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Ordovician Proto—basin in South China and its Tectonic
Implications: Evidence from the Detrital Zircon U-Pb Ages
of the Ordovician in Central Hunan, China
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Abstract: Caledonian orogeny is another important tectonic event in South China Block after the breakup of the Rodinia
supercontinent. With a view to constrain the tectonic evolution and proto—basin in South China, this paper reports the
geochemical and zircon U-Pb dating data of the Ordovician strata in central Hunan, South China. Geochemical features and
paleocurrent directions suggest that the lower Ordovician deposited in a passive continental margin basin with a provenance
of quartzose components and showing an affinity with the Yangtze Block. U-Pb age data for 260 detrital zircons from upper
Ordovician identify three major age populations as: 900—1200 Ma, 1400-1800 Ma and 2400-2700 Ma. The detrital zircon
age spectrum as well as the paleocurrent directions suggest that upper Ordovician deposited in a foreland basin and showing
a close affinity with the Cathaysia Block. It is also suggest that the lower Ordovician continuously accepted the mineral
from the Yangtze Block, whereas the provenance of the upper Ordovician sedimentary basin changed from the Yangtze
Block to the Cathaysia Block. This change implies a tectonic movement, which caused the transformation of the proto—
basin in the Hunan area in SCB from passive continental margin basin to foreland basin probably took place during late
Ordovician. This fact also demonstrate that the Caledonian orogeny in South China Block began no later than 453 Ma, and

a new crustal evolution model is proposed.
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1 Introduction

The South China Block (SCB), composed of the
Yangtze Block to the northwest and the Cathaysia Block
to the southeast (Fig. 1). It is widely accepted that the two
blocks were amalgamated during the Neoproterozoic
along the Shaoxing—Jiangshan—Pingxiang fault zone and
formed the Jiangnan orogen (also known as the Sibao
orogen) (Zhao and Cawood, 1999; Zhou et al., 2009; Li et
al., 2007, 2010b; Wang et al., 2012; Zhao et al., 2015; Yao
et al., 2015, 2016; Chen et al., 2018; Guo et al., 2018;
Jiang et al., 2018; Zhao et al., 2018). After the end of
Neoproterozoic orogeny, the SCB underwent multiple
tectonic movements during the early Paleozoic under the
influence of Caledonian orogeny which is marked by a
regional unconformity between pre-Devonian and
Devonian strata(BGMRHN, 1988; Ting, 1929; Shu, 2006;
Li et al., 2010; Wang et al., 2010b). Caledonian movement
can provide important information about the tectonic
evolution processes of the SCB. They have thus received
more attention in the last few decades (Ren, 1991; Xu et
al., 2001; Shu, 2006; Chen et al., 2000, 2006, 2010; Li et
al., 2010; Wang et al., 2011; Pang et al., 2011, He et al,,
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2016;). However, interpretation of geochemical data and
geodynamics are not unequivocal, which has led to
contrasting views on the proto-basin as well as the tectonic
implications in SCB (Yuan et al., 1997; Wang et al., 2011;
Luo et al., 2012; Xu et al., 2012; Yao et al., 2015). Some
researchers believe that the SCB was always a rift basin in
the early Paleozoic (Wang et al., 2001; Yang et al., 2012).
Other workers consider that the southeastern margin of the
Yangtze Block evolving from a passive continental margin
basin environment in the early Paleozoic, to a foreland
basin setting in the late Ordovician to Silurian (Bai et al.,
2007; Yin et al., 2001; Chen et al., 2012; Xu et al., 2012;
Yao et al, 2015). The study area in central Hunan
Province is located at the boundary of the Yangtze and
Cathaysia blocks and is the key area for studying basic
geology of the SCB (Fig. 1). Thus, systematic studies on
the Ordovician strata of the Hunan area will provide a
better understanding on the nature and tectonic evolution
process of the SCB.

In this paper, we carry out systematic field
investigations in the Hunan province, focus on the Jingtou
—Jinlan and Shuangfeng—Qiaotingzi stratigraphic cross—
section, and sample the sediments from Baishuixi
Formation, Qiaotingzi Formation and Tianmashan
Formation. Thirty-seven sedimentary samples were
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Fig. 1. Geological map showing the distribution of early Paleozoic rocks in the South China Block.

collected for comprehensive detrital zircon U-Pb and
geochemistry analyses. In conjunction with previous data,
we propose a new basin evolution model in the South
China Block during the Ordovician.

2 Geological Settings

The South China Block comprise the Yangtze Block to
the northwest and the Cathaysia Block to the southeast,
bounded by the Jiangnan orogen between them (Fig. 1).
The oldest rocks of the Yangtze Block, represented by the
Kongling Group to the north and yielded ages ranging
from 3.2 to 1.8 Ga (Gao et al., 1999; Qiu et al., 2000;
Zheng et al, 2006). Late Paleoproterozoic to
Mesoproterozoic strata to the west, including the Huili,
Kunyang and Dongchuan Groups, tuff and igneous rocks
(both intrusive and volcanic) in these sequences constrain
the depositional ages of these strata at 1.7-1.0 Ga
(Greentree and Li, 2008; Zhao et al., 2010; Geng et al.,
2017). Early Neoproterozoic rocks, such as the
Shuangxiwu, Shuangqiaoshan and Heshangzhen Groups
are widespread in the southeastern Yangtze Block, have
yield ages in the range 960-760 Ma (Wang et al., 2007,
Yao et al., 2014; Li et al., 2009). Numerous Early—Middle
Neoproterozoic igneous rock mostly distributed around
the margin of the Yangtze Block(Zhou et al., 2002; Li et
al., 2003; Zheng et al., 2007, 2008; Li et al., 2009; Wang
et al., 2010a). Precambrian strata in the Cathaysia Block
mainly distributed in the Wuyi—Yukai Domains, yield
mainly Proterozoic ages (Li et al., 2002; Wan et al., 2007,
Xiang et al., 2008; Yu et al., 2009, 2010; Li et al., 2011a).

The oldest rocks exposed in the Hunan Province are the
Neoproterozoic strata, and contain the Sizhoushan,
Tianzidi, and Liucapo Formations to the south and
Gaojian Group to the west. The Sizhoushan Formation
consists of gray slate and sandy slate. The Tianzidi
Formation consists of siliceous rocks and grey—green lithic
sandstones. The Liuchapo Formation contains only
siliceous rocks. The Gaojian Group consists mainly of
sandstones, calcareous slates, marbles, and tuffaceous
slates. The Cambrian strata include the Xiangnan,
Chayuantou, and Xiaozijin Formations to the south and
the Tashan Group to the west. The Cambrian strata to the
south consists mainly of low-grade metasandstones with
less pelitic slates, slates rocks, fine—grained quartz
sandstones and carbonaceous slates (BGMRHN, 1988).

3 Stratigraphic Section and Samples

This study is focused on the Ordovician strata on the
southeastern margin of the Yangtze Block. The
Ordovician strata can been divided into four formations
from bottom to top termed as the lower Ordovician
Baishuixi and Qiaotingzi Formations, the middle
Ordovician Yanxi Formation and the upper Ordovician
Tianmashan Formation (Fig. 4),. The Baishuixi Formation
is conformably underlain by the upper Cambrian Tanxi
Formation. It is consists mainly of gray mudstone and
siltstone, interstratified with thin fine—grained sandstone
and sericite slate. It contains the Ordovician
Didymograptus  hirundo sp. and Palaeobolus sp.
(BGMRHN, 1988). The Qiaotingzi Formation comprises
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Fig. 2. Distribution of the Ordovician stratigraphy, Hunan
province, South China (modified after BGMRHN, 1988).

silty slate and sericite—chlorite slate. It contains the
Ordovician Obolus sp. (BGMRHN, 1988). The Yanxi
Formation composed of a succession of black
carbonaceous siliceous shale, siliceous rock and
carbonaceous slate. The shale has thinly laminated
bedding and deep water sedimentary structures such as
horizontal bedding. It contains the Tetragraptus sp. and
Climacograptnus truncatus sp. (BGMRHN, 1988). The
Tianmashan Formation is composed mainly of the gray

fine grained sandstone, quartz sandstone and siltstone,
interstratified with carbonaceous shale. Evidence for
deposition in a deep water slope environment includes
bouma sequence, cross bedding and horizontal bedding.
This Formation is unconformably covered by lower
Silurian sequences.

Based on detailed field investigation, three fine
sandstone samples were collected from the Tianmashan
Formation for U-Pb dating and Thirty-four sedimentary
rocks samples were collected from the Baishuixi and
Qiaotingzi Formations for geochemical analysis in order
to constrain the depositional ages, provenance and tectonic
setting.

4 Analytical Methods

4.1 U-Pb zircon analyses

LA-ICP-MS analyses of zircon U-Pb isotopic
compositions were performed using an Neptune MC-ICP-
MS attached to a NEW Wave 213 nm laser ablation
system at the Key laboratory of mineralization and
resource evaluation, Chinese academy of geological
sciences (CAGS). The instrument has a laser spot diameter
of 25 pm, an operating voltage of 27.1 KV, a gas flow rate
of 270 ml/min, and a laser energy of 29 J/cm”. A blank
signal of approximately 15 seconds and a sample signal of
45 seconds constitute the data signal of the sample. U-Pb
isotope dating was performed using zircon standard GJ-1
as an external standard for isotope fractionation correction
(Liu et al., 2010). For each 10 sample points analyzed, GJ-
1 was analyzed twice. The final U-Pb age harmonic map
of zircon samples using Isoplot/Exver3 (Ludwig, 2003).

4.2 Geochemistry
Whole-rock major element analyses were performed
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Fig. 3. Representative field photos of major rock types in this study.

(a) Baishuixi Formation gray siltitesandstone with horizontal bedding; (b) Qiaotingzi Formation fine—
sandstone with oblique bedding; (c) Tianmashan Formation turbidite with bouma sequence; (d) photo-
micrograph of Tianmashan Formation coarse sample with oblique bedding.
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Table 1 U-Pb data for zircons in sandstone from the Tianmashan Formation in South China

