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Abstract ; The Lower Cambrian Niutitang Formation shale is an extremely crucial marine source rock developed at the
mid—upper Yangtze block of China. To clarify the paleoenvironment and conditions which are responsible for organic
matter enrichment of the Niutitang Formation shale in South China, a systematic study of petrology, organic geoche-
mistry and elemental geochemistry was carried out by focusing on the Niutitang Formation shale in Yuanling, western
Hunan Province. Results showed that the paleoclimate was transforming from dry-cold to warm-wet during deposition of
Niutitang Formation. The level of biological productivity, the redox properties of water and the intensity of hydrothermal
activity showed a consistent trend of low—high—medium-high from the early to the late stage of deposition. Rather than
being controlled by a single factor, the enrichment of organic matter in the Niutitang Formation shale was the result of
the mutual configuration and coupling of multiple factors such as paleoclimate, biological productivity, water redox
properties, deposition rate and hydrothermal activity. The water was shallow and oxic with a low-level of productivity
in the course of deposition of the lower Niutitang Formation, which was not conducive to the enrichment of organic
matter. A large-scale of Early Cambrian transgression occurred during deposition of the medium Niutitang Formation
and the associated upwelling carried extensive substances such as nutrients and sulfates entered the surface water,
which promoted the blooming of algae. The anoxic-euxinic environment at the bottom water was conducive to the

preservation of organic matter. Although the degree of water oxidation increased during deposition of the upper Niutitang
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Formation, the strong hydrothermal activity triggered by the continuous extension of South China provided rich

nutrients, which kept a high-level biological productivity. Meanwhile, the relatively high deposition rate led to

organic matter insufficiently degraded, resulting in rapid burial, preservation and enrichment.

Key words ; sedimentary environment; enrichment mechanism; organic matter; black shale; Niutitang Forma-

tion; Lower Cambrian; western Hunan Province
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Fig.1 Paleogeographic map of the Yangtze block
in South China during Ediacaran—Cambrian transition
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Fig.2  Electron microscopic images of organic-rich shale
in Lower Cambrian Niutitang Formation,
Jiemuxi profile, western Hunan Province
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Table 1 TOC and major element contents of Niutitang Formation samples in western Hunan Province
paE  mm b w(100)/ TR LA —w

m 4 ALO;  Ca0  Fe,0, K,0 MgO Na,0 TiO,
IMX-45 0.7 TR R LA 5.41 7.49  0.05 9.07 191 065 081 043 68.1
IMX-44 2.5 ek B LA 4.86 8.51 0.04 478 1.89 136 0.87 039 705
IMX-43 3.7 BRI 5.95 8.56  0.15 434 207 1.00 094 043 67.7
IMX-42 = 5.7 B AARE TN 7.90 7.91 0.03 1.47 220 063 0.67 046 69.0
JMX-41 B 7.3 TRAL R DU 7.41 6.36  0.10  0.65 1.84 047 041 045  69.0
IMX-40 9.3 TR UL 9.40 8.67  0.03 1.61 247 084 071 046  69.0
JMX-39 10.5 AR TS 7.03 8.16 007 392 234 075 080 041 673
JMX-38 12.1 R 5.27 7.44  0.26 1.77 233 050 071 045 653
IMX-37 13.7 B h— R 4.21 7.22  0.61 057 231 047 0.85 040 59.0
IMX-36 15.8 B rh— b 5.51 8.83  0.09 271 275 074 071 047 672
JMX-35 17.8 B rh— 2R 7.41 7.74  0.02  0.61 1.02 027 030 0.18 653
JMX-34 19.8 EESuRt VYN R ey 9.08 6.82 008 057 220 048 0.81 046 639
JMX-33 21.8 B R TR b 5.52 7.03  0.04 272 143 128 017 023 787
JMX-32 23.3 BORERRIME 937 459 014 084 143 048 041 027 648
IMX-31 25.3 AT 12.86 4.71 0.18  0.67 1.97 029 046 0.62 594
JMX-30 26.0 TR Z R ST D 9.54 6.41 0.06 152 243 029 09 052 598
IMX-29 27.5 TR R AR A 8.88 7.31 0.10 592 261 028 127 045 589
JMX-28 29.5 RO Z e A 9.30 7.07  0.33 422 241 036 1.26 044 572
IMX-27 31.5 AR YO AR T A 7.01 741 029  6.69 239 051 1.32 043 583
IMX-26 335 B YO A A 6.62 9.65 547 476 299 0.85 148 057 60.2
IMX-25 34.8 TRAGHE T TS 1045 1149 006 493 384 090 142 0.82 63.5
JMX-24 35.8 AR TS 9.52 7.06 026  4.17 1.87 220 1.06 042 625
JMX-23 ; 37.8 AR T U 10.51 458 020 268 138 069 065 022 610
IMX-22 39.3 RIS 8.95 419  0.23 6.35 132 051  0.61 023 596
IMX-21 41.3 TRAORE T TS 9.34 7.24  0.18 175 222 069 09 040 62.6
IMX-20 43.3 BT TS 12.45 5.13 0.19  2.88 1.77 038 070 0.31  60.1
JMX-19 45.3 TR R A 14.44 512 022 321 1.20 226 060 029 656
JMX-18 47.3 Rt rh AR S 11.19 460  0.33 442 1.18 085 075 026 59.5
IMX-17 48.8 RO AR T 10.14 7.70  0.18 264 1.85 080 0.88 036 67.1
IMX-16 49.8 RAYUREE A 9.43 749 029  2.15 1.98 101 09 038 63.7
JIMX-15 51.5 RO A 9.69 6.55 1.04 241 1.73 121 065 033 576

