 0.0470  0.0013 303 50 297 11 296 8 0.53
21NJ5-1-32 0.052 6 0.002 5 0.3492 0.0172 0.0482 0.001 4 310 62 304 13 303 8 0.50
21NJ5-1-33 0.0527 0.002 9 0.347 8 0.0191 0.0479  0.001 4 317 73 303 14 301 9 0.46
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(continued Table 2)
Isotopic ratio Age/Ma
No. Th/U
*Pb/*Pb lo *Tpb/ U lo pofU 1e PbA"Pb 1e YPbAPU 1 PBPU 1o

21NJ5-1-34 0.052 5 0.0019 0.3519 0.0133 0.0486  0.0013 309 42 306 10 306 8 0.39
21NJ5-1-35 0.052 6 0.001 9 03354 0.0128 0.0462 0.0012 313 43 294 10 291 8 0.62
21NJ5-1-36 0.0522 0.002 2 0.3452 0.0152 0.0480 0.0013 294 53 301 11 302 8 0.46
21NJ5-1-37 0.052 6 0.002 6 03721 0.018 8 0.0513 0.0015 313 65 321 14 322 9 0.39
21NJ5-1-38 0.0525 0.0019 0.356 7 0.0139 0.0493  0.0013 307 44 310 10 310 8 0.43
21NJ5-1-39 0.0533 0.004 9 0.384 8 0.0349 0.0524 0.0019 342 140 331 26 329 12 0.43
21NJ5-1-40 0.052 8 0.002 0 0.3571 0.014 0 0.0490 0.0013 322 45 310 10 308 8 0.45
21NJ5-1-41 0.050 8 0.002 9 0.2570 0.0149 0.0367 0.001 1 230 80 232 12 232 7 0.99
21NJ5-1-42 0.052 1 0.003 1 0.3389 0.0202 0.0472  0.001 4 288 83 296 15 297 9 0.44
21NJ5-1-43 0.0525 0.002 9 03369 0.0189 0.0465 0.0014 308 76 295 14 293 8 0.47
21NJ5-1-44 0.052 7 0.001 7 03424 0.0121 0.0471 0.0012 316 38 299 9 297 8 0.42
21NJ5-1-45 0.0527 0.001 8 03515 0.0130 0.0484  0.001 3 314 41 306 10 305 8 0.58
21NJ5-1-46 0.052 6 0.002 0 0.3658 0.0144 0.0504 0.0014 311 45 317 11 317 8 0.40
21NJ5-1-47 0.052 4 0.002 5 0.344 9 0.016 8 0.0477  0.0013 303 62 301 13 301 8 0.36
21NJ5-1-48 0.052 7 0.002 4 0.3502 0.016 1 0.0482  0.0013 315 57 305 12 303 8 0.42
21NJ5-1-49 0.052 4 0.003 8 0.3347 0.0239 0.046 3 0.0015 303 105 293 18 292 9 0.56
21NJ5-1-50 0.054 6 0.002 8 0.363 0 0.0190 0.0482  0.001 4 397 68 314 14 303 8 0.42
21NJ5-1-51 0.0525 0.002 7 03435 0.0180 0.0475 0.001 4 306 69 300 14 299 8 0.36
21NJ5-1-52 0.0529 0.001 8 0.353 6 0.0130 0.0485 0.0013 324 40 307 10 305 8 0.61
21NJ5-1-53 0.052 8 0.002 1 03351 0.0137 0.0460 0.0012 321 47 293 10 290 8 0.93
21NJ5-1-54 0.052 8 0.002 4 0.3542 0.016 7 0.0487  0.0013 320 59 308 13 306 8 0.58
21NJ5-1-55 0.0529 0.002 4 0.3556 0.016 4 0.0488 0.0013 322 57 309 12 307 8 0.49