Elemental

20714 206 207y, 235 2065, 238 2071, 206 2071, 235 2065, 238
20161026-2 abundance (ppm) Th/U Pb/Pb Pb/ U b Pb/Pb PorU b Concordance
Pb Th U Ratio lo Ratio 1o Ratio lo Age (Ma)
1026-2-1 427 721 708 1.02 0.1584 0.0014 9.1638 0.1549 04182 0.0071 2438 10 2355 15 2252 32 95%
1026-2-2 118 237 329 0.72 0.1039 0.0011 3.9598 0.0775 0.2753 0.0050 1695 19 1626 16 1568 25 96%
1026-2-3 66 284 330 0.86 0.0728 0.0010 1.5172 0.0307 0.1510 0.0032 1009 25 937 12 907 18 96%
1026-2-4 49 187 208 0.90 0.0775 0.0012 1.8945 0.0843 0.1765 0.0058 1144 31 1079 30 1048 32 97%
1026-2-5 141 192 270 0.71 0.1564 0.0016 8.3867 0.1147 0.3883 0.0055 2417 182 2274 12 2115 25 92%
1026-2-6 493 368 778 0.47 0.2018 0.0018 13.5441 0.2037 0.4853 0.0069 2843 14 2718 14 2550 30 93%
1026-2-7 74 296 381 0.78 0.0735 0.0009 1.5483 0.0312 0.1525 0.0028 1028 24 950 12 915 16 96%
1026-2-8 72 133 306 0.44 0.0860 0.0018 2.3987 0.0583 0.2022 0.0049 1339 39 1242 17 1187 26 95%
1026-2-9 126 186 377 0.49 0.0991 0.0010 3.8302 0.0667 0.2797 0.0045 1607 17 1599 14 1590 23 99%
1026-2-10 431 305 1490 0.20 0.1008 0.0010 3.8786 0.1317 0.2785 0.0093 1639 19 1609 27 1584 47 98%
1026-2-11 80 53 185 0.29 0.1251 0.0013 6.4088 0.1485 0.3712 0.0084 2031 20 2033 20 2035 39 99%
1026-2-12 104 129 261 0.49 0.1135 0.0014 5.0931 0.0804 0.3257 0.0060 1857 22 1835 13 1818 29 99%
1026-2-13 167 132 865 0.15 0.0752 0.0010 1.8734 0.0497 0.1810 0.0050 1076 26 1072 18 1072 27 99%
1026-2-14 375 1169 1140 1.03 0.0930 0.0008 3.0693 0.0684 0.2389 0.0053 1489 17 1425 17 1381 27 96%
1026-2-15 160 99 222 0.45 0.2743 0.0027 20.1016 0.7002 0.5285 0.0164 3331 16 3096 34 2735 69 87%
1026-2-16 64 144 529 0.27 0.0637 0.0009 0.9428 0.0281 0.1066 0.0023 731 29 674 15 653 13 96%
1026-2-17 207 596 526 1.13 0.1067 0.0010 4.5212 0.0753 0.3072 0.0051 1743 18 1735 14 1727 25 99%
1026-2-18 101 47 857 0.05 0.0625 0.0007 0.9431 0.0222 0.1093 0.0025 700 9 675 12 669 14 99%
1026-2-19 54 222 262 0.84 0.0718 0.0008 1.5509 0.0338 0.1562 0.0029 989 18 951 13 936 16 98%
1026-2-20 60 297 192 1.55 0.0862 0.0014 2.4552 0.0451 0.2063 0.0025 1343 32 1259 13 1209 13 95%
1026-2-21 451 649 574 1.13 0.1978 0.0018 14.6732 0.3226  0.5370 0.0110 2809 19 2794 21 2771 46 99%
1026-2-22 69 139 96 1.46 0.1656 0.0015 10.6835 0.1834 0.4674 0.0074 2513 15 2496 16 2472 33 99%
1026-2-23 68 170 431 0.39 0.0686 0.0008 1.4544 0.0507 0.1521 0.0046 887 22 912 21 913 26 99%
1026-2-24 127 311 1008 0.31 0.0655 0.0011 0.9895 0.0254 0.1091 0.0019 791 33 698 13 667 11 95%
1026-2-25 85 74 430 0.17 0.0774 0.0012 1.8716 0.0488 0.1751 0.0033 1131 32 1071 17 1040 18 97%
1026-2-26 74 125 361 0.35 0.0751 0.0007 1.8176 0.0292 0.1755 0.0025 1070 17 1052 11 1042 14 99%
1026-2-27 148 1500 880 1.70 0.0638 0.0007 0.9792 0.0286 0.1116 0.0035 744 22 693 15 682 20 98%
1026-2-28 248 206 633 0.33 0.1131 0.0010 5.1115 0.0877 0.3273 0.0050 1850 15 1838 15 1825 24 99%
1026-2-29 86 375 242 1.55 0.0912 0.0011 3.0012 0.0816 0.2387 0.0061 1450 22 1408 21 1380 32 98%
1026-2-30 558 522 2562 0.20 0.0807 0.0008 2.2969 0.0417 0.2070 0.0041 1215 20 1211 13 1213 22 99%
1026-2-31 1822 849 4594 0.18 0.1596 0.0012 7.2462 0.1208 0.3290 0.0055 2451 13 2142 15 1834 27 84%
1026-2-32 62 493 319 1.54 0.0686 0.0018 1.2349 0.0454 0.1307 0.0041 887 54 817 21 792 23 96%
1026-2-33 143 144 282 0.51 0.1386 0.0012 7.6398 0.1297 0.4003 0.0071 2210 15 2190 15 2170 33 99%
1026-2-34 366 175 453 0.39 0.3072 0.0026 24.5594 0.3536 0.5802 0.0089 3507 13 3291 14 2950 36 89%
1026-2-35 409 329 758 0.43 0.1551 0.0019 9.4894 0.1691 0.4455 0.0090 2403 25 2387 16 2375 40 99%
1026-2-36 137 189 290 0.65 0.1558 0.0014 7.6507 0.1141 0.3564 0.0057 2411 15 2191 13 1965 27 89%
1026-2-37 346 470 1434 0.33 0.0811 0.0009 2.3359 0.0441 0.2092 0.0045 1233 11 1223 13 1225 24 99%
1026-2-38 265 253 393 0.64 0.1870 0.0016 13.2495 0.2214 0.5138 0.0084 2716 15 2698 16 2673 36 99%
1026-2-39 40 305 381 0.80 0.0582 0.0009 0.6771 0.0148 0.0845 0.0017 539 35 525 9 523 10 99%
1026-2-40 87 92 360 0.26 0.0810 0.0013 2.3766 0.0629 0.2122 0.0041 1222 31 1236 19 1240 22 99%
1026-2-41 203 550 781 0.70 0.0830 0.0009 2.3795 0.0479 0.2079 0.0040 1269 26 1236 14 1218 21 98%
1026-2-42 142 369 545 0.68 0.0849 0.0009 2.4377 0.0574 0.2080 0.0048 1314 53 1254 17 1218 26 97%
1026-2-43 87 328 314 1.04 0.0802 0.0011 2.2878 0.0442 0.2068 0.0036 1203 26 1209 14 1212 19 99%
1026-2-44 84 86 171 0.50 0.1362 0.0012 7.4984 0.1448 0.3994 0.0077 2189 16 2173 17 2166 35 99%
1026-2-45 52 153 277 0.55 0.0713 0.0008 1.5056 0.0305 0.1530 0.0029 969 23 933 12 918 16 98%
1026-2-46 71 218 376 0.58 0.0710 0.0007 1.4946 0.0292 0.1526 0.0028 967 11 928 12 916 16 98%
1026-2-47 230 318 847 0.38 0.1133 0.0013 3.4155 0.0820 0.2183 0.0047 1854 22 1508 19 1273 25 83%
1026-2-48 196 1063 628 1.69 0.0804 0.0010 2.3023 0.0570 0.2079 0.0051 1207 24 1213 18 1217 27 99%
1026-2-49 185 327 746 0.44 0.0904 0.0010 2.5128 0.0907 0.2012 0.0058 1435 21 1276 26 1182 31 92%
1026-2-50 146 280 827 0.34 0.0727 0.0011 1.5420 0.0495 0.1530 0.0040 1006 30 947 20 918 23 96%
1026-2-51 312 181 304 0.59 0.3213 0.0028 31.3786 0.6430 0.7091 0.0157 3576 13 3531 20 3455 59 97%
1026-2-52 120 340 376 0.90 0.0923 0.0010 3.0615 0.0619 0.2405 0.0046 1473 20 1423 15 1389 24 97%
1026-2-53 207 310 845 0.37 0.0825 0.0008 2.3790 0.0416 0.2093 0.0039 1258 18 1236 13 1225 21 99%
1026-2-54 41 231 244 095 0.0702 0.0015 1.2392 0.0297 0.1281 0.0022 1000 38 819 13 777 13 94%
1026-2-55 422 482 940 0.51 0.1573 0.0015 7.5668 0.1363 0.3491 0.0069 2428 16 2181 16 1930 33 87%
1026-2-56 59 169 274 0.62 0.0754 0.0009 1.8415 0.0360 0.1770 0.0033 1081 24 1060 13 1051 18 99%
1026-2-57 53 202 187 1.08 0.0850 0.0011 2.4260 0.0486 0.2073 0.0044 1317 20 1250 14 1214 23 97%
1026-2-58 92 207 503 0.41 0.0724 0.0008 1.5414 0.0326 0.1545 0.0033 998 24 947 13 926 19 97%
1026-2-59 37 114 332 0.34 0.0629 0.0011 0.8345 0.0242 0.0960 0.0022 706 4 616 13 591 13 95%
1026-2-60 128 479 1294 0.37 0.0588 0.0007 0.6929 0.0142 0.0854 0.0016 567 8 535 8 528 10 98%
1026-2-61 195 50 1187 0.04 0.0704 0.0006 1.4934 0.0250 0.1537 0.0026 943 17 928 10 922 15 99%
1026-2-62 114 268 305 0.88 0.1027 0.0014 3.9363 0.1110 0.2765 0.0061 1674 24 1621 23 1574 31 97%
1026-2-63 142 127 1365 0.09 0.0622 0.0006 0.8338 0.0168 0.0971 0.0019 680 19 616 9 597 11 96%
1026-2-64 61 231 303 0.76 0.0726 0.0009 1.5422 0.0327 0.1539 0.0031 1011 19 947 13 923 17 97%
1026-2-65 540 500 937 0.53 0.1579 0.0008 9.5639 0.1381 0.4382 0.0065 2433 9 2394 13 2342 29 97%
1026-2-66 60 164 539 0.30 0.0610 0.0006 0.8288 0.0159 0.0982 0.0017 639 20 613 9 604 10 98%
1026-2-67 70 726 596 1.22 0.0579 0.0004 0.6941 0.0104 0.0867 0.0013 524 17 535 6 536 8 99%
1026-2-68 96 131 331 0.40 0.0931 0.0013 2.9926 0.0312 0.2324 0.0038 1500 26 1406 8 1347 20 95%
1026-2-69 305 296 543 0.54 0.1827 0.0008 10.3931 0.1629 0.4108 0.0064 2677 7 2470 15 2219 29 89%
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Continued Table 1