IMX-14 52.7 TRAG R T TS 1.91 43.61 135 0.08 227 0.04 0.04
JMX-13 54.3 AR TS 11.72 578  0.27 225 1.60 069 046 031  66.0
IMX-12 56.3 TR R U 10.59 7.30 1.03 2.84 1.87 092 080 035 583
IMX-11 58.3 TR T DU 11.70 8.86  0.18  4.58 263 1.18 066 0.44 675

JMX-10 59.9 TRAOHE T TS 12.01 0.13 1.63 047 031 004 0.07
JMX-9 61.1 AR TS 9.63 1078  0.38 532 338 1.10 070 0.50 66.2
JMX-8 62.1 PR DU 2,53 13.28  0.14 658 452 1.87 043 073  69.4
IMX-7 64.2 RIS 0.72  13.61 0.66 830 427 209 095 086 64.8
JMX-6 E 65.8 ML B T A .16 1223 117 7.00 330 266 121 079 613
IMX-5 67.2 BRI 224 1159  0.18 6.42 351 207 090 0.83 67.3
JMX-4 68.8 TRAL R DU 1.79 1173 036 803 350 255 0.87 081 66.7

4 2.23%) ,CaO (CF3BIMEH 1.40%) MgO (*F31MA
4 0.98% ) Fll Na, O (-3 H 0.77%) , HoAx FhE 7T
RAMRY S B AT T 0.5%(F 1), kL
B P T A 5 7 2 6 8, DU B v 1 e R
XTEARR RS,
3.2 HEILEM REE I

VPG b DX B ) A B SR T P BB R
GOICAREEITR (£ 2) M REE (3£ 3) RHIERA

BRES ., FEIEH NBRICARESH TR SR
(SREE) 7£(95.6~171.6) x107° -4k 130.2x107°
(3 3), &5 Kb B MR U (PAAS) prifEf
J& 25547 8 REE B A (1] 3a) 5 (La/Yb) ( Hb
H7E 1.29~1.96, ¥I{H N 1.52(F£ 3) , B B FIE
Eu 5% (8Eu=1.21~7.83, ¥{H K 3.93) Fis 55
Ce 59 (8Ce=0.62~0.79 , ¥I1{ 1 0.72) , PAAS #5
HEAL R IT R B E & HEBa (&£ REEF,, YA
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Table 2 Trace element contents of Niutitang Formation samples in western Hunan Province

TR /107

Fedh

C[D

Ba Co Cr Cu Ni Sr v

U/Th  V/Cr Ni/Co
Zr Mo Se Th Hf U

JMX-45  1959.1 5.54 69.0 49.5 41.4 50.0 118.1
JMX-44 4 360.6 9.61 74.5 96.2 79.0 67.9 138.3
JMX-43 23723 7.40 71.8 67.7 46.9 70.4 152.3
JMX-42 3 401.1 2.72 75.4 17.1 20.5 43.6 244.5
JMX-41 3 801.0 1.15 57.1 8.8 13.2 28.9 186.5
JMX-40 6 731.7 0.59 64.6 23.5 8.3 47.3 156.4
JMX-39  5057.8 10.02 74.9 58.0 30.5 40.5 172.8
JMX-38  8705.9 2.27 86.5 21.9 21.6 63.5 507.9