21NJ5-1-56 0.0523 0.001 8 0.3297 0.012 4 0.0458 0.0012 297 42 289 9 288 7 0.40
21NJ5-1-57 0.052 8 0.001 7 0.3573 0.0127 0.0491 0.0013 321 39 310 10 309 8 0.51
21NJ5-1-58 0.0527 0.003 3 0.357 6 0.022 3 0.0493  0.0015 314 88 310 17 310 9 0.64
21NJ5-1-59 0.0511 0.002 5 0.267 8 0.0131 0.0380 0.0011 247 63 241 10 240 7 0.52
21NJ5-1-60 0.0511 0.0156 0.130 6 0.0395 0.0185 0.0010 245 454 125 35 118 6 0.69
21NJ5-1-61 0.0555 0.001 7 03357 0.010 6 0.0439  0.0010 433 34 294 8 277 6 0.83
21NJ5-1-62 0.054 7 0.006 0 0.2632 0.028 2 0.0349 0.0013 400 176 237 23 221 8 0.06
21NJ5-1-63 0.057 5 0.003 4 0.3509 0.020 3 0.0442  0.0012 512 80 305 15 279 7 0.46
21NJ5-1-64 0.058 8 0.004 1 0.4417 0.030 4 0.0545 0.0016 561 99 371 21 342 10 0.81
21NJ5-1-65 0.0579 0.002 7 0.3824 0.0179 0.0479  0.0012 527 59 329 13 301 8 0.36
21NJ5-1-66 0.054 7 0.001 7 03364 0.0110 0.0446 0.0011 400 35 294 8 281 6 0.68
21NJ5-1-67 0.049 7 0.002 9 0.1338 0.007 7 0.0196  0.0005 179 85 127 7 125 3 0.05
21NJ6-1-1 0.056 9 0.005 1 0.396 8 0.0335 0.0506  0.0015 486 204 339 24 318 9 0.45
21NJ6-1-2 0.0527 0.003 0 0.3629 0.020 4 0.0499 0.001 4 316 77 314 15 314 9 0.41
21NJ6-1-3 0.052 1 0.002 2 0.329 7 0.014 3 0.0459  0.001 2 288 53 289 11 289 7 0.48
21NJ6-1-4 0.052 1 0.003 5 03420 0.0225 0.0476 0.0014 289 96 299 17 300 9 0.46
21NJ6-1-5 0.0522 0.002 0 03343 0.0134 0.0465 0.0012 294 47 293 10 293 7 0.59
21NJ6-1-6 0.0514 0.004 0 0.348 3 0.025 4 0.0492  0.001 3 258 178 303 19 309 8 0.54
21NJ6-1-7 0.056 9 0.003 1 0.3692 0.020 3 0.0471 0.0013 486 72 319 15 297 8 0.51
21NJ6-1-8 0.0530 0.002 0 03572 0.014 3 0.0489  0.0013 328 47 310 11 308 8 0.41
21NJ6-1-9 0.055 3 0.002 4 0.3592 0.0157 0.047 1 0.0013 423 52 312 12 297 8 0.55
21NJ6-1-10 0.053 1 0.0019 0.363 6 0.0139 0.0497 0.0013 333 43 315 10 312 8 0.45
21NJ6-1-11 0.052 8 0.001 8 0.3523 0.0125 0.0484  0.0012 318 39 306 9 305 8 0.49
21NJ6-1-12 0.052 8 0.001 6 0.3472 0.0116 0.0477  0.0012 320 36 303 300 7 0.47
21NJ6-1-13 0.052 8 0.001 6 0.3472 0.0113 0.0477  0.0012 322 34 303 8 300 7 0.38
21NJ6-1-14 0.0577 0.002 4 0.409 9 0.0172 0.0515 0.0014 519 48 349 12 324 8 0.44
21NJ6-1-15 0.053 1 0.0019 0.3562 0.0135 0.0487  0.0013 333 43 309 10 306 8 0.46