Elemental

207731206 207731, 235 2067y, 238 207731206 2077y, 235 20671, 238
20161026-2 abundance (ppm) Th/U Pb/PD PoU PoU Po/PD PoU PoU Concordance
Pb Th U Ratio lo Ratio 1o Ratio lo Age (Ma)
1026-2-70 278 249 545 0.46 0.1585 0.0007 8.6814 0.1602 0.3956 0.0071 2440 9 2305 17 2149 33 92%
1026-2-71 354 81 994 0.08 0.1157 0.0007 5.2144 0.1152 0.3259 0.0071 1891 11 1855 19 1818 35 98%
1026-2-72 175 141 880 0.16 0.0735 0.0009 1.8225 0.0423 0.1790 0.0031 1028 23 1054 15 1061 17 99%
1026-2-73 52 294 196 1.50 0.0769 0.0008 1.8878 0.0302 0.1775 0.0022 1120 21 1077 11 1053 12 97%
1026-2-75 306 493 739 0.67 0.1380 0.0014 6.0722 0.1828 0.3183 0.0088 2202 18 1986 26 1781 43 89%
1026-2-76 110 470 559 0.84 0.0686 0.0012 1.4291 0.0478 0.1508 0.0043 887 37 901 20 905 24 99%
1026-2-77 45 118 97 1.22 0.1131 0.0016 5.0530 0.1079 0.3237 0.0059 1850 21 1828 18 1808 29 98%
1026-2-78 470 392 883 0.44 0.1786 0.0016 10.9498 0.2728 0.4440 0.0106 2640 15 2519 23 2369 47 93%
1026-2-79 107 169 526 0.32 0.0766 0.0009 1.8695 0.0337 0.1772 0.0032 1122 28 1070 12 1051 18 98%
1026-2-80 218 266 342 0.78 0.1822 0.0017 11.9565 0.2513 0.4757 0.0095 2673 15 2601 20 2509 41 96%
1026-2-81 43 130 286 0.45 0.0668 0.0009 1.1882 0.0322 0.1290 0.0031 831 169 795 15 782 18 98%
1026-2-82 85 276 362 0.76 0.0768 0.0010 1.8712 0.0416 0.1772 0.0042 1117 21 1071 15 1052 23 98%
1026-2-83 60 142 481 0.29 0.0650 0.0008 0.9698 0.0189 0.1084 0.0020 772 27 688 10 663 12 96%
1026-2-84 64 80 454 0.18 0.0663 0.0009 1.1652 0.0220 0.1275 0.0019 817 34 784 10 773 11 98%
1026-2-85 151 586 807 0.73 0.0723 0.0006 1.5002 0.0255 0.1506 0.0026 994 12 930 10 904 14 97%
20161027-2
1027-2-1 258 182 592 0.31 0.1627 0.0014 9.9618 0.1274 0.4439 0.0053 2484 15 2431 12 2368 23 97%
1027-2-2 502 156 1371 0.11 0.1601 0.0017 8.4348 0.0998 0.3819 0.0038 2457 19 2279 11 2085 18 91%
1027-2-3 187 515 683 0.75 0.0923 0.0011 3.1355 0.0381 0.2460 0.0024 1474 24 1441 9 1418 12 98%
1027-2-4 65 130 125 1.04 0.1622 0.0017 9.3697 0.1510 0.4181 0.0055 2480 19 2375 15 2252 25 94%
1027-2-5 107 570 591 0.96 0.0678 0.0008 1.4094 0.0272 0.1502 0.0020 861 22 893 11 902 11 98%
1027-2-6 80 108 420 0.26 0.0746 0.0008 1.8521 0.0311 0.1799 0.0031 1057 20 1064 11 1066 17 99%
1027-2-7 46 219 225 0.97 0.0741 0.0011 1.6317 0.0367 0.1592 0.0030 1044 29 983 14 952 17 96%
1027-2-8 25 69 229 0.30 0.0602 0.0012 0.7886 0.0228 0.0946 0.0021 609 41 590 13 583 13 98%
1027-2-9 68 187 297 0.63 0.0761 0.0009 1.9015 0.0355 0.1805 0.0030 1098 24 1082 12 1070 16 98%
1027-2-10 47 128 356 0.36 0.0630 0.0009 0.9424 0.0205 0.1081 0.0021 707 34 674 11 661 12 98%
1027-2-11 185 426 681 0.63 0.0836 0.0010 2.3981 0.0389 0.2074 0.0033 1283 24 1242 12 1215 18 97%
1027-2-12 124 224 695 0.32 0.0722 0.0008 1.4728 0.0285 0.1472 0.0025 994 21 919 12 885 14 96%
1027-2-13 163 933 654 1.43 0.0713 0.0007 1.5870 0.0323 0.1606 0.0030 969 20 965 13 960 17 99%
1027-2-14 89 137 471 0.29 0.0722 0.0008 1.5887 0.0313 0.1596 0.0034 991 21 966 12 955 19 98%
1027-2-15 98 75 116 0.64 0.2289 0.0020 18.9910 0.3494 0.6006 0.0118 3044 13 3041 18 3032 47 99%
1027-2-16 17 293 108 2.71 0.1275 0.0043 1.6482 0.0705 0.0927 0.0015 2065 59 989 27 571 9 46%
1027-2-17 218 625 1099 0.57 0.0727 0.0007 1.6105 0.0359 0.1602 0.0035 1006 19 974 14 958 20 98%
1027-2-18 476 36 839 0.04 0.1671 0.0018 10.9573 0.1954 0.4745 0.0085 2529 12 2520 17 2503 37 99%
1027-2-19 48 140 237 0.59 0.0714 0.0009 1.5732 0.0290 0.1597 0.0028 969 26 960 11 955 16 99%
1027-2-20 45 94 175 0.54 0.0812 0.0011 2.3258 0.0450 0.2076 0.0036 1228 27 1220 14 1216 19 99%
1027-2-21 68 364 360 1.01 0.0703 0.0009 1.4400 0.0429 0.1482 0.0042 939 21 906 18 891 24 98%
1027-2-22 42 449 297 1.51 0.0594 0.0069 0.7706 0.0471 0.0945 0.0054 589 256 580 27 582 32 99%
1027-2-23 141 446 376 1.19 0.0946 0.0011 3.4751 0.0633 0.2657 0.0038 1521 23 1522 14 1519 20 99%
1027-2-24 81 259 438 0.59 0.0705 0.0009 1.4489 0.0392 0.1492 0.0040 944 24 909 16 897 22 98%
1027-2-25 96 162 389 0.42 0.0809 0.0008 2.3187 0.0411 0.2075 0.0034 1220 14 1218 13 1216 18 99%
1027-2-26 80 170 383 0.44 0.0770 0.0008 1.9132 0.0473 0.1800 0.0042 1121 20 1086 17 1067 23 98%
1027-2-27 96 112 208 0.54 0.1276 0.0012 6.4681 0.1293 0.3675 0.0072 2066 17 2042 18 2018 34 98%
1027-2-28 195 561 462 1.22 0.1056 0.0010 4.5198 0.1165 0.3109 0.0082 1725 17 1735 21 1745 40 99%
1027-2-29 157 295 1530 0.19 0.0581 0.0005 0.7570 0.0128 0.0945 0.0014 532 16 572 7 582 8 98%
1027-2-30 210 101 1336 0.08 0.0687 0.0007 1.4117 0.0289 0.1492 0.0029 889 16 894 12 896 16 99%
1027-2-31 25 130 150 0.87 0.0685 0.0019 1.2314 0.0429 0.1303 0.0031 883 55 815 20 790 18 96%
1027-2-32 117 194 654 0.30 0.0717 0.0008 1.5747 0.0371 0.1593 0.0034 977 29 960 15 953 19 99%
1027-2-33 170 278 557 0.50 0.1134 0.0013 4.0071 0.0558 0.2564 0.0042 1854 19 1636 11 1471 22 89%
1027-2-34 100 217 543 0.40 0.0711 0.0007 1.5682 0.0330 0.1598 0.0030 961 20 958 13 955 17 99%
1027-2-35 48 39 488 0.08 0.0585 0.0007 0.7537 0.0151 0.0934 0.0017 546 24 570 9 576 10 99%
1027-2-36 84 278 425 0.65 0.0712 0.0007 1.5726 0.0267 0.1604 0.0027 963 20 959 11 959 15 99%
1027-2-37 413 1270 1161 1.09 0.0945 0.0008 3.4755 0.0818 0.2658 0.0055 1520 21 1522 19 1519 28 99%
1027-2-38 164 61 1041 0.06 0.0688 0.0007 1.4062 0.0281 0.1483 0.0029 900 25 892 12 892 16 99%
1027-2-39 102 522 484 1.08 0.0743 0.0009 1.6044 0.0269 0.1563 0.0018 1050 25 972 10 936 10 96%
1027-2-40 231 461 568 0.81 0.1102 0.0010 4.6953 0.0768 0.3088 0.0048 1803 17 1766 14 1735 24 98%
1027-2-41 224 162 1394 0.12 0.0676 0.0006 1.3803 0.0169 0.1479 0.0016 857 19 881 7 889 9 99%
1027-2-42 210 698 1144 0.61 0.0698 0.0006 1.4164 0.0270 0.1471 0.0027 924 17 896 11 885 15 98%
1027-2-43 139 406 437 0.93 0.0898 0.0008 3.0327 0.0533 0.2447 0.0039 1421 17 1416 13 1411 20 99%
1027-2-44 101 100 570 0.18 0.0744 0.0009 1.6387 0.0537 0.1582 0.0037 1054 25 985 21 947 21 96%
1027-2-45 204 184 319 0.57 0.1755 0.0012 11.9121 0.1760 0.4916 0.0068 2613 17 2598 14 2578 29 99%
1027-2-46 68 207 296 0.70 0.0779 0.0007 1.9566 0.0373 0.1824 0.0037 1144 19 1101 13 1080 20 98%
1027-2-47 85 91 470 0.19 0.0760 0.0010 1.6756 0.0224 0.1598 0.0019 1098 27 999 8 956 10 95%
1027-2-48 111 147 320 0.46 0.1003 0.0007 4.0429 0.0631 0.2923 0.0046 1631 13 1643 13 1653 23 99%
1027-2-49 131 123 222 0.55 0.1567 0.0008 10.0241 0.1259 0.4633 0.0054 2420 8 2437 12 2454 24 99%
1027-2-50 102 218 325 0.67 0.0925 0.0006 3.1231 0.0521 0.2441 0.0032 1480 12 1438 13 1408 17 97%

1027-2-51 116 187 161 1.17 0.1778 0.0009 12.1196 0.2164 0.4937 0.0086 2632 9 2614 17 2587 37 98%
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Continued Table 1