82.9 32.3 7.51 6.94 220 87 1.25 171 748
76.6 41.9 9.58 8.65 211 16.0 1.85 186 8.22
88.2 39.4 9.33 943 236 142 1.51  1.96 6.34
95.1 64.6 7.44 7.84 256 194 247 324 154
96.7 64.8 6.22 8.65 260 176 204 327 1154
95.7 28.3 7.71 9.08 255 15.0 1.65 242 14.01
91.6 64.2 7.88 10.06 248 202 201 231 3.04
96.8 64.8 7.30 9.04 258 16.4 1.81  5.87 9.51

JMX-37 6 805.6 0.76 72.8 14.3 15.6 72.5 534.6
IJMX-36 9 040.7 0.64 133.0 25.5 20.7 724 1892.0
JMX-35  1823.1 0.29 36.7 8.2 11.3 21.3 470.2

JMX-34  8748.1 1.21 55.1 20.4 14.5 38.3 256.3
JMX-33  2885.9 191  258.8 9417 99.7 470 34718
JMX-32 3250.7 0.56 74.6 1443 36.0 45.1 516.5

JMX-31  9362.8 3.42 70.1 15.0 50.6 78.2 234.8
JMX-30  9229.1 0.83 91.4 19.3 29.5 63.2 350.6
JMX-29 6 630.2 597  113.0 39.8 60.8 41.5 250.7
JMX-28 6 520.5 440  102.0 40.3 27.0 55.0 144.7
JMX-27 62444 875 1240 43.8 76.2 55.0 419.2
IMX-26 5476.4 849 2364 76.7  232.6 39.8 21278
JMX-25 6013.1 5.88  510.7 9.5 186.6 68.5 49493
JMX-24 3 813.1 9.39 1425 43.8  236.0 47.8 865.4
JMX-23 29412 4.11 94.5 33.9 74.0 432 595.3
JMX-22 2 803.9 6.72  105.0 48.0 1255 35.7 279.1
JMX-21 2 616.5 544 5947 2538 1224 339 30183
JMX-20 34334 5.08  103.6 55.7 73.6 34.5 658.7
JMX-19 20429 14.87 104.0 93.9 2742 37.0 290.4
JMX-18 24217 6.25 122.6 57.9 80.5 46.9 325.9
JMX-17  1955.7 11.00 2433 948  236.2 359 41199
JMX-16 3 158.6 9.61 2429 241.1 1725 503 32714
IJMX-15 17934 6.98 5837 507.7 144.6 715 27421
JMX-14 20225 15.29 202 280.1 191.8  123.6 324.6
JMX-13  1375.1 5.58 2293 80.2 1878 475 63388
JMX-12 17103 11.47 5426  771.5 3628 63.8 57082
JMX-11 2 816.9 328 2762.0 2714 1059 554 3032.6
JMX-10 760.9 337 3936 979.0 167.1 22.5 24998
JMX-9  7867.3 839 2513 1243 1440 505  1372.0

81.9 91.8 5.67 795 224 20.1 253 735 2053
107.3  146.1 9.45 958 275 213 222 1422 3250
39.2 48.0 2.93 376 1.01 119  3.16 12.82 38.85
107.7  109.1 7.33 9.64 271 528 548 4.65 11.96
58.0  206.6 6.39 529 142 851 16.10 1342 52.25
68.8  278.6 8.23 6.02 1.66 181.3 30.11 692 63.87
163.7 34.3 6.64 6.52 430 482 739 335 1478
138.9 70.1 7.50 736 3.80 538 731 3.84 3554
119.8 71.8 7.01 554 324 295 532 222 10.17
117.6 65.2 7.30 7.06 3.07 297 421 142 6.14
106.1 80.0 9.34 715 290 555 775 338 871
139.7 14960 1848 1532 3.51 35.3 2326 9.00 27.38
206.5 200.7 13.07 1023 5.00 744 727 9.69 31.75
1142 151.8 7.79 734 3.05 1293 17.61  6.07 25.14
56.2 73.5 6.13 464 146 527 1137 630 18.01
53.1 89.9 4.57 349 147 520 1489 2.66 18.69
105.6 49.8 8.92 585 275 11.6 1.99 508 2251
85.6 1447 6.81 6.21 1.84 936 1506 636 14.49
79.2 94.0 5.57 519  1.94 1055 2033 279 18.44
67.9 107.6 6.50 396 1.59 572 1443 266 12.87
93.1 83.6 9.19 555 236 874 1573 1693 2147
97.8 59.4 8.99 585 244 324 553 1347 17.95
89.5 72.1 8.73 529 218 504 953 470 20.72
14.1 15.9 4.51 0.72 027 834 115.82 16.06 12.54
749 1468 7.63 463 192 205 443 27.64 33.63
91.9  130.2 8.48 549 233 503  9.15 1052 31.64
99.2 55.6 9.34 749 251 121 1.61 110 32.24
23.8 40.0 2.40 1.44 057 732 5082 635 49.60
93.6 323 1112 8.82 218 380 430 546 17.15