88 Jia X. H., Liang C. Y. and Zheng C. Q.

(continued Table 2)
Isotopic ratio Age/Ma
No. Th/U
*7Pb/*Pb lo *Tpb/ U lo PpbfU 16 PbAPb 1o Y"PbAPU 1e PBPU L o

21NJ6-1-16 0.0555 0.002 3 0.3652 0.0152 0.0478  0.001 3 431 49 316 11 301 8 0.39
21NJ6-1-17 0.051 4 0.004 5 0.3372 0.028 3 0.0476  0.0013 258 202 295 21 300 8 0.43
21NJ6-1-18 0.052 2 0.001 6 0.3519 0.0115 0.0489  0.0012 295 35 306 9 308 8 0.48
21NJ6-1-19 0.052 4 0.002 1 0.3351 0.0137 0.0464  0.0012 303 48 293 10 292 7 0.48
21NJ6-1-20 0.052 8 0.001 6 0.354 8 0.0113 0.0487  0.0012 320 33 308 8 307 7 0.47
21NJ6-1-21 0.054 6 0.004 5 0.3419 0.026 4 0.0454  0.0013 395 188 299 20 286 8 0.40
21NJ6-1-22 0.0524 0.0019 0.344 6 0.0130 0.0478  0.0012 301 43 301 10 301 8 0.45
21NJ6-1-23 0.052 8 0.002 1 0.3527 0.0145 0.0485 0.0013 318 49 307 11 305 8 0.46
21NJ6-1-24 0.0570 0.002 8 03821 0.0191 0.0487 0.0013 490 63 329 14 306 8 0.59
21NJ6-1-25 0.051 4 0.003 6 0.328 5 0.021 0 0.0463  0.0012 260 159 288 16 292 8 0.36
21NJ6-1-26 0.0518 0.003 6 0.3355 0.0219 0.0470 0.0013 278 162 294 17 296 8 0.43
21NJ6-1-27 0.0513 0.003 9 0.340 5 0.024 2 0.0481 0.0013 256 174 298 18 303 8 0.46
21NJ6-1-28 0.054 3 0.004 5 03313 0.026 0 0.0442 0.0012 384 191 291 20 279 7 0.65
21NJ6-1-29 0.052 3 0.004 5 03422 0.028 0 0.0475  0.0013 297 197 299 21 299 8 0.65
21NJ6-1-30 0.0529 0.002 2 03592 0.0155 0.0493  0.001 3 323 52 312 12 310 8 0.36
21NJ6-1-31 0.0537 0.002 8 0.363 4 0.0190 0.0491 0.001 4 357 69 315 14 309 8 043
21NJ6-1-32 0.052 3 0.002 2 0.3539 0.0150 0.0491 0.0013 299 51 308 11 309 8 0.47
21NJ6-1-33 0.0519 0.001 6 0.3276 0.010 7 0.0458 0.0012 281 35 288 8 289 7 0.50
21NJ6-1-34 0.053 3 0.001 7 0.343 3 0.0116 0.0467 0.0012 340 36 300 9 294 7 0.37
21NJ6-1-35 0.0550 0.001 8 0.342 6 0.0117 0.0452 0.0011 413 36 299 9 285 7 0.39
21NJ6-1-36 0.0570 0.002 8 0.394 8 0.0192 0.0503  0.001 4 490 61 338 14 316 8 0.48
21NJ6-1-37 0.0549 0.001 6 0.376 5 0.0119 0.0497  0.0012 410 32 324 9 313 8 0.35
21NJ6-1-38 0.0532 0.004 2 03716 0.027 5 0.0507  0.001 4 337 182 321 20 319 8 0.42
21NJ6-1-39 0.0521 0.001 5 0.346 5 0.0109 0.0482 0.0012 291 33 302 8 304 7 0.38
21NJ6-1-40 0.054 5 0.002 0 0.3544 0.0135 0.0472  0.0012 391 43 308 10 297 7 0.61
21NJ6-1-41 0.0511 0.004 2 0.324 8 0.0252 0.0461 0.0012 247 188 286 19 290 8 0.45
21NJ6-1-42 0.052 8 0.001 8 0.353 4 0.012 4 0.0486  0.001 2 318 39 307 9 306 8 0.41
21NJ6-1-43 0.052 4 0.003 3 0.3255 0.020 3 0.0451 0.0013 302 90 286 16 284 8 0.69
21NJ6-1-44 0.054 2 0.002 0 0.3304 0.0125 0.0442 0.0011 378 42 290 10 279 7 0.42
21NJ6-1-45 0.052 6 0.001 8 0.3303 0.011 8 0.0456 0.0012 310 40 290 9 287 7 0.48
21NJ6-1-46 0.053 0 0.003 1 0.3670 0.021 2 0.0502  0.001 4 328 80 317 16 316 9 0.48
21NJ6-1-47 0.052 0 0.003 6 0.3382 0.0215 0.0472  0.0012 286 159 296 16 297 8 0.42
21NJ6-1-48 0.0521 0.002 2 0.344 0 0.014 6 0.0479  0.0013 288 51 300 11 302 8 0.21
21NJ6-1-49 0.057 6 0.006 5 0.368 0 0.040 2 0.0463  0.0013 514 256 318 30 292 8 0.41
21NJ6-1-50 0.0522 0.001 8 0.3209 0.011 4 0.0446  0.001 1 295 39 283 9 281 7 0.35
21NJ6-1-51 0.0542 0.001 7 0.356 1 0.0121 0.0477  0.0012 378 36 309 9 300 7 0.38
21NJ6-1-52 0.0527 0.001 4 0.3370 0.0101 0.0464 0.0012 314 31 295 8 292 7 0.47
21NJ6-1-53 0.0530 0.002 0 03534 0.014 1 0.0483 0.0013 330 47 307 11 304 8 0.47
21NJ6-1-54 0.0511 0.002 1 0.3258 0.0139 0.0462 0.0012 246 52 286 11 291 7 0.44
21NJ6-1-55 0.053 9 0.001 8 0.3451 0.012 4 0.0464  0.001 2 366 39 301 9 293 7 0.38
21NJ6-1-56 0.047 8 0.002 5 0.2456 0.0132 0.0372  0.001 1 90 70 223 11 235 7 0.82
21NJ6-1-57 0.053 8 0.004 8 0.1859 0.016 3 0.0250  0.0009 363 134 173 14 159 6 1.59
21NJ6-1-58 0.048 7 0.010 7 0.176 1 0.038 5 0.0262  0.0011 133 335 165 33 167 7 3.57
21NJ6-1-59 0.048 0 0.0122 0.1375 0.0340 0.0208  0.001 3 97 339 131 30 133 8 1.43
21NJ6-1-60 0.056 2 0.003 2 03524 0.020 5 0.0454 0.0014 461 76 307 15 286 9 0.63
21NJ6-1-61 0.0459 0.008 3 0.1179 0.020 8 0.0186  0.0009 - 249 113 19 119 6 1.16
21NJ6-1-62 0.0557 0.004 7 0.259 6 0.0215 0.0338 0.0012 440 123 234 17 214 7 1.28
21NJ6-1-63 0.048 5 0.013 1 0.1313 0.034 7 0.0196 0.0013 125 371 125 31 125 8 0.80
21NJ6-1-64 0.046 9 0.0101 0.1189 0.0252 0.0184 0.0010 42 301 114 23 118 6 1.45
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(continued Table 2)
Isotopic ratio Age/Ma
No. Th/U
*Pb/*Pb lo *Tpb/ U lo pofU 1e PbA"Pb 1e YPbAPU 1 PBPU 1o