Elemental 20715, 206 20711, 235 206751, 238 207151, 206 20711, 235 206751, 238
20161027-2 abundance (ppm) Th/U Pb/PD Pou PoU Pb/PD Pou PoU Concordance
Pb Th U Ratio lo Ratio lc  Ratio lo Age (Ma)
1027-2-52 154 273 566 0.48 0.0867 0.0006 2.6452 0.0458 0.2210 0.0038 1355 14 1313 13 1287 20 97%
1027-2-53 131 307 470 0.65 0.0862 0.0006 2.6243 0.0454 0.2208 0.0040 1343 19 1307 13 1286 21 98%
1027-2-54 203 56 1033 0.05 0.0751 0.0005 1.8795 0.0338 0.1812 0.0031 1072 13 1074 12 1073 17 99%
1027-2-55 189 350 1004 0.35 0.0735 0.0005 1.6060 0.0190 0.1583 0.0019 1028 15 973 7 947 10 97%
1027-2-56 170 360 961 0.37 0.0708 0.0006 1.4217 0.0234 0.1456 0.0026 954 15 898 10 876 15 97%
1027-2-57 396 877 1527 0.57 0.0806 0.0007 2.2779 0.0366 0.2051 0.0034 1211 17 1205 11 1202 18 99%
1027-2-58 219 255 530 0.48 0.1128 0.0010 5.0533 0.0836 0.3244 0.0053 1856 15 1828 14 1811 26 99%
1027-2-59 114 452 460 0.98 0.0759 0.0008 1.8912 0.0362 0.1805 0.0033 1092 25 1078 13 1070 18 99%
1027-2-60 70 124 372 0.33 0.0712 0.0008 1.5670 0.0321 0.1595 0.0032 965 23 957 13 954 18 99%
1027-2-61 67 875 622 1.41 0.0559 0.0007 0.5626 0.0137 0.0728 0.0016 450 28 453 9 453 10 99%
1027-2-62 248 444 608 0.73 0.1041 0.0009 4.4631 0.0784 0.3104 0.0053 1698 15 1724 15 1743 26 98%
1027-2-63 75 47 367 0.13 0.0773 0.0006 1.9326 0.0364 0.1811 0.0035 1129 12 1092 13 1073 19 98%
1027-2-64 136 113 728 0.15 0.0744 0.0006 1.6490 0.0462 0.1599 0.0040 1054 17 989 18 956 22 96%
1027-2-65 118 329 643 0.51 0.0714 0.0006 1.4663 0.0319 0.1485 0.0032 970 17 917 13 893 18 97%
1027-2-66 97 204 289 0.70 0.0935 0.0007 3.3056 0.0381 0.2558 0.0027 1498 19 1482 9 1468 14 99%
1027-2-67 555 113 672 0.17 0.2666 0.0020 23.0685 0.3056 0.6274 0.0098 3286 11 3230 13 3139 39 97%
1027-2-68 65 387 296 1.31 0.0717 0.0007 1.4614 0.0252 0.1475 0.0022 976 14 915 10 887 12 96%
1027-2-70 111 222 625 0.35 0.0705 0.0005 1.4579 0.0231 0.1497 0.0025 943 18 913 10 899 14 98%
1027-2-71 69 238 244 0.97 0.0835 0.0009 2.3664 0.0464 0.2052 0.0040 1283 22 1233 14 1203 21 97%
1027-2-72 82 233 452 0.52 0.0708 0.0006 1.4368 0.0272 0.1468 0.0026 952 16 904 11 883 15 97%
1027-2-73 105 416 536 0.78 0.0700 0.0007 1.4358 0.0291 0.1486 0.0031 928 19 904 12 893 18 98%
1027-2-74 213 379 545 0.69 0.1053 0.0009 4.4860 0.0972 0.3079 0.0063 1720 15 1728 18 1730 31 99%
1027-2-75 55 188 296 0.64 0.0714 0.0007 1.4420 0.0248 0.1462 0.0025 969 20 907 10 880 14 96%
1027-2-76 37 151 322 0.47 0.0621 0.0008 0.8091 0.0188 0.0943 0.0020 676 25 602 11 581 12 96%
1027-2-77 109 176 644 0.27 0.0713 0.0008 1.4479 0.0302 0.1469 0.0030 969 21 909 13 884 17 97%
1027-2-78 150 140 341 0.41 0.1551 0.0014 7.2292 0.1924 0.3368 0.0086 2403 17 2140 24 1871 41 86%
1027-2-79 90 308 425 0.72 0.0705 0.0012 1.5641 0.0332 0.1606 0.0029 943 33 956 13 960 16 99%
20161028-1
1028-1-1 304 561 1424 0.39 0.0794 0.0008 1.9639 0.0374 0.1787 0.0032 1183 52 1103 13 1060 17 96%
1028-1-2 89 240 399 0.60 0.0782 0.0010 1.9338 0.0639 0.1780 0.0046 1152 26 1093 22 1056 25 96%
1028-1-3 577 161 891 0.18 0.1902 0.0015 13.7567 0.1548 0.5230 0.0057 2744 13 2733 11 2712 24 99%
1028-1-4 54 300 332 0.90 0.0660 0.0008 1.1209 0.0222 0.1229 0.0022 806 21 763 11 747 13 97%
1028-1-5 313 732 421 1.74 0.1649 0.0013 10.6933 0.1158 0.4690 0.0048 2506 13 2497 10 2479 21 99%
1028-1-6 33 92 158 0.58 0.0740 0.0009 1.7278 0.0292 0.1693 0.0029 1043 24 1019 11 1008 16 98%
1028-1-7 168 27 1040 0.03 0.0709 0.0006 1.4518 0.0175 0.1482 0.0017 955 19 911 7 891 10 97%
1028-1-8 42 99 237 0.42 0.0679 0.0009 1.3983 0.0299 0.1490 0.0028 866 28 888 13 895 16 99%
1028-1-9 418 492 657 0.75 0.1608 0.0015 10.5026 0.1834 0.4730 0.0080 2465 16 2480 16 2497 35 99%
1028-1-10 54 152 278 0.55 0.0724 0.0008 1.5781 0.0336 0.1581 0.0034 998 24 962 13 946 19 98%
1028-1-11 255 231 387 0.60 0.1801 0.0018 12.2404 0.1962 0.4923 0.0082 2654 17 2623 15 2580 36 98%
1028-1-12 179 200 999 0.20 0.0710 0.0007 1.5495 0.0309 0.1582 0.0032 967 25 950 12 947 18 99%
1028-1-13 111 214 352 0.61 0.0897 0.0010 3.0978 0.0674 0.2500 0.0049 1420 21 1432 17 1439 25 99%
1028-1-14 31 121 154 0.79 0.0707 0.0009 1.5712 0.0367 0.1608 0.0032 950 26 959 14 961 18 99%
1028-1-15 27 111 131 0.84 0.0689 0.0009 1.4293 0.0300 0.1504 0.0027 898 23 901 13 903 15 99%
1028-1-16 105 126 589 0.21 0.0707 0.0007 1.5556 0.0309 0.1593 0.0028 950 22 953 12 953 16 99%
1028-1-17 102 98 576 0.17 0.0717 0.0007 1.5764 0.0309 0.1595 0.0031 977 16 961 12 954 17 99%
1028-1-18 119 288 674 0.43 0.0693 0.0007 1.4069 0.0300 0.1470 0.0029 909 20 892 13 884 16 99%
1028-1-19 14 122 75 1.62 0.0642 0.0016 1.0882 0.0319 0.1229 0.0023 746 52 748 16 747 13 99%
1028-1-20 96 228 528 0.43 0.0681 0.0008 1.4084 0.0253 0.1498 0.0023 872 22 892 11 900 13 99%
1028-1-21 190 127 268 0.48 0.2306 0.0023 17.2426 0.4657 0.5404 0.0132 3057 16 2948 26 2785 55 94%
1028-1-22 174 548 597 0.92 0.0842 0.0009 2.4651 0.0383 0.2123 0.0030 1298 20 1262 11 1241 16 98%
1028-1-23 109 109 604 0.18 0.0728 0.0007 1.5830 0.0311 0.1574 0.0025 1007 20 964 12 942 14 97%
1028-1-24 340 725 1063 0.68 0.1455 0.0013 4.8074 0.0810 0.2392 0.0033 2294 16 1786 14 1383 17 74%
1028-1-25 141 205 330 0.62 0.1117 0.0015 5.0003 0.0945 0.3244 0.0048 1828 25 1819 16 1811 23 99%
1028-1-26 27 71 117 0.61 0.0769 0.0012 1.9107 0.0466 0.1800 0.0036 1120 31 1085 16 1067 19 98%
1028-1-27 22 226 149 1.51 0.0605 0.0012 0.8011 0.0227 0.0961 0.0023 620 37 597 13 591 14 98%
1028-1-28 68 391 292 1.34 0.0722 0.0009 1.5899 0.0345 0.1597 0.0033 992 25 966 14 955 18 98%
1028-1-29 198 259 468 0.55 0.1139 0.0013 5.1614 0.0887 0.3281 0.0048 1862 20 1846 15 1829 23 99%
1028-1-30 149 240 498 0.48 0.0892 0.0010 2.9055 0.0539 0.2357 0.0038 1409 21 1383 14 1364 20 98%
1028-1-31 294 756 782 0.97 0.0992 0.0009 3.6407 0.0517 0.2657 0.0031 1609 18 1558 11 1519 16 97%
1028-1-32 497 1186 928 1.28 0.1327 0.0013 6.4776 0.1600 0.3532 0.0080 2200 17 2043 22 1950 38 95%
1028-1-33 119 319 629 0.51 0.0692 0.0008 1.4135 0.0213 0.1480 0.0018 906 24 895 9 890 10 99%
1028-1-34 159 201 236 0.85 0.1659 0.0015 10.7711 0.2013 0.4700 0.0079 2516 15 2504 17 2484 35 99%
1028-1-35 89 121 213 0.57 0.1083 0.0010 4.6427 0.0616 0.3106 0.0034 1772 17 1757 11 1743 17 99%
1028-1-36 152 313 398 0.79 0.0968 0.0017 3.6005 0.1010 0.2692 0.0040 1565 33 1550 22 1537 20 99%
1028-1-37 58 173 139 1.24 0.0997 0.0010 3.6883 0.0764 0.2683 0.0053 1618 19 1569 17 1532 27 97%
1028-1-38 61 97 326 0.30 0.0710 0.0012 1.4652 0.0367 0.1493 0.0024 967 33 916 15 897 13 97%