JMX-8 15946.1 11.74  150.9 53.3 59.0 38.8 141.1
JMX-7 15767.0 17.62  133.7 90.6 65.4 83.8 111.0
JMX-6 11984.0 1525 131.6  226.8 76.8 68.7 140.9
JMX-5 128199 11.72 1345 52.4 44.9 50.3 107.0
JMX-4 12549.2 1229 1223 49.5 42.6 57.6 124.8

100.9 1.7 1214 1075 275 38 035 094 503
150.0 1.6 1358 1225 393 34 028 083 3.71
138.4 3.1 12.82 991 371 15 076 1.07 504
148.7 24 11.38 977 408 39 040 080 3.83
152.4 23 1332 883 404 25 028 1.02 347

4 250.4) Ml Ga( EF, $4{H H 528.6) , 155 & 4 Cu
(EF 391} 27.8) F1 Zn (EF, ¥91H N 43.8) (A
3d) ;0(Co+Ni) /1 T (54.9~92.0) x10™°, ¥ {f Hy
71.48x107°,

A B % 21 b B 0L A R S SREE 7E (52.93 ~
251.64)x107°  ¥I{H K 115.75% 10°°, HA 2 i X

PAAS #rififk REE BLor 2 (& 3b) 5 (La/Yb) ( He
H7E 0.29~1.27 , ¥9{H K 0.82, HA IF Eu 5% (8Eu=
1.19~4.08 , %1 2.05) Filfi Ce FH (8Ce=0.54 ~
0.96, ¥t} 0.78) . 7 PAAS b i oo Z k
R (P 3e) Y, A4 B4 R BEDUARE L B

Mo( EF,, ¥I{ N466.2) U(EF,%1{4 }182.6) .
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Table 3 Rare earth element contents of Niutitang Formation samples in western Hunan Province

: it E &H/107
BB - (La/Yb)y  5Eu
Y La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu YREE

JMX-45 94 240 490 537 176 263 076 249 030 163 033 110 017 117 0.19 106.8 1.52 1.41
JMX-44 143 248 524 615 225 421 152 399 054 292 055 166 024 155 024 1232 LI8 1.75
JMX-42 115 260 533 603 202 280 1.04 278 033 182 039 129 021 143 023 117.8 1.76
JMX-41 114 219 443 492 162 217 100 240 030 182 039 132 020 139 023 985 117 206
JMX-40 119 230 490 556 192 307 169 298 036 201 042 130 021 137 021 1104 124  2.63
JMX-39 178 242 494 590 211 376 150 377 052 298 061 1.8 02 171 026 1179 1.05 1.87
JMX-38 11.6 185 380 465 163 256 1.81 241 030 179 039 129 020 139 022 8.7 098 343