21NJ6-1-65 0.050 6 0.009 1 0.1297 0.022 8 0.0186  0.0009 220 283 124 21 119 6 1.01
21NJ6-1-66 0.048 3 0.0110 0.1211 0.026 9 0.0182  0.001 1 113 313 116 24 116 7 1.49
21NJ6-1-67 0.0453 0.009 2 0.116 6 0.023 1 0.0187  0.0009 - 266 112 21 119 6 1.85
21NJ6-1-68 0.056 6 0.003 1 03195 0.017 8 0.0410 0.0012 476 72 281 14 259 7 0.79
21NJ6-1-69 0.056 0 0.003 0 03919 0.0215 0.0508 0.0015 452 72 336 16 320 9 1.45
21NJ6-1-70 0.0529 0.005 9 0.1325 0.014 3 0.0182  0.000 7 325 173 126 13 116 4 1.82
21NJ6-1-71 0.048 0 0.013 1 0.1222 0.0324 0.0185 0.001 4 99 358 117 29 118 9 1.30
21NJ6-1-72 0.0525 0.0117 0.1415 0.030 7 0.0196  0.001 2 306 339 134 27 125 7 0.82
21NJ6-1-73 0.045 1 0.006 9 0.116 6 0.017 4 0.0188  0.000 8 - 216 112 16 120 5 1.61
21NJ6-1-74 0.0509 0.005 5 0.1311 0.0138 0.0187  0.0007 236 169 125 12 119 4 1.01
21NJ6-1-75 0.049 1 0.005 6 0.1262 0.014 1 0.0187  0.000 7 154 181 121 13 119 4 1.67
21NJ6-1-76 0.050 6 0.008 6 0.1302 0.0215 0.0187  0.0009 220 274 124 19 120 6 1.61
21NJ6-1-77 0.0499 0.0050 0.263 1 0.0259 0.0383  0.0013 192 158 237 21 242 8 0.42
21NJ6-1-78 0.0557 0.005 5 0.279 4 0.026 7 0.0365 0.0013 441 149 250 21 231 8 1.56
21NJ6-1-79 0.054 7 0.003 1 0.363 2 0.018 6 0.0481 0.0012 401 132 315 14 303 7 0.31
21NJ6-1-80 0.045 8 0.004 0 0.2589 0.022 6 0.0411 0.0013 - 132 234 18 260 8 0.50
21NJ6-1-81 0.050 2 0.0052 0.2650 0.026 6 0.0383  0.0011 204 235 239 21 242 7 0.70
21NJ6-1-82 0.0517 0.0107 0.1310 0.026 4 0.0185 0.0011 272 312 125 24 118 7 1.09
21NJ6-1-83 0.056 0 0.003 9 0.2718 0.018 5 0.0353  0.001 1 452 96 244 15 224 7 0.90
21NJ6-1-84 0.049 4 0.009 5 0.127 7 0.0239 0.0188 0.0010 167 286 122 22 120 6 1.08
21NJ6-1-85 0.0512 0.0112 0.136 4 0.029 3 0.0193  0.0008 252 405 130 26 123 5 1.56
21NJ6-1-86 0.046 5 0.006 9 0.164 7 0.023 9 0.0258 0.0011 24 221 155 21 164 7 1.47
21NJ6-1-87 0.0555 0.003 0 0.278 9 0.0151 0.0366  0.0010 432 73 250 12 232 6 0.88
21NJ6-1-88 0.0515 0.006 2 0.1310 0.0154 0.0185  0.000 7 263 195 125 14 118 4 2.27
21NJ6-1-89 0.044 1 0.007 4 0.110 6 0.0182 0.0183  0.0009 - 216 107 17 117 6 1.52
21NJ6-1-90 0.046 5 0.008 1 0.1175 0.020 0 0.0184  0.0009 24 249 113 18 118 6 1.52
21NJ8-1 0.049 3 0.0059 0.1258 0.014 6 0.0185  0.0007 164 189 120 13 118 5 1.06
21NJ8-2 0.048 6 0.002 6 0.125 2 0.006 8 0.0187  0.0005 127 74 120 6 120 3 2.17
21NJ8-3 0.049 7 0.005 4 0.126 1 0.0133 0.0184  0.000 7 181 168 121 12 118 4 1.19
21NJ8-4 0.0529 0.002 8 0.363 5 0.0195 0.0499 0.001 4 325 71 315 15 314 9 0.74
21NJ8-5 0.050 1 0.0115 0.1299 0.029 0 0.0188 0.0012 201 324 124 26 120 7 0.89
21NJ8-6 0.049 0 0.005 1 0.1200 0.0122 0.0178  0.000 6 146 162 115 11 114 4 1.33
21NJ8-7 0.049 2 0.009 8 0.126 9 0.024 7 0.0187 0.0010 158 300 121 22 119 6 1.00
21NJ8-8 0.049 2 0.0052 0.1222 0.0127 0.0180  0.000 7 157 165 117 12 115 4 2.56
21NJ8-9 0.053 2 0.002 7 0.3773 0.0192 0.0515 0.001 4 337 66 325 14 324 9 0.36
21NJ8-10 0.0521 0.010 4 0.136 9 0.026 6 0.0191 0.001 1 289 308 130 24 122 7 0.80
21NJ8-11 0.049 4 0.003 4 0.1257 0.008 7 0.0185  0.000 6 166 102 120 8 118 4 1.72
21NJ8-12 0.046 1 0.007 5 0.114 4 0.0182 0.0180  0.000 7 - 287 110 17 115 4 1.05
21NJ8-13 0.048 9 0.004 2 0.122 6 0.010 5 0.0182  0.000 6 143 131 117 9 116 4 1.39
21NJ8-14 0.048 9 0.003 4 0.1195 0.008 3 0.0177  0.000 5 142 102 115 8 113 3 1.72
21NJ8-15 0.049 3 0.005 7 0.1319 0.0149 0.0194  0.000 7 162 183 126 13 124 5 0.60
21NJ8-16 0.048 1 0.002 4 0.1220 0.006 2 0.0184  0.000 5 103 67 117 6 118 3 0.87
21NJ8-17 0.052 6 0.006 1 0.4137 0.046 6 0.0571 0.0018 310 264 351 33 358 11 0.81
21NJ8-18 0.047 3 0.003 2 0.1190 0.007 9 0.0183  0.000 5 66 93 114 7 117 3 1.12
21NJ8-19 0.052 4 0.003 7 0.126 9 0.008 8 0.0176  0.000 5 305 102 121 8 112 3 1.37
21NJ8-20 0.0512 0.003 1 0.207 2 0.012 6 0.0294  0.0009 249 86 191 11 187 5 2.00
21NJ8-21 0.0479 0.0059 0.124 5 0.0150 0.0189  0.000 8 93 195 119 14 120 5 0.98
21NJ8-22 0.0489 0.004 6 0.126 0 0.0117 0.0187  0.000 6 143 146 120 11 119 4 1.05
21NJ8-23 0.049 1 0.002 8 0.124 5 0.007 2 0.0184  0.000 5 151 82 119 6 118 3 1.43
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(continued Table 2)
Isotopic ratio Age/Ma
No. Th/U
*’Pb/*Pb o Pb/U o ™PU 1o Pb/"Pb 1o *Pb/°U lo Pb/*U o