1028-1-39 143 325 372 0.88 0.0998 0.0010 3.6748 0.0764 0.2667 0.0049 1620 180 1566 17 1524 25 97%
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Continued Table 1
Elemental 207151, 206 20715y, 235 2061, 238 207, 206 20715y, 235 206751, 238
20161028-1 abundance (ppm) Th/U Pb/""Pb Pb/"U Pb/~"U Pb/""Pb Pb/"U Pb/~"U Concordance
Pb Th U Ratio lo Ratio lo  Ratio lo Age (Ma)
1028-1-1 304 561 1424 0.39 0.0794 0.0008 1.9639 0.0374 0.1787 0.0032 1183 52 1103 13 1060 17 96%
1028-1-2 89 240 399 0.60 0.0782 0.0010 1.9338 0.0639 0.1780 0.0046 1152 26 1093 22 1056 25 96%
1028-1-3 577 161 891 0.18 0.1902 0.0015 13.7567 0.1548 0.5230 0.0057 2744 13 2733 11 2712 24 99%
1028-1-4 54 300 332 0.90 0.0660 0.0008 1.1209 0.0222 0.1229 0.0022 806 21 763 11 747 13 97%
1028-1-5 313 732 421 1.74 0.1649 0.0013 10.6933 0.1158 0.4690 0.0048 2506 13 2497 10 2479 21 99%
1028-1-6 33 92 158 0.58 0.0740 0.0009 1.7278 0.0292 0.1693 0.0029 1043 24 1019 11 1008 16 98%
1028-1-7 168 27 1040 0.03 0.0709 0.0006 1.4518 0.0175 0.1482 0.0017 955 19 911 7 891 10 97%
1028-1-8 42 99 237 0.42 0.0679 0.0009 1.3983 0.0299 0.1490 0.0028 866 28 888 13 895 16 99%
1028-1-9 418 492 657 0.75 0.1608 0.0015 10.5026 0.1834 0.4730 0.0080 2465 16 2480 16 2497 35 99%
1028-1-10 54 152 278 0.55 0.0724 0.0008 1.5781 0.0336 0.1581 0.0034 998 24 962 13 946 19 98%
1028-1-11 255 231 387 0.60 0.1801 0.0018 12.2404 0.1962 0.4923 0.0082 2654 17 2623 15 2580 36 98%
1028-1-12 179 200 999 0.20 0.0710 0.0007 1.5495 0.0309 0.1582 0.0032 967 25 950 12 947 18 99%
1028-1-13 111 214 352 0.61 0.0897 0.0010 3.0978 0.0674 0.2500 0.0049 1420 21 1432 17 1439 25 99%
1028-1-14 31 121 154 0.79 0.0707 0.0009 1.5712 0.0367 0.1608 0.0032 950 26 959 14 961 18 99%
1028-1-15 27 111 131 0.84 0.0689 0.0009 1.4293 0.0300 0.1504 0.0027 898 23 901 13 903 15 99%
1028-1-16 105 126 589 0.21 0.0707 0.0007 1.5556 0.0309 0.1593 0.0028 950 22 953 12 953 16 99%
1028-1-17 102 98 576 0.17 0.0717 0.0007 1.5764 0.0309 0.1595 0.0031 977 16 961 12 954 17 99%
1028-1-18 119 288 674 0.43 0.0693 0.0007 1.4069 0.0300 0.1470 0.0029 909 20 892 13 884 16 99%
1028-1-19 14 122 75 1.62 0.0642 0.0016 1.0882 0.0319 0.1229 0.0023 746 52 748 16 747 13 99%
1028-1-20 96 228 528 0.43 0.0681 0.0008 1.4084 0.0253 0.1498 0.0023 872 22 892 11 900 13 99%
1028-1-21 190 127 268 0.48 0.2306 0.0023 17.2426 0.4657 0.5404 0.0132 3057 16 2948 26 2785 55 94%
1028-1-22 174 548 597 0.92 0.0842 0.0009 2.4651 0.0383 0.2123 0.0030 1298 20 1262 11 1241 16 98%
1028-1-23 109 109 604 0.18 0.0728 0.0007 1.5830 0.0311 0.1574 0.0025 1007 20 964 12 942 14 97%
1028-1-24 340 725 1063 0.68 0.1455 0.0013 4.8074 0.0810 0.2392 0.0033 2294 16 1786 14 1383 17 74%
1028-1-25 141 205 330 0.62 0.1117 0.0015 5.0003 0.0945 0.3244 0.0048 1828 25 1819 16 1811 23 99%
1028-1-26 27 71 117 0.61 0.0769 0.0012 1.9107 0.0466 0.1800 0.0036 1120 31 1085 16 1067 19 98%
1028-1-27 22 226 149 1.51 0.0605 0.0012 0.8011 0.0227 0.0961 0.0023 620 37 597 13 591 14 98%
1028-1-28 68 391 292 1.34 0.0722 0.0009 1.5899 0.0345 0.1597 0.0033 992 25 966 14 955 18 98%
1028-1-29 198 259 468 0.55 0.1139 0.0013 5.1614 0.0887 0.3281 0.0048 1862 20 1846 15 1829 23 99%
1028-1-30 149 240 498 0.48 0.0892 0.0010 2.9055 0.0539 0.2357 0.0038 1409 21 1383 14 1364 20 98%
1028-1-31 294 756 782 0.97 0.0992 0.0009 3.6407 0.0517 0.2657 0.0031 1609 18 1558 11 1519 16 97%
1028-1-32 497 1186 928 1.28 0.1327 0.0013 6.4776 0.1600 0.3532 0.0080 2200 17 2043 22 1950 38 95%
1028-1-33 119 319 629 0.51 0.0692 0.0008 1.4135 0.0213 0.1480 0.0018 906 24 895 9 890 10 99%
1028-1-34 159 201 236 0.85 0.1659 0.0015 10.7711 0.2013 0.4700 0.0079 2516 15 2504 17 2484 35 99%
1028-1-35 89 121 213 0.57 0.1083 0.0010 4.6427 0.0616 0.3106 0.0034 1772 17 1757 11 1743 17 99%
1028-1-36 152 313 398 0.79 0.0968 0.0017 3.6005 0.1010 0.2692 0.0040 1565 33 1550 22 1537 20 99%
1028-1-37 58 173 139 1.24 0.0997 0.0010 3.6883 0.0764 0.2683 0.0053 1618 19 1569 17 1532 27 97%
1028-1-38 61 97 326 0.30 0.0710 0.0012 1.4652 0.0367 0.1493 0.0024 967 33 916 15 897 13 97%
1028-1-39 143 325 372 0.88 0.0998 0.0010 3.6748 0.0764 0.2667 0.0049 1620 180 1566 17 1524 25 97%
1028-1-40 72 134 388 0.35 0.0711 0.0009 1.4507 0.0350 0.1479 0.0032 961 25 910 15 889 18 97%
1028-1-41 35 48 238 0.20 0.0648 0.0009 1.0926 0.0237 0.1221 0.0019 766 27 750 12 743 11 99%
1028-1-42 79 50 183 0.27 0.1210 0.0012 5.7893 0.1235 0.3461 0.0060 1972 17 1945 18 1916 29 98%
1028-1-43 29 158 229 0.69 0.0618 0.0009 0.8165 0.0149 0.0958 0.0012 665 31 606 8 590 7 97%
1028-1-44 40 98 49 2.00 0.1644 0.0018 10.5917 0.1644 0.4668 0.0056 2501 19 2488 14 2470 25 99%
1028-1-45 51 116 279 0.42 0.0708 0.0008 1.4562 0.0362 0.1490 0.0033 950 23 912 15 895 18 98%
1028-1-46 111 621 675 0.92 0.0645 0.0006 1.0835 0.0207 0.1219 0.0025 761 25 745 10 742 14 99%
1028-1-47 65 175 317 0.55 0.0726 0.0007 1.5919 0.0351 0.1588 0.0033 1006 25 967 14 950 19 98%
1028-1-48 346 727 481 1.51 0.1630 0.0023 10.4867 0.3752 0.4654 0.0137 2487 24 2479 33 2463 60 99%
1028-1-49 74 55 359 0.15 0.0752 0.0005 1.8628 0.0335 0.1796 0.0033 1074 13 1068 12 1065 18 99%
1028-1-50 95 418 379 1.10 0.0761 0.0006 1.8754 0.0306 0.1789 0.0033 1098 21 1072 11 1061 18 98%
1028-1-52 305 247 445 0.56 0.1841 0.0012 13.1817 0.1941 0.5187 0.0080 2690 11 2693 14 2694 34 99%
1028-1-53 123 258 408 0.63 0.0893 0.0007 2.8919 0.0416 0.2348 0.0035 1410 15 1380 11 1360 18 98%
1028-1-54 189 645 811 0.80 0.0779 0.0013 1.9231 0.0468 0.1786 0.0038 1146 28 1089 16 1059 21 97%
1028-1-55 31 403 193 2.09 0.0614 0.0027 0.8362 0.0371 0.0987 0.0023 654 90 617 21 606 14 98%
1028-1-56 88 321 227 1.42 0.0986 0.0009 3.6291 0.0696 0.2666 0.0052 1598 18 1556 15 1523 26 97%
1028-1-57 340 773 1323 0.58 0.0891 0.0008 2.5376 0.0407 0.2060 0.0029 1406 17 1283 12 1207 16 93%
1028-1-58 186 246 911 0.27 0.0781 0.0007 1.9223 0.0341 0.1782 0.0032 1150 17 1089 12 1057 17 97%
1028-1-59 167 309 331 0.93 0.1492 0.0017 7.4448 0.1229 0.3613 0.0057 2339 25 2166 15 1988 27 91%
1028-1-60 333 2068 1198 1.73 0.2474 0.0136 5.3815 0.4290 0.1494 0.0045 3168 87 1882 68 898 25 29%
1028-1-61 76 307 354 0.87 0.0776 0.0015 1.7981 0.0415 0.1677 0.0027 1136 38 1045 15 1000 15 95%
1028-1-62 51 135 284 0.47 0.0706 0.0010 1.4451 0.0395 0.1481 0.0035 946 30 908 16 890 20 98%
1028-1-63 278 280 415 0.67 0.1771 0.0013 11.9941 0.1915 0.4898 0.0069 2628 13 2604 15 2570 30 98%
1028-1-64 283 212 913 0.23 0.1072 0.0010 3.7533 0.0677 0.2534 0.0041 1754 16 1583 14 1456 21 91%
1028-1-65 290 448 1096 0.41 0.0861 0.0015 2.5225 0.0366 0.2127 0.0025 1343 33 1279 11 1243 13 97%
1028-1-66 80 431 812 0.53 0.0572 0.0007 0.6194 0.0127 0.0786 0.0016 498 26 489 8 488 9 99%
1028-1-67 103 90 231 0.39 0.1208 0.0010 5.8902 0.1049 0.3534 0.0062 1969 15 1960 15 1951 30 99%
1028-1-68 74 147 380 0.39 0.0709 0.0008 1.5680 0.0331 0.1608 0.0036 954 22 958 13 961 20 99%
1028-1-69 69 216 309 0.70 0.0751 0.0009 1.7404 0.0346 0.1682 0.0031 1070 19 1024 13 1002 17 97%

1028-1-70 46 159 218 0.73 0.0718 0.0009 1.5800 0.0347 0.1593 0.0030 983 27 962 14 953 17 99%
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Continued Table 1

Elemental

20751, 206 20751, 235 2061, 238 20751, 206 20751, 235 206151, 238
20161028-1 abundance (ppm) Th/U Pb/Pb P PbU Pb/Pb P PbU Concordance
Pb Th U Ratio lo Ratio lc  Ratio lo Age (Ma)
1028-1-71 21 244 173 1.41 0.0600 0.0012 0.6564 0.0227 0.0789 0.0019 611 44 512 14 490 11 95%
1028-1-72 79 44 184 0.24 0.1228 0.0016 5.8818 0.0803 0.3473 0.0046 1998 23 1959 12 1922 22 98%
1028-1-73 56 177 265 0.67 0.0717 0.0007 1.5935 0.0303 0.1610 0.0030 989 17 968 12 962 17 99%
1028-1-74 296 2081 1687 1.23 0.0667 0.0006 1.1205 0.0181 0.1215 0.0019 829 21 763 9 739 11 96%
1028-1-75 52 251 256 0.98 0.0701 0.0008 1.4298 0.0290 0.1478 0.0029 931 24 901 12 889 16 98%
1028-1-76 76 668 705 0.95 0.0584 0.0006 0.6469 0.0123 0.0802 0.0015 543 24 507 8 497 9 98%
1028-1-77 44 80 224 0.36 0.0754 0.0009 1.7584 0.0372 0.1687 0.0033 1080 25 1030 14 1005 18 97%
1028-1-78 116 350 1042 0.34 0.0615 0.0008 0.8330 0.0200 0.0979 0.0021 657 26 615 11 602 12 97%
1028-1-79 222 167 396 0.42 0.1560 0.0016 9.6939 0.1946 0.4496 0.0089 2413 18 2406 18 2393 39 99%
1028-1-80 224 474 531 0.89 0.1068 0.0015 4.6130 0.0940 0.3127 0.0063 1746 26 1752 17 1754 31 99%
1028-1-81 108 162 329 0.49 0.1011 0.0015 3.6975 0.0996 0.2640 0.0051 1644 28 1571 22 1511 26 96%
1028-1-82 148 183 230 0.79 0.1633 0.0015 10.5972 0.1560 0.4696 0.0063 2500 15 2488 14 2482 28 99%
1028-1-83 59 356 403 0.88 0.0798 0.0011 1.1562 0.0208 0.1047 0.0013 1192 28 780 10 642 8 80%
1028-1-84 202 248 678 0.37 0.0919 0.0008 3.1269 0.0463 0.2462 0.0034 1466 17 1439 11 1419 17 98%
1028-1-85 885 1463 2975 0.49 0.1327 0.0065 4.3532 0.2814 0.2322 0.0042 2200 85 1704 53 1346 22 76%
1028-1-86 61 239 269 0.89 0.0752 0.0008 1.7618 0.0407 0.1693 0.0034 1076 21 1032 15 1008 19 97%
1028-1-87 250 296 994 0.30 0.0879 0.0008 2.5378 0.0418 0.2093 0.0036 1381 17 1283 12 1225 19 95%
1028-1-88 92 177 355 0.50 0.0869 0.0009 2.5045 0.0795 0.2083 0.0059 1358 25 1273 23 1220 31 95%
1028-1-89 30 252 290 0.87 0.0588 0.0009 0.6322 0.0143 0.0779 0.0015 561 31 497 9 484 9 97%
1028-1-90 37 165 139 1.18 0.0781 0.0018 1.9411 0.0531 0.1799 0.0029 1150 45 1095 18 1066 16 97%
1028-1-91 33 143 154 0.93 0.0720 0.0009 1.5633 0.0338 0.1573 0.0029 987 24 956 13 942 16 98%
1028-1-92 32 338 288 1.17 0.0585 0.0009 0.6244 0.0135 0.0774 0.0014 550 33 493 8 481 8 97%
1028-1-93 18 269 140 1.92 0.0567 0.0009 0.6153 0.0143 0.0784 0.0012 480 40 487 9 487 7 99%
1028-1-94 41 97 192 0.51 0.0755 0.0009 1.7555 0.0314 0.1684 0.0025 1083 22 1029 12 1003 14 97%
1028-1-95 61 270 370 0.73 0.0676 0.0008 1.1499 0.0216 0.1232 0.0018 855 24 777 10 749 10 96%
1028-1-96 49 167 255 0.65 0.0700 0.0007 1.4283 0.0192 0.1478 0.0014 928 22 901 8 888 8 98%

using an X-ray fluorescence spectrometer (XRF-1500) at
the National geological experiment testing center, Chinese
Academy of Geological Sciences (CAGS). The analytical
precision is generally better than 5% for all elements.
Trace element abundances were measured using a Plasma
mass spectrometer(PE300D) in the National geological
experiment testing center, Chinese Academy of
Geological Sciences (CAGS), The analysis results were in
parts per million.

5 Analytical Results

5.1 U-Pb ages of detrital zircons

A total of 260 detrital zircons analyses were undertaken.
Zircon U-Pb isotopic compositions are presented in Table
1. Uncertainties on individual analyses in the data table
and concordia plots are presented at 1c. Most of all
analyses are shown on concordia plots (Fig. 5), and ages
less than 1000 Ma are based on the **Pb/***U ratio
whereas older ages are based on the *°Pb/*"’Pb ratio. Ages
calculated for multiple grains are quoted with 95%
confidence limits.

5.1.1 Sample 20161026-2

Eighty-five U-Pb spots were analysed on 85 zircon
grains, of which 79 analyses are concordant. The detrital
zircons from these samples have euhedral-subhedral
morphology, implying that their primary sources were not
far from the depositional site. All of the Th/U values are
greater than 0.1, which indicate that zircons in the
Tianmashan Formation are mostly magmatic origin
(Belousova et al., 2002; Corfu et al., 2003).

The concordant zircon U-Pb data from Tianmashan
Formation define the ages in the range of 523 to 3576 Ma

(Fig. 5), with four main age populations of 523—792 Ma,
904-1489 Ma, 1607-1891 Ma, 2031-2842 Ma.