JMX-37 95 173 334 394 132 1.8 155 211 023 144 032 111 018 1.25 020 781 1.02 3.71
JMX-36 165 246 445 532 178 256 201 263 034 219 050 .73 027 192 031 106.6 0.95 3.65
JMX-35 75 1.7 223 284 98 136 053 131 016 091 021 074 0.2 077 013 529 112 1.87
JMX-34 440 343 668 752 27.0 4.08 220 441 063 424 102 342 049 298 047 2516 0.8 2.44
JMX-33 729 162 258 415 180 431 146 546 087 588 140 445 064 410 066 934 029 1.42
JMX-31 159 348 615 778 264 311 213 330 038 218 048 160 024 156 024 1457 0.65 3.13
JMX-30 139 232 388 493 168 226 201 239 030 184 041 136 020 135 022 9.0 127 4.08
JMX-29 152 253 438 554 194 239 154 254 033 200 046 153 024 156 024 1068 1.20 295
JMX-28 192 248 448 573 206 289 156 297 041 245 055 176 026 1.66 026 1107 1.10 250
JMX-27 254 246 454 622 240 459 1.8 448 062 35 073 227 032 202 031 1209 090 1.92
JMX-25 31.6 345 526 7.001 239 327 161 354 052 345 082 275 042 273 043 1376 094 223
IMX-24  25.5 16.1 269 392 153 305 128 315 049 322 072 224 032 195 029 79.0 0.61 1.95
JMX-23 16.3 190 303 437 161 261 1.00 270 035 202 043 130 019 114 017 81.6 1.23 1.77
IMX-22 30.2 185 317 465 193 438 149 502 068 387 079 222 029 169 026 948 0.8l 1.50
JMX-21  21.0 135 187 328 122 219 093 245 038 251 059 194 032 216 036 61.5 046 1.89
JMX-20 525 266 388 595 219 3.8 131 493 08 563 1290 408 056 327 050 1195  0.60 1.41
JMX-19  48.1 260 427 553 222 471 144 567 091 560 121 353 045 250 035 1228 0.77 1.31
JMX-18 23.6 222 362 45 17.1 296 099 323 045 264 057 176 024 155 023 947 1.06 1.51
JMX-17  33.1 197 341 478 192 399 122 437 068 406 087 276 039 251 038 99.0 0.58 1.37
JMX-16 42.0 240 389 560 222 477 167 547 083 514 112 343 046 289 043 116.8 0.61 1.54
JMX-15 69.0 27.0 418 648 267 572 164 631 1.0 640 141 446 062 3.8 058 1340 051 1.28
JMX-14 1492 23.0 278 487 235 639 287 864 133 863 208 653 088 528 079 1225 0.32 1.82
JMX-13 252 215 295 45 169 276 080 302 043 270 0.62 205 03 201 031 875 0.79 1.30
JMX-12 452 321 428 735 290 570 148 6.07 0.8 530 117 3.68 052 346 052 140.0 0.68 1.19
JMX-11 299 406 419 795 254 310 1.17 352 048 324 083 3.04 049 349 056 1357 0.86 1.66
JMX-10 120.8 6.5 8.0 1.79 85 291 0.8 542 108 809 199 633 08 469 0.67 576 030 1.20
JMX-9 37.0 42,6 572 973 367 6.66 255 595 084 49 109 345 050 321 048 1759 0.98 1.91

JMX-8 112 258 354 514 166 199 334 203 025 156 037 128 021 143 022 956 133 783
JMX-7 182 452 661 877 296 491 394 472 056 305 0.6l 1.9 02 170 025 171.6 196 3.85
JMX-6 232 379 552 686 239 417 310 444 062 359 075 233 033 216 033 1456 130 1.21
JMX-5  11.8 200 381 465 154 233 293 240 032 19 043 141 022 149 023 978 129 583
JMX-4 132 436 563 652 194 223 280 263 031 190 044 161 025 185 029 1402 1.74 545
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Fig.3 PAAS-normalized REE patterns and PAAS-normalized multi-element diagrams
of organic-rich shale in Niutitang Formation, Jiemuxi profile, western Hunan Province
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Fig.4 Source types of shale from Lower Cambrian Niutitang Formation, Jiemuxi profile, western Hunan Province
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Fig.5 Tectonic discrimination of La=Th—S¢ and Th—Co~Zr/10 in the Early Cambrian of western Hunan Province
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Fig.8 Geochemical characteristics of organic-rich shale in Lower Cambrian Niutitang Formation, western Hunan Province

200

Saanichif#% © {5 BHR BB
/ Carfaco | @ frssismaisser
1601 /) )/ © {5 RHRA BIAL F B
lef & oo
. | © Framvarenif#%
2120 S -
=70 R e o
S le e Q..
S ° 0. % i
wb 0% o
Ve udwm
L7 - - b
e P b
0 M . . . . . . E
0 2 4 6 8 10 12 14 16
(TOC)/%
50 ©
@ {5 ERRIBETAL 1B
| O RHE 4Bl A b B
4O | @ prapigrsms ve | @
= e °e8
Q30 ©
3 ()
2
Z 20} (@]
§20 “ ) o)
&
| [
40 [ ‘ ® g
P e °
L9 o e [d]
0 2 6 8 0 12 14 16
©(TOC)/%

ol
HEAE

Aot i b TR A A ] 22 57 DUAR
SUPAL T i A B BRI 5 B U OB UK M B B
ST RO, R0 T B CR

g

¥ A1 Framvaren

PR

T 7K At 52 LA P 45— i i R BRI IR 3] B I
BRIV P i JBE R X 0ok 333 , 8 AR b T o 25 i B A
Bio ARBEYELL b BOOUA TURUK AR B A 7 i 2
s 2 (a8l , Al