21NJ8-24 0.048 4 0.003 5 0.1202 0.008 7 0.0180  0.000 6 118 106 115 8 115 3 1.35
21NJ8-25 0.050 2 0.004 2 0.122 8 0.010 1 0.0178  0.000 6 204 128 118 9 113 4 0.98
21NJ8-26 0.050 3 0.003 5 0.128 5 0.008 8 0.0185  0.000 6 211 103 123 8 118 4 0.78
21NJ8-27 0.0479 0.003 8 0.123 6 0.009 5 0.0187  0.000 6 93 114 118 9 120 4 1.18
21NJ8-28 0.0515 0.004 5 0.206 8 0.017 8 0.0291 0.0010 262 135 191 15 185 6 0.67
21NJ8-29 0.049 7 0.007 2 0.169 7 0.024 2 0.0248 0.0010 179 240 159 21 158 6 0.79
21NJ8-30 0.0529 0.003 2 0.343 5 0.020 6 0.0471 0.0014 325 84 300 16 297 8 1.20
21NJ8-31 0.049 5 0.002 8 0.129 1 0.007 3 0.0189  0.000 5 173 79 123 7 121 3 1.89
21NJ8-32 0.049 8 0.004 0 0.1241 0.009 9 0.0181  0.000 6 187 122 119 9 115 4 1.03
21NJ8-33 0.054 5 0.003 6 0.376 0 0.024 5 0.0501  0.0015 390 93 324 18 315 9 0.62
21NJ8-34 0.049 0 0.0125 0.137 4 0.0341 0.0203  0.001 3 148 354 131 30 130 8 0.88
21NJ8-35 0.0510 0.002 1 02296 0.009 9 0.0326  0.0009 243 53 210 8 207 5 0.49
21NJ8-36 0.049 6 0.006 7 0.1292 0.0171 0.0189  0.0008 178 221 123 15 121 5 0.93
21NJ8-37 0.052°5 0.003 4 03424 0.0222 0.0473  0.001 4 307 94 299 17 298 9 0.72
21NJ8-38 0.049 6 0.008 7 0.120 4 0.020 6 0.0176  0.0009 178 271 115 19 112 6 0.86
21NJ8-39 0.049 4 0.002 5 0.1251 0.006 5 0.0184  0.000 5 166 71 120 6 117 3 1.69
21NJ8-40 0.0527 0.003 5 0.3343 0.0222 0.0461 0.0014 314 97 293 17 290 9 0.80
21NJ8-41 0.048 0 0.003 5 0.1251 0.009 1 0.0189  0.000 6 97 106 120 8 121 4 2.08
21NJ8-42 0.0500 0.0108 0.1350 0.028 2 0.0196 0.0011 197 321 129 25 125 7 1.06
21NJ8-43 0.049 2 0.004 0 0.1209 0.009 7 0.0178  0.000 6 157 122 116 9 114 4 1.67
21NJ8-44 0.049 8 0.0129 0.129 4 0.0326 0.0189  0.0013 186 360 124 29 120 8 0.78
21NJ8-45 0.046 1 0.005 8 0.1123 0.0135 0.0177  0.000 6 - 239 108 12 113 4 0.60
21NJ8-46 0.053 1 0.002 9 0.3357 0.018 4 0.0459 0.0013 331 75 294 14 289 8 0.52
21NJ8-47 0.0502 0.003 6 0.1893 0.0133 0.0274  0.000 8 203 106 176 11 174 5 0.71
21NJ8-48 0.049 1 0.003 7 0.1215 0.009 1 0.0179  0.000 6 155 112 116 8 115 3 0.91
21NJ8-49 0.050 5 0.002 5 0.127 5 0.006 4 0.0183  0.0005 216 67 122 6 117 3 0.89
21NJ8-50 0.0532 0.004 7 0.129 7 0.0112 0.0177  0.000 6 338 136 124 10 113 4 0.51
Note: “~” indicates data missing due to experimental error.