5.1.2 Sample 20161027-2

Seventy-nine U-Pb spots were analysed on 79 zircon
grains, of which 75 analyses are concordant. The detrital
zircons from these samples have euhedral-subhedral
morphology, implying that their primary sources were not
far from the depositional site. All of the Th/U values are
greater than 0.1, which indicate that zircons in the
Tianmashan Formation are mostly magmatic origin
(Belousova et al., 2002; Corfu et al., 2003).

The concordant zircon U-Pb data from Tianmashan
Formation define the ages in the range of 453 to 3286 Ma
(Fig. 5), with four main age populations of 453—661 Ma,
876-1283 Ma, 13421855 Ma and 20652632 Ma.

5.1.3 Sample 20161028-1

Ninety-six U-Pb spots were analysed on 96 zircon
grains, of which 91 analyses are concordant. The detrital
zircons from these samples are euhedral and subhedral
with clear oscillatory zoning, implying that their primary
sources were not far from the depositional site. All of the
Th/U values are greater than 0.1, which indicate that
zircons in the Tianmashan Formation are mostly magmatic
origin (Belousova et al., 2002; Corfu et al., 2003).

The concordant zircon U-Pb data from Tianmashan
Formation define the ages in the range of 481 to 3057 Ma
(Fig. 5), with four main age populations of 481-749 Ma,
8841183 Ma, 1298-1643 Ma, 1746-1998Ma and 2200—
2744 Ma.

5.2 Whole-rock geochemistry
Geochemistry compositions are presented in Table 2.
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Stratigraphy of the Ordovician strata
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Fig. 4. Stratigraphic column of the Ordovician strata, Hunan
province, South China.

The sedimentary rock samples from Baishuixi and
Qiaotingzi Formations have lower SiO, (56.23-72.50
wt%), higher ALO; (13.14-21.50 wt%), Fe,0;" (3.84—
9.65 wt%), and TiO, (0.51-0.79 wt%), implying that the
sedimentary rocks possess immature lithic varieties and
mafic components. The total contents of rare earth
elements (REE) in the sedimentary rocks vary from 135 to
308 ppm, PAAS—normalized REE patterns indicate that
sedimentary rocks have weaker enrichment of light REE
(Fig. 6). The (La/Yb)y values vary from 0.65 to 2.84. Most
samples show weak negative or positive Eu anomalies
(Ew/Eu" = 0.73-1.03). Overall, REE patterns of these
sedimentary rocks are similar to those of the Post—Archean
Australia shale (PAAS). The samples display moderate
depletion of Gd, Sr and Mo and enrichment of Rb, Ba and
Bi (Fig. 6). Compatible element contents of these
sedimentary rocks are similar to the Post—Archean
Australia shales (PAAS), but Sr, Gd and Mo is poor and
Ba is enriched relative to the PAAS. Because Ba is easily
absorbed and Sr is easily leached during the weathering,
so it can be suggested that the sedimentary rocks in this
paper experienced stronger weathering than the PAAS.

6 Discussion

6.1 Provenance and depositional environment of the
sedimentary rocks
6.1.1 Lower Ordovician

The Chemical Index of Alteration (CIA) is a helpful
argument to evaluate the weathering characteristic of the
provenance of the sedimentary rocks (Nesbitt et al., 1982;
Fedo et al., 2003). The Baishuixi and Qiaotingzi
Formations have large scale CIA values (54 to 83, with
average of 80), showing a moderate to strong weathering
process. If the plagioclases in sedimentary rocks were
completely corroded, the rocks will be plotted close to the
A—K boundary. In addition, as weathering increases, K
removes from the K-feldspar, and the rock compositions
evolve toward the Al,O; end in the A-CN-K diagram
(Fig. 7). The intersection of weathering evolution line and
the plagioclase K-feldspar join can exhibit the proportion
of plagioclase and K-feldspar in the source rocks, and
more accurately restrain the rock types of provenance. The
points of intersection of the samples in this study mostly
plot in the area of the upper crust and granites, suggesting
a provenance of felsic rocks (Fig. 7).

In the F1-F2 provenance discrimination diagram (Fig.
7), sediment sources are divided into four areas, including
felsic igneous, intermediate igneous, mafic igneous and
quartzose sedimentary provenances. All sedimentary rocks
(except one) of the Baishuixi and Qiaotingzi Formations
fall in the quartzose sedimentary provenance field,
suggesting that their sediments of lower Ordovician
(Baishuixi and Qiaotingzi Formation) mainly derived from
recycled sedimentary rocks.

Unimodal cross-bedding is clearly observable in fine-
grained sandstone rocks of the Baishuixi and Qiaotingzi
Formations (Fig. 3), the Paleocurrent directions
demonstrate that sediments were derived from the present-
day north—westerly direction (Fig. 9). Base on the
geochemical features, source composition and cross-
bedding of the Baishuixi and Qiaotingzi Formations,
suggesting that the Yangtze Block was the probable source
for the lower Ordovician strata.

Bhatia (1983) proposed that the sediments deposited in
continental island arc, passive continental margin, oceanic
island arc and active continental margin have obviously
distinct geochemical features, which could be used to
effectively analyze the different tectonic environment. In
the discrimination diagrams of K,0/Na,0O-SiO,, most of
the samples of the Baishuixi and Qiaotingzi Formations
fall in the field of passive continental margin sedimentary
basin (Fig. 8). Furthermore, trace elements, such as REE,
Y, Th, Zr, Hf and Sc, are relatively immobile related to the
major elements (McLennan et al., 1993; Bai et al., 2007).
Thus, the immobile elements can be used to effectively
identify the tectonic settings. Majority of the samples plot
in or near the PM (passive continental margin) area in the
La—Th—Sc diagram (Fig. 8), implying that the sediments
were deposited in a passive continental margin setting.

6.1.2 Upper Ordovician
Comparing the age spectra of detrital zircons from the
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Table 2 Major (wt%) and trace element (ppm) data for sandstone samples from the Baishuixi and Qiaotingzi formations

Sample  BSXI BSX2 BSX3 BSX4 BSX5 BSX6 BSX7 BSX8 BSX9 BSXI0  BSXIl  BSXI2
Sio, 65.9 57.1 66.6 68.5 67.6 62.5 56.2 59.1 575 62.1 58.27 59.4
AlLO; 15.9 13.1 15.0 15.8 15.0 18.67 21.01 18.66  21.50 18.27 19.99 17.79
Ca0 0.15 7.43 0.19 0.10 0.08 0.08 0.08 0.14 0.07 0.08 0.23 0.31
Fe,0; 4.49 2.62 4.88 441 6.21 7.33 2.84 6.98 481 3.33 4.10 5.09
FeO 1.13 235 0.92 0.48 0.48 0.70 4.94 1.49 1.63 3.57 2.64 3.22
K20 3.40 3.04 3.38 3.65 3.64 3.56 3.88 3.91 483 3.76 4.01 2.92
MgO 2.47 2.79 231 1.13 0.99 0.77 3.54 3.12 3.14 2.65 2.58 333
MnO 0.07 0.07 0.08 0.08 0.04 0.07 0.10 0.09 0.05 0.07 0.05 0.17
NayO 0.23 0.55 0.50 0.01 0.01 0.05 0.11 0.72 0.14 0.04 0.06 0.44
P,0;s 0.08 0.13 0.14 0.11 0.11 0.08 0.06 0.07 0.06 0.06 0.09 0.08
TiO, 0.61 0.51 0.58 0.64 0.62 0.65 0.76 0.71 0.76 0.63 0.74 0.66
CO, 0.17 6.43 0.51 0.34 0.34 0.26 0.34 0.26 0.34 0.26 0.26 0.51
H,0 435 3.57 4.06 4.05 3.99 478 521 4.03 4.69 4.49 522 5.36
LOI 4.70 9.87 434 4.29 424 521 5.25 4.11 4.87 4.50 5.26 573

Li 54.7 38.0 31.1 46.9 327 333 51.2 353 35.7 31.8 395 60.9
Be 4.12 3.30 3.55 3.89 3.75 4.69 4.61 4.15 5.09 4.10 5.03 3.97
Cr 99.2 73.8 92.4 95.0 96.6 85.1 103 93.6 113 92.6 109 95.6
Mn 530 562 593 581 337 508 775 714 417 517 414 1318
Co 14.8 11.9 17.4 118 10.2 13.6 21.7 21.6 19.3 17.7 18.1 21.0
Ni 50.9 38.4 70.3 34.8 42.1 544 58.7 54.2 524 49.1 47.9 53.9
Cu 42.4 37.1 40.6 472 495 26.8 17.8 0.18 4.89 0.73 58.1 453
Zn 13 105 112 76.9 89.7 79.7 140 104 118 116 129 135
Ga 245 19.5 23.1 23.7 233 273 315 28.1 31.9 26.0 29.7 27.0
Rb 159 127 141 153 167 149 76.6 156 236 181 175 142
Sr 12.5 126 14.4 8.24 9.43 25.4 314 47.6 555 325 229 38.7
Mo 1.47 1.16 1.70 1.06 1.96 0.05 0.08 0.06 0.05 0.05 0.13 0.14
cd 0.26 0.23 0.63 0.30 0.31 0.05 0.09 0.05 0.05 0.20 0.07 0.05
In 0.07 0.06 0.07 0.07 0.06 0.08 0.10 0.08 0.09 0.07 0.09 0.08
Cs 733 5.90 6.51 7.46 7.69 743 6.46 8.90 113 747 7.26 5.16
Ba 2012 1856 2012 2089 2116 919 923 979 1179 670 10520 1609
Tl 0.72 0.59 0.75 0.78 0.80 0.63 0.68 0.74 0.92 0.76 0.68 0.58
Pb 15.8 12.2 273 122 13.1 435 5.34 9.07 8.57 4.44 222 5.36
Bi 0.38 0.33 0.38 0.34 0.35 0.07 0.05 0.40 0.40 0.13 0.44 0.07
Th 162 13.0 152 15.1 15.8 153 19.4 18.0 17.1 17.0 17.9 18.6
U 2.74 2.30 331 2.91 3.94 1.57 1.84 1.80 2.15 2.13 3.08 2.78
Nb 11.9 9.78 1.2 12.1 11.8 12,5 15.4 13.9 13.8 115 13.7 133
Ta 1.01 0.81 0.94 0.98 0.97 1.01 1.24 1.12 1.10 0.98 111 111
Zr 87.7 722 80.6 94.2 91.0 81.0 101 102 89.9 78.6 92.2 101
Hf 2.98 2.40 2.71 3.12 3.10 2.81 341 3.45 2.99 2.71 3.09 3.34
Sn 3.52 2.83 3.40 3.48 3.34 3.48 435 3.80 3.87 3.38 3.74 3.61
Sb 1.57 1.10 2.25 1.04 4.24 0.42 0.50 1.10 111 0.56 0.87 033
Ti 3971 3292 3730 4090 3952 4172 4926 4481 4759 3783 4603 4160
4 1.94 1.57 1.62 1.79 1.76 1.95 2.50 2.20 234 1.85 2.23 2.12
As 7.85 6.65 15.1 8.08 9.78 0.76 0.86 0.99 0.97 0.83 10.1 1.21
\% 198 144 163 143 140 105 112 117 124 117 120 94.6
La 355 335 372 31.4 33.0 33.4 48.9 57.1 95.2 88.7 46.9 46.6
Ce 64.5 64.1 65.7 57.6 62.3 43.0 95.0 101 92.9 107 94.2 95.7
Pr 7.74 7.60 8.37 7.19 7.66 7.52 11.0 12.5 16.4 17.1 10.6 10.2
Nd 31.6 31.6 34.4 30.0 31.4 30.6 39.9 46.3 60.7 62.0 37.6 36.8
Sm 5.4 543 6.07 5.04 5.54 532 7.33 8.68 11.0 10.8 7.04 7.12
Eu 0.96 1.06 1.18 0.90 1.02 1.06 1.37 1.67 2.11 1.98 1.31 137
Gd 425 4.90 6.17 4.08 485 4.54 572 7.46 8.39 7.32 6.41 6.03
Tb 0.78 0.85 1.09 0.73 0.87 0.81 0.99 1.29 1.39 1.25 113 1.09
Dy 3.87 4.06 5.54 3.76 4.24 3.98 4.63 6.02 591 5.20 542 5.1
Ho 0.79 0.82 1.12 0.76 0.87 0.79 0.87 1.18 1.05 0.97 1.07 1.06
Er 2.34 242 3.02 2.18 2.51 2.23 2.53 3.27 2.78 2.70 2.96 3.04
Tm 0.35 0.34 0.42 0.32 0.37 0.32 0.36 0.45 0.39 0.37 0.41 0.42
Yb 2.23 2.26 2.72 2.03 238 2.12 238 2.93 2.47 2.49 2.70 2.71
Lu 0.33 0.34 0.41 0.30 0.35 0.31 0.35 0.43 0.37 0.36 0.42 0.40
Sc 155 12.0 13.8 143 153 152 17.9 16.6 20.4 16.7 20.0 16.9
Y 224 243 34.1 213 24.8 19.9 23.4 33.2 26.0 24.5 29.8 29.7