PR DX I - 1 38 sl

25 30
© © (iR R LB (6} (6]
20} ) o5k | © R h R
© (i RHR: A 1R © 5L B TR
© fiRHAL: LT L ol
515, © WL EEATR| g9 © ° © 5)
= = o)
3 2 st
= o ~ 8 o ©
D L
10 o) <
3 © S jof o
© oo © o ©
3 @ o st @ © @
o e e e © o
(6}
[} 6} 000 c
oLePee ‘*‘ . . . . (o] o LeoG® . . e} .
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
©(TOC)/% (TOC)/%
400 ° ° 24
|| @ prepmeesimal ki © i RHR S R
© fi FHRAHRYEA T EL 20 © i RHR ST B
3001 | @ mpR s TR ° o |OMmumLmImTY
s | L6} e o
= 00 = ® °
= ) )
Z 200t 0 © © Zio @ o og 090
S e} = © % y o.
3 ® 08 oo g o8 e
100F S) )
° e° o @ 0 ¢ I &
o © 04 o
| @ ..~ (@] ° (e} o)
od® o ’ E e) @ )
o—e ‘ ‘ ‘ ‘ ‘ o ‘ ‘ ‘
0 2 4 6 8 10 12 14 16 0 2 6 8 10 12 14 16
w(TOC)% (TOC)%

PO PG X AR BEEAL A 7= 4R AR (a) VEAR IR AR (b—d) FUKVEFRTERE (o) DIBLHRAEIR () 5 TOC MM R
Fig.9 Correlation between TOC and paleo-productivity index (a), redox index (b-d),

hydrothermal water interaction index (e) and deposition rate index (f) of Niutitang Formation, western Hunan Province



55 4

BLPCHE, 55 TG 3 DX FE R G A4 B A A DU 5 A P s 4 - 807 -

Ky F AR SR B KK BN R, BT
KR ER, RIZAKES AR, LI R
AR R B IR I, (R BE R 2R A AN i
ZUIMIEER K E P Kk, KIRA T I3, IRIEK
AR F i RS R S aRL A BE A AT A
HLITTAT Mo (PR AR A7 R 4E
4.4 AEE

U A HLTE Y B AR S TR R AR A — i A
Ttk MUTFRE R /N T 5 em/ka B, A ML Bl DT AR
B PYIGINE K Y UTR B R KT 5 em/ka B,
A HUT R DURUE R A 380 A AR A e
TR 3 30 A A BILJSAE OB K M rh & 2R 4R Ak
SRS A YIS AE, T A OB R ] R R 30
PR B+ 35 TCHL P e R, DR L O AR 3 A 7
—E LB N A B R TA R &%, 5 A o
FRM,TUA (La/Yb)  HWIEFI REE Bt /0B n]
PEPEMUTRLECR  FEVTRUK R REE 48 5 15
SRR A B AR, HAE KA b i B8 ] 255
i REE 2R R 22531 MUTRE R 5 i
REE 525 +0 942 fil i ) s, HL A0 S 7 8 0 99
BIEARTCAr 5, (La/Yb) ORI 1.0 4L R HE
AT, REE 78 702 A0 H) 5 3% 87 9 9% il
HOP R, (La/Yb)  FCEDE A i 5 T B
T 1.0, W55 XA B4 T B0 AR S 55 4 151X
PAAS #r#fEfk REE L 73 #250, (La/Yb) (7E 1.29 ~
1.96 4R 1.52; Bt TUAKE i 2 220X REE Bt
SRR, (La/Yb) (7 0.29~1.27 3154 0.82; | Bt
VU FE A HA 554 128 REE Bl /338, (La/Yb)
TE0.98~1.52 H{E N 1.21 (% 3, 8) , F5 /RIS
DX A B 0 2 DR R B s I DO R AR T
R AU A PR ATE 10 2F B85 I 4 TR e 300 0 g 34
TURRGH R A DT AR L0 A, A A T BIL 5T A 2R
T ORAE R 5
4.5 MEIEA

Z i Je Wiz KRGS 0 R, e R ok
SR, W BT AR E GG s, RLIE R
TR 2 5 I 20 Bt T A B 0 3 i O DT BURR
AT AR LA B T IE W I AR DT A
R OPOKGTRY S5 R ITRY T REE 435 LU
M Cu,Co Ml Ni Zf It ZmEE™  friifk
REE B/ (La/Yb)  FC{E EHIWT REE 73 F 72
EREESH Y R X 4Byl b o B
EREN B A —EH REE R T K WCME