For sample 21NJ6-1, 120 zircons were analyzed,
yielding 90 with less than 10% discordance (Table 2).
The **Pb/”*U ages from 90 concordant zircon grains
ranged from 324+8 Ma to 116+4 Ma (Fig.6¢c), with
four groups: 324-279 Ma (58 grains, peak at 302 Ma),
260-214 Ma (9 grains, peak at 235 Ma), 167-159 Ma
(3 grains, peak at 167 Ma) and 133-116 Ma (20 grains,
peak at 118 Ma).

For sample 21NJ8, 60 zircons were analyzed,
yielding 50 with less than 10% discordance (Table
2). The **Pb/”*U ages from these grains ranged from
358+11 Ma to 11243 Ma (Fig.6d), divided into three
groups: 358-289 Ma (8 grains, peak at 296 Ma), 207-
158 Ma (5 grains, peak at 183 Ma), and 130-112 Ma
(37 grains, peak at 117 Ma).

5 Discussion

5.1 Depositional age of Jiufengshan Forma-
tion

Analyses of 370 detrital zircon grains of four
sandstone samples from Jiufengshan Formation
revealed that 321 grains yielded discordance between
<10% and >-10% (Table 2). The zircon ages ranged
from 875+20 Ma to 112+3 Ma (Fig.7a), with signi-
ficant populations: 875 Ma, 633 Ma, 524 Ma, 469 Ma,
374-259 Ma (193 grains, peaking at 296 Ma),
253-158 Ma (63 grains, peaking at 223 Ma and 176 Ma)
and 133-112 Ma (61 grains, peaking at 117 Ma). The
youngest detrital zircon U-Pb age often constrains the

maximum depositional age of strata (Stewart et al.,
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Fig.6 Age distributions of detrital zircons in sandstones from Jiufengshan Formation

2001; Surpless et al., 2006; Brown & Gehrels, 2007,
Dickinson & Gehrels, 2009). A weighted average
age of 46 detrital zircons within the 1o error range
of the youngest zircon age indicates a maximum
sedimentation age for the Jiufengshan Formation at
116+1 Ma (Fig.7a).

5.2 Provenance analysis

All sandstone samples from the Jiufengshan
Formation are characterized by low compositional
maturity, a high ratio of feldspar to lithic debris, low
textural maturity, poor sorting, and low porosity
(Fig.3), indicating proximity to the source and rapid
denudation deposition. The detrital zircon exhibits
angular to subangular shapes with poor rounding

(Fig.5), further indicating a proximal accumulation.

Zircon age peak comparison is a common and
effective method in provenance analysis (Chen et al.,
2022, 2024). Therefore, this study collected magmatic
zircons from potential provenance areas of the Jiufeng-
shan Formation (Miao et al., 2003; Ge et al., 2005;
Liu et al., 2008a; Yang & Wang, 2010; Zhao et al.,
2010; Zhang et al., 2010; Wu et al., 2011; She et al.,
2012; Li et al., 2013b; Xu et al., 2013; Miao ef al.,
2015; Tang et al., 2015; Dong et al., 2016; Gao et al.,
2016; Liu et al., 2017a; Wang et al., 2017; Zhao et al.,
2017; Zhang et al., 2018; Yang et al., 2020; Li et al.,
2023a; Li et al., 2023b; Li et al., 2023c¢). As shown in
Fig.7, the detrital zircon age peaks of the Jiufengshan
Formation are essentially consistent with these mag-
matic zircon ages from the Longjiang, Guanghua and

Jiufengshan formations. However, Cambrian zircons
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(a) Detrital zircon U-Pb ages of Jiufengshan Formation; (b) magmatic zircon ages from the Da Hinggan Ling (Mts.); (c) magmatic zircon ages from

the Xiao Hinggan Ling (Mts.); (d) volcanic rock ages of Longjiang, Guanghua and Jiufengshan formations.