Sample  BSX13  BSXl14 QTZ1 QTZ2 QTZ3 QTZ4 QTZ5  QTZ6  QTZ7 QTZ8 QTZ9 QTZ10
Si0, 61.4 62.3 58.6 594 573 59.8 71.9 725 714 71.0 62.2 65.0
AlLO; 17.93 17.77 19.85 19.12 2111 19.10 13.55 13.50 13.84 13.63 17.83 16.3
Ca0 0.20 0.19 0.23 0.20 0.12 0.08 0.13 0.08 0.08 0.08 0.27 0.29
Fe,03 2.61 3.44 1.91 0.85 2.93 3.26 3.23 235 2.50 2.66 4.86 452
FeO 3.79 2.50 5.30 6.52 4.08 3.50 0.84 135 1.63 1.56 1.42 1.13
K,0 3.29 3.30 3.77 3.29 4.00 3.42 3.12 3.05 3.37 3.14 4.06 3.81
MgO 3.24 2.96 3.22 3.58 2.97 333 1.96 1.86 2.00 1.98 2.17 2.16
MnO 0.14 0.15 0.07 0.09 0.11 0.04 0.03 0.04 0.03 0.03 0.04 0.02
Na,O 1.50 127 0.71 1.10 0.31 0.39 0.04 0.01 0.01 0.01 0.50 0.31
P,0s 0.13 0.11 0.09 0.10 0.07 0.09 0.05 0.03 0.06 0.06 0.11 0.10
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Sample BSX13 BSX14 QTZ1 QTZ2 QTZ3 QTZ4 QTZ5 QTZ6 QTZ7 QTZ8 QTZ9 QTZ10
TiO, 0.72 0.73 0.75 0.71 0.77 0.71 0.62 0.61 0.61 0.60 0.79 0.63
CO, 0.34 0.26 0.34 0.26 0.26 0.34 0.26 0.26 0.43 0.77 0.26 0.17
H,O 4.10 4.28 4.65 4.32 5.38 5.13 4.13 3.92 3.97 4.12 4.83 4.80
LOI 4.28 4.56 4.49 4.07 5.52 5.52 4.21 3.92 4.48 4.20 5.14 4.98
Li 49.6 42.8 54.7 63.3 47.5 50.1 31.7 30.5 36.1 35.1 29.1 313
Be 4.57 431 4.45 4.39 5.14 4.33 3.07 2.70 332 2.93 3.85 5.19
Cr 100 99.7 111 107 118 108 72.6 76.7 79.3 71.8 110 86.0
Mn 1139 1216 527 736 895 327 244 297 243 226 284 166
Co 32.8 18.4 13.8 22.0 18.6 19.7 13.8 10.4 12.3 8.93 17.1 9.42
Ni 57.7 49.5 49.9 54.7 60.8 48.7 45.7 61.5 98.7 96.0 539 44.8
Cu 22.8 32.1 24.6 59.5 70.9 33.8 109 93.0 87.1 92.5 383 41.8
Zn 123 123 137 135 156 146 125 182 292 284 161 129
Ga 279 27.1 29.2 28.9 325 28.6 23.1 22.5 22.0 21.8 28.1 26.4
Rb 164 166 185 165 199 178 156 156 159 155 207 209
Sr 61.4 553 50.9 59.2 355 29.7 15.9 17.5 20.7 21.8 31.6 27.4
Mo 0.56 0.61 0.06 0.05 0.11 0.12 0.11 1.39 0.39 0.48 0.40 1.05
Cd 0.39 0.38 0.08 0.09 0.16 0.18 0.09 0.34 0.56 0.52 0.56 0.22
In 0.07 0.08 0.08 0.09 0.10 0.08 0.07 0.07 0.06 0.06 0.09 0.09
Cs 4.79 4.82 4.87 4.02 5.06 4.16 6.91 5.75 6.67 6.39 8.42 11.5
Ba 936 908 1468 1112 1369 893 569 530 543 542 853 912
Tl 0.64 0.65 0.71 0.62 0.74 0.64 0.69 0.65 0.69 0.71 0.90 0.89
Pb 27.1 25.9 7.97 4.67 5.59 13.4 30.6 36.0 66.7 59.6 27.6 27.6
Bi 0.42 0.35 0.33 0.07 0.09 0.35 0.05 0.39 0.20 0.31 0.50 0.64
Th 18.2 18.5 16.6 18.2 20.6 17.3 18.2 17.3 17.8 17.6 21.0 22.9
U 3.16 2.58 2.21 1.76 2.46 2.48 2.16 2.56 3.12 3.18 4.03 4.43
Nb 14.4 14.4 13.4 13.6 15.4 13.5 19.9 14.4 13.1 13.2 17.0 16.4
Ta 1.17 1.17 1.06 1.07 1.22 1.07 1.06 1.10 1.03 1.03 1.35 1.42
Zr 140 137 79.8 89.5 105 90.5 155 170 159 157 175 170
Hf 3.83 3.81 2.76 3.04 343 3.08 4.29 4.50 4.29 4.35 4.79 5.11
Sn 3.72 3.78 3.47 3.61 4.02 3.47 3.51 3.31 3.28 3.20 4.40 4.84
Sb 4.16 232 0.75 0.26 0.38 0.60 0.38 1.27 1.50 2.16 0.67 1.24
Ti 4566 4496 4718 4432 5129 4468 3858 3971 3862 3770 5180 4016
W 1.74 1.78 1.91 1.93 2.06 1.83 231 2.54 2.50 2.49 2.15 3.49
As 23.8 13.8 3.62 0.95 7.35 9.75 2.51 16.1 10.5 12.2 8.31 7.70
\ 101 104 119 101 130 116 89.4 99.2 109 104 135 109
La 47.6 47.5 48.6 532 54.0 51.0 49.2 45.7 52.8 51.2 583 57.6
Ce 97.5 97.4 101 107 109 84.5 93.4 82.9 105 105 111 106
Pr 10.9 10.5 10.8 11.4 11.6 10.6 10.1 9.77 11.3 11.1 12.3 12.9
Nd 40.2 37.7 38.1 40.6 40.5 432 37.7 394 40.6 39.2 44.4 48.4
Sm 8.11 7.46 7.47 7.66 7.25 6.92 6.28 6.47 7.79 7.57 8.22 10.0
Eu 1.55 1.46 1.49 1.50 1.35 1.35 1.12 1.20 1.40 1.34 1.52 1.51
Gd 7.06 6.50 6.23 6.53 5.84 5.85 5.25 5.49 6.65 6.56 7.02 9.30
Tb 1.23 1.15 1.09 1.17 1.08 1.03 0.99 0.95 1.17 1.13 1.26 1.61
Dy 5.97 5.71 5.28 5.66 5.09 4.80 4.82 4.68 5.80 5.50 6.21 7.81
Ho 1.18 1.11 1.04 1.13 1.03 0.99 1.03 0.92 1.15 1.11 1.24 1.55
Er 3.42 3.23 293 3.25 291 2.67 3.16 2.59 3.44 3.23 3.62 4.47
Tm 0.47 0.46 0.41 0.45 0.41 0.39 0.49 0.38 0.49 0.46 0.52 0.62
Yb 3.09 3.08 2.68 293 2.77 2.49 335 2.51 3.17 3.09 3.34 4.09
Lu 0.48 0.45 0.41 0.43 0.42 0.37 0.54 0.37 0.49 0.46 0.51 0.62
Sc 17.1 16.9 19.7 18.5 21.1 18.8 13.7 14.1 14.8 14.5 18.9 16.1
Y 33.8 325 28.5 32.7 28.6 27.9 29.5 25.6 32.9 30.6 36.5 45.4
Sample QTZ11 QTZ12 QTZ13 QTZ14 QTZ15 QTZ16 QTZ17 QTZ18 QTZ19 QTZ20
SiO, 56.8 61.6 62.1 63.4 59.8 58.8 572 58.6 58.1 57.0
AlLO3 18.47 18.25 19.35 16.61 18.31 18.93 18.94 18.30 19.68 20.35
CaO 0.25 0.28 0.07 0.26 0.23 0.11 0.24 1.09 0.14 0.07
Fe 03 1.82 0.81 3.88 3.06 2.13 4.31 3.03 0.66 4.14 2.96
FeO 6.74 4.65 1.13 2.86 4.29 2.57 6.02 5.66 3.00 4.44
K>O 2.46 3.23 3.87 3.02 3.47 3.52 3.43 3.25 3.89 3.79
MgO 5.01 3.36 2.32 3.14 4.12 3.60 3.78 4.02 3.38 3.89
MnO 0.09 0.11 0.06 0.09 0.10 0.10 0.11 0.17 0.08 0.09
Na,O 2.07 2.28 0.10 1.18 0.93 0.59 0.65 1.36 0.53 0.02
P,0s 0.10 0.11 0.06 0.10 0.11 0.09 0.12 0.10 0.09 0.06
TiO, 0.66 0.70 0.77 0.62 0.68 0.68 0.71 0.69 0.74 0.76
CO, 0.34 0.26 0.34 0.34 0.26 0.34 0.17 1.46 0.34 0.26
H,O 4.66 3.58 5.10 432 4.68 5.35 5.02 3.99 5.15 5.42
LOI 4.46 3.48 5.44 439 4.63 5.67 4.86 5.00 5.35 5.49
Li 54.6 38.7 27.1 40.7 46.8 40.2 47.8 50.5 41.3 63.7
Be 5.32 5.41 5.39 3.55 4.53 5.05 4.54 4.35 5.21 4.89
Cr 98.8 101 102 90.8 99.7 103 102 99.8 93.6 96.8
Mn 725 884 433 701 784 774 865 1377 658 731
Co 25.7 18.6 15.5 16.9 17.2 18.2 19.4 19.9 22.6 24.4
Ni 62.1 47.6 43.2 46.0 46.1 55.8 53.9 50.4 60.7 60.0
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Continued Table 2
Sample QTZ11 QTZ12 QTZ13 QTZ14 QTZI15 QTZ16 QTZ17 QTZ18 QTZ19 QTZ20
Cu 65.2 68.4 40.3 36.8 445 46.4 3.24 35.8 56.4 85.5
Zn 130 95.9 90.6 97.6 119 120 132 114 171 153
Ga 29.2 27.7 29.1 253 28.2 29.0 29.2 28.9 29.8 30.6
Rb 123 163 193 150 176 174 172 155 192 188
Sr 74.0 93.2 28.0 54.2 57.1 432 60.6 91.2 46.4 453
Mo 0.17 0.09 0.18 0.15 0.09 0.05 0.05 0.05 0.05 0.05
Cd 0.08 0.05 0.31 0.05 0.07 0.18 0.05 0.05 0.05 0.09
In 0.08 0.08 0.09 0.08 0.08 0.09 0.09 0.08 0.08 0.09
Cs 443 6.04 7.31 5.66 6.62 6.54 6.45 5.75 7.91 8.07
Ba 1355 1759 1930 1560 1406 1594 1455 950 1273 970
Tl 0.48 0.66 0.82 0.62 0.72 0.71 0.68 0.62 0.74 0.73
Pb 16.1 13.5 36.7 5.07 11.1 5.77 4.09 7.29 8.61 11.2
Bi 0.50 1.92 0.59 0.09 0.41 0.24 0.17 0.13 0.20 0.62
Th 21.0 22.9 23.1 21.2 20.8 23.7 23.8 19.7 16.2 16.8
U 2.91 3.68 3.36 2.48 2.26 2.29 2.17 2.27 1.97 1.98
Nb 13.8 14.7 15.3 12.9 14.1 14.1 14.8 13.9 13.8 14.0
Ta 1.11 1.22 1.27 1.07 1.16 1.17 1.24 1.12 1.11 1.12
Zr 93.4 106 142 954 98.2 94.3 108 96.8 87.8 88.1
Hf 3.02 345 4.00 3.29 3.21 3.20 3.70 3.24 3.04 3.00
Sn 3.84 4.13 4.45 3.64 3.99 4.10 4.10 391 3.73 3.76
Sb 0.71 0.43 0.48 0.52 0.94 0.43 0.87 0.29 0.70 0.71
Ti 4101 4363 4736 3904 4260 4276 4517 4344 4744 4821
W 2.43 2.36 2.58 2.20 2.44 2.47 2.60 225 2.23 2.02
As 0.62 0.44 1.94 0.72 10.6 1.60 1.12 0.60 0.62 0.64
\Y% 80.6 117 110 97.7 100 99.1 99.4 108 130 133
La 41.7 213 64.0 28.2 44.1 58.8 52.1 455 51.0 46.4
Ce 93.0 98.1 94.8 52.6 97.8 106 113 102 80.6 100
Pr 9.25 531 13.0 6.63 9.87 13.4 11.6 10.0 12.1 103
Nd 32.8 16.9 45.8 26.7 349 49.6 41.6 35.2 50.9 37.2
Sm 6.32 4.12 7.79 473 6.94 9.39 8.34 6.94 9.11 6.80
Eu 1.03 0.75 1.33 0.76 1.25 1.79 1.62 1.26 1.79 1.26
Gd 4.99 3.56 6.38 4.08 5.96 8.05 6.93 5.86 7.29 5.58
Tb 0.87 0.66 1.11 0.78 1.04 1.38 1.20 1.04 1.25 1.00
Dy 4.08 3.57 5.17 421 5.00 6.52 5.82 5.02 5.66 4.65
Ho 0.82 0.74 1.03 0.90 0.98 1.27 1.14 1.01 1.09 0.93
Er 2.40 2.28 2.96 2.55 2.85 3.53 3.19 2.87 3.01 2.66
Tm 0.34 0.35 0.42 0.37 0.39 0.50 0.44 0.40 0.43 0.39
Yb 231 243 277 243 2.64 331 2.90 272 2.90 2.46
Lu 0.34 0.36 0.40 0.36 0.40 0.48 0.43 0.40 0.44 0.37
Sc 18.0 18.2 18.8 16.4 18.4 18.8 19.5 18.9 19.5 20.4
Y 23.7 183 28.6 24.8 27.8 34.3 31.6 27.8 28.6 27.1