Fig.7 Histogram of detrital zircon U-Pb ages from Jiufengshan Formation compared with potential source areas

are significantly absent in the Jiufengshan Formation
compared to the Da Hinggan Ling (Mts.) and the Xiao
Hinggan Ling (Mts.). Consequently, these findings
suggest that the source materials of the Jiufengshan
Formation are derived from early-formed and

contemporaneous volcanic rocks in the study area.

5.3 Tectonic implication

Zircon sources and transport processes determine
the age distribution of detrital zircons in the strata,
with peak age composition effectively reflecting the
tectonic environment (Cawood et al., 2012). The
detrital zircons in the Jiufengshan Formation have a
concentrated age distribution, with about 30% being
less than 100 Ma from the sedimentary age (Fig.8;
Table 2), indicating an intermediate tectonic setting
between convergent and collisional basins.

Analysis of these youngest detrital zircons from

Early Cretaceous Jiufengshan Formation (120-112 Ma)

reveals their primary originate from a volcanic arc
associated with orogenesis, as indicated by zircon
tectonic setting discrimination diagrams (Fig.9a, b;
Table 3). The zircon genesis discrimination diagram
shows these zircons come from a high-silica granite
source (Fig.9c; Table 3). Furthermore, the zircon
genesis classification diagram identifies them as I-type
granite zircons (Fig.9d; Table 3). The prevalence of
I-type granites is typical of oceanic plates subduction,
suggesting that the youngest detrital zircons in the
Jiufengshan Formation are sourced from I-type granitic
volcanic arcs associated with orogenesis, indicative
of low-angle subduction of the Paleo-Pacific plate.
Sandstone framework analysis places the sandstones
from the Jiufengshan Formation within a transitional
arc region (Fig.4). In the detrital zircon tectonic
discrimination diagram, these detrital zircons fall at
the boundary between subduction and collision basins

(Fig.8). Collectively, the evidence suggests that during



Detrital zircon U-Pb ages of sandstone from Jiufengshan Formation in Nenjiang area, Heilongjiang Province: ... 93

A. Convergent basin; B. collisional basin; C. extensional basin.

Fig.8 Detrital zircon tectonic discrimination diagram (modified after Cawood et al., 2012)

(a, b) Zircon tectonic setting discrimination diagrams; (c) zircon genesis discrimination diagram; (d) zircon genesis classification diagram.

Fig.9 Zircon genesis and tectonic discrimination diagrams (modified after Belousova ef al., 2002; Grimes et al., 2007; Liu et al., 2022)
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Table 3 Detrital zircon trace elements (10°°) of Jiufengshan Formation