sedimentary rocks in this study with the characteristic age
spectra of the Yangtze and Cathaysia blocks (Fig. 10) can
effectively identify the provenances of these sedimentary
rocks. The detrital zircon age data in this study possess
three major age populations as: 900—1200 Ma, 1400-1800
Ma and 2400-2700 Ma for the Tianmashan Formation
(Fig. 10). About 50% of the zircons with ages ranging
from 800-1200 Ma are dominant. The previous studies
have shown that the Cathaysia Block is characterized by
the extensive detrital zircons of Grenvillian (1.0-1.3 Ga)
and Neoarchean (2.4-2.7 Ga) ages (Wang et al., 2008; Yu
et al., 2008, 2010). In contrast, The Yangtze Block contain
a large number of Neoproterozoic (700-860 Ma) tectonic
thermal event, which is very intense around the Yangtze
Block, but weak in the Cathaysia Block. Although some
~1000 Ma detrital zircons have been found from the
Kunyang Group in the southwestern Yangtze Block
(Greentree et al., 2006), they are much far from the study
area, and not dominant in the southwestern Yangtze Block.
In comparison with Wuyi and Yunkai areas in the
Cathaysia Block, the Tianmashan Formation displays
similar age peaks at 1000 Ma, 1700 Ma and 2500 Ma,
sources of these ages are missing in the Yangtze Block.

The frequency spectra of zircon ages are also consistent
with the Bianxi Formation, Huangyi Formation in the
northern margin of the Cathaysia Block, but different from
the detrital zircon age spectra of the Yangtze Block (Fig. 9;
age peaks at 1.0 Ga, 1.85 Ga and 2.5 Ga; Zhang et al
2016). In addition, unimodal cross—bedding is also
obviously observable in fine—grained sandstone rocks of
the Tianmashan Formation (Fig. 3), paleocurrent
directions indicate that sediment derive from the present
day south—easterly direction (Fig. 9). From the above, the
sedimentary rocks from the Tianmashan Formation
contain a large number of 900-1200 Ma detrital zircons
and less 700860 Ma and 1900-2100Ma detrital zircon
grains, much similar to the age spectrum of the Cathaysia
Block. We demonstrated that the sedimentary basin in
central Hunan province area began to accept the detrital
materials from the Cathaysia Block in late Ordovician. In
other words, the provenances of sedimentary basin in
central Hunan province area significantly changed from
the lower Ordovician to wupper Ordovician. This
conclusion indicates that (1) the Ordovician sedimentary
basin in central Hunan area is near the border of the
Yangtze and Cathaysia blocks, because it received the
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Fig. 5. U-Pb concordia plots, CL images and probability density for detrital zircons from sedimentary samples of Tianmashan
Fm. in Hunan province. The red indicate the U-Pb spots. ***Pb/***U ages are used for zircons < 1.0 Ga and **’Pb/*”Pb ages are
used for all zircon grains > 1.0 Ga.

2010; Wang et al., 2010b, 2011b), the basin setting also
changed from passive continental margin basin to foreland
basin, so that the basin can receive the detritus from the
Cathaysia Block.

clastic materials from both blocks; and (2) The orogenic
event occurred in late Ordovician, which caused the
sinking of the basins and the final convergence between
Yangtze and Cathaysia blocks in the SCB (Chen et al.,
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Fig. 6. PAAS (Post—Archean Australia shales) normalized REE and trace elements patterns for the sedimentary samples of Hunan
Province. The normalization values are cited from Taylor and McLennan (1995).

6.2 Tectonic implications
6.2.1 Late Ordovician orogeny in the South China
Block

Caledonian orogeny is the most important tectonic
movement during early Paleozoic in SCB (Xu et al., 1996;
Bai et al., 2007, Chen et al., 2012). This tectonic event
was firstly termed as “the Kwangsian movement” by Ting
(1929). Chen et al. (2010) re-employed the “Kwangsian
movement” to explain the early Paleozoic tectonic event in
the SCB. The Caledonian orogeny resulted in an
unconformity between pre-Devonian and Devonian strata
in the SCB (BGMRGZAR, 1985; BGMRGP, 1988). The
unconformity surface overlaps gradually younger strata
from south to north across the southeastern Yangtze Block
and Cathaysia Block (Bai et al., 2007; Chen et al., 2012),
imply that the impact of this orogeny spread throughout
SCB during early Paleozoic. The different sediment
sources between the Baishuixi Formation, Qiaotingzi
Formation and Tianmashan Formation imply that paleo—
South China ocean between the Yangtze Block and
Cathaysia blocks did not closure until the Caledonian
period, leading to final amalgamation of the Yangtze and
Cathaysia blocks (Wang et al., 1986; Shui, 1987; Xu et al.,
1996; Ma et al., 2004; Chen et al., 2006). The following
geological evidence further consistent with a subduction

tectonic regime during early Paleozoic period. (1)
Abundant magmatic rocks related to subduction and
collision in the northwestern Cathaysia Block in early
Paleozoic time (Wang et al., 2004; Xu et al., 2009; Xi et
al., 2019). (2) The differences in spatial distribution
characteristics between southern Yangtze Block and
northern Cathaysia Block indicate that the two blocks are
not directly connected during late Ordovician (Fig 10).
With the end of subduction, the basin evolving from a
shallow water predominated depositional environment in
the early Ordovician, to a deep water setting in the late
Ordovician (Fig. 12). In addition, the youngest detrital
zircon in Tianmashan Formation yielded the maximum
depositional age of around 453 Ma, suggest that the
Caledonian orogeny in SCB began no later than 453 Ma.

6.2.2 Affinity of South China Block with other major
continents

The comparison of age spectra with other blocks or
domains can effectively provide a better comprehending
on the evolution process and affinity of SCB in relation to
global continental accretion events (Rino et al.,2004;
Condie et al., 2009). The spectra of detrital zircons from
Cathaysia and Greater as well as Lesser Himalaya record
common age peaks at ca. 950 Ma (Fig. 11), implying their
close affinity during the amalgamation of Rodinia
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Fig. 9. Paleocurrent directions are measured from the cross—
bedded sandstone of the (a) Qiaotingzi Formation and (b)
Tianmashan Formation.

supercontinent. However, this event is later (850-900 Ma)
in East India—East Antarctica, and older (1100—1200 Ma)

in Western Australia, confirming the diachronic nature
with the assembly of Rodinia (Li et al, 2008b).
Paleoproterozoic and Mesoproterozoic tectonic and
magmatic imprints are relatively weak in the Nanling—
Yunkai area of Cathaysia, Greater and Lesser Himalaya
and Southeastern Australia, suggesting a remote
relationship among these blocks and the Columbia
supercontinent (Fig. 11). The late—Archean to early—
Paleoproterozoic crust growth events mainly occurred
during 26002800 Ma in Western Australia but took place
at around 24002600 Ma in the Central Yangtze,
Cathaysia, East India—East Antarctica, Southeastern
Australia and Greater and Lesser Himalaya. In conclusion,
the Ordovician age distributions from Hunan areas display
major age peak at 900—850 Ma and minor peaks at 1600—
1900 and 2400-2600 Ma. These are similar to those in
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East India—East Antarctica, Greater and Lesser Himalaya
and Cathaysia but different from Southeastern and
Western Australia. Thus we suggest that the SCB has a
close affinity with the East India—East Antarctica, Greater
and Lesser Himalaya and Cathaysia blocks (Yang et al.,
2004) during the late Ordovician and Silurian.

7 Conclusions

The petrographic and geochemical data indicate that the
depositional environment of the Baishuixi and Qiaotingzi
Formations is the passive continental margin but the
Tianmashan Formation deposited in a foreland basin
during Ordovician periods.

This study
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Fig. 11. Comparison of age distribution in this study with

detrital zircon ages in other major global blocks.

(a) This study; (b) Yunkai area of the Cathaysia Block (Wang et al.,
2013a); (c) Greater and Lesser Himalaya (Gehrels et al., 2003); (d) East
India and East Antarctica (Yu et al., 2008); (h) Western Australia and
Southeastern Australia (Griffin et al., 2004; Veevers et al., 2005; Condie
et al., 2009).

(a) Early Ordovician

Passive continental margin

(b) Late Ordovician
Foreland basin

Fig. 12. Schematic model for the Ordovician evolution of
the South China Block.

The Tianmashan Formation sedimentary rocks contain
abundant Grenville-aged detrital zircons, consistent with
the characteristic age peak of Cathaysia Block, implying
the affinity with the Cathaysia Block.

The change of provenances between the lower and
upper Ordovician strata suggests that a tectonic movement
occurred during late Ordovician period, which is the
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response of the Caledonian movement in the SCB.
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