No. Y Nb La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Th U
21NJ1-69 1046 4 2 18 1 6 5 1 29 9 97 35 155 31 295 55 6060 85 88
21NJ1-80 1904 6 7 37 1 5 7 1 29 12 156 63 302 66 661 130 8949 193 352
21NJ5-1-60 434 1 3 18 1 5 301 9 3 35 14 63 14 146 29 8493 24 35
21NJ6-1-61 1456 1 1 23 0 4 7 4 31 11 125 50 224 47 478 95 6546 79 68
21NJ6-1-64 1774 1 0 28 1 8 12 6 46 15 167 61 266 57 568 111 6163 120 84
21NJ6-1-65 861 1 0 25 0 2 2 1 17 6 69 28 130 30 311 62 7343 90 89
21NJ6-1-66 2611 2 1 50 1 10 18 8 70 23 252 92 386 84 792 149 6896 168 112
21NJ6-1-67 1741 2 1 56 0 3 7 3 40 13 159 60 260 54 516 9% 6777 260 140
21NJ6-1-70 3687 5 6 117 2 19 17 9 88 30 353 125 534 107 1017 189 7114 406 223
21NJ6-1-71 1760 1 0 26 0 3 10 4 39 12 150 56 258 56 534 105 5832 94 72
21NJ6-1-73 2816 2 0 59 0 7 13 6 59 22 254 96 428 88 823 159 6553 211 130
2INJ6-1-74 1756 3 0 510 4 8 2 34 12 147 58 266 58 583 113 7774 173 170
21NJ6-1-75 3218 5 1 99 1 8 15 7 8 27 299 111 473 97 927 170 6624 319 193
21NJ6-1-76 2995 3 1 80 0 4 9 6 61 23 270 101 444 91 880 165 6188 251 156
21NJ6-1-82 1547 2 0 39 0 3 6 4 30 11 130 50 230 52 505 100 7270 95 87
21NJ6-1-84 1179 2 0 37 0 3 4 2 18 8 96 39 183 41 420 8 7201 143 132
21NJ6-1-88 1948 3 0 68 3 5 12 4 5 16 183 68 287 60 559 105 6442 473 209
21NJ6-1-89 2591 2 0 61 0 9 12 7 60 21 231 87 377 78 774 140 6276 189 124
21NJ6-1-90 2592 1 0 47 1 12 21 8 77 24 249 89 378 78 742 140 6956 163 108
21NJ8-1 1976 4 0 59 0 5 11 4 44 15 179 69 300 63 616 116 8050 147 139
21NJ8-2 2442 8 18 175 6 32 18 5 68 21 240 84 367 76 732 140 7867 1264 577
21NJ8-3 1888 6 0o 75 0 4 6 2 35 13 157 63 295 65 654 130 8598 278 234
21NJ8-5 697 1 0 29 0 2 4 1 13 5 58 25 111 25 255 51 8307 82 91
21NJ8-6 2525 5 0 66 0 5 10 4 54 18 224 87 384 81 773 148 6926 236 177
21NJ8-7 770 1 0 2 0 2 5 1 22 7 71 26 117 24 239 47 7753 69 69
21NJ8-8 2722 4 0 216 1 9 19 8 95 28 292 100 397 75 663 123 5355 480 185
21NJ8-11 1504 3 0 47 0 3 5 2 25 10 131 50 232 49 501 99 7643 649 376
21NJ8-12 1652 4 0 61 0 3 7 2 34 12 141 58 261 57 579 116 8657 220 208
21NJ8-13 1321 2 0 33 0 3 4 2 24 9 13 44 208 47 462 91 7319 287 206
21NJ8-14 1965 11 0 119 0 4 7 2 39 15 174 66 298 63 612 118 9377 913 526
21NJ8-16 2121 11 1 750 3 5 2 31 13 170 69 336 74 758 150 10372 636 734
21NJ8-18 2055 6 3 70 1 5 6 2 31 12 159 67 323 74 752 156 7912 321 286
21NJ8-19 1867 4 1 53 1 5 6 2 31 12 151 61 282 63 626 130 7255 379 276
21NJ8-21 1772 3 2 55 1 5 7 2 37 12 151 60 275 60 590 119 8622 155 158
21NJ8-22 1 160 3 0 54 0 2 31 21 8 99 38 179 39 396 80 8678 182 172
21NJ8-23 1526 5 0 70 0 2 5 2 29 10 132 51 229 50 495 98 8923 629 443
21NJ8-24 1598 3 0 45 0 2 4 2 25 10 124 52 247 55 561 114 7828 395 291
21NJ8-25 2076 4 0 45 0 2 5 2 29 12 166 69 325 74 758 158 7469 246 250
21NJ8-26 1540 6 0 40 0 2 5 1 24 9 129 53 247 55 556 111 9557 246 317
21NJ8-27 1495 3 0o 31 0 2 4 1 23 9 114 48 230 52 536 109 7447 246 209
21NJ8-32 2156 4 0 47 0 2 4 2 33 12 173 71 340 76 752 154 7448 279 270
21NJ8-38 1 140 1 12 4 4 20 9 2 29 9 102 38 166 35 332 66 7556 64 74
21NJ8-39 3399 7 1 106 1 10 20 6 8 28 313 115 505 109 1066 212 7446 979 571
21NJ8-43 2935 5 0 8 0 7 13 6 63 23 263 99 440 92 870 171 7511 464 279
21NJ8-44 617 1 0 16 0 1 2 1 12 5 52 19 98 22 234 49 7230 50 64
21NJ8-45 1122 2 1 16 0 3 7 1 28 9 106 38 172 35 337 65 8073 86 143
21NJ8-48 1305 6 0 750 1 4 1 21 8 102 42 202 46 458 93 9911 410 450
21NJ8-49 2387 19 0 113 0 3 6 1 42 16 204 79 368 79 762 142 10023 894 1002
21NJ8-50 1235 4 0 29 0 1 32 20 8 97 38 182 43 436 92 8968 135 264

the Jiufengshan Formation period, the northeastern Da

Hinggan Ling (Mts.) likely functioned as a retro-arc

basin associated with the low-angle subduction of the

Paleo-Pacific plate (Li et al., 2013a).

6 Conclusions

(1) New detrital zircon U-Pb ages indicate that
the maximum depositional age of the Jiufengshan
Formation is 116+1 Ma.
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(2) Petrographic analysis and zircon age peak com-
parisons suggest that the sandstones from Jiufengshan
Formation resulted from proximal deposition, sourced
from early-formed and contemporaneous volcanic
rocks within the study area.

(3) The trace element compositions and age di-
stributions of detrital zircons, along with sandstone
framework analysis, imply that the northeastern Da
Hinggan Ling (Mts.) exhibited a retro-arc basin
tectonic setting during the Jiufengshan Formation
period, likely related to the low-angle subduction of

the Paleo-Pacific plate.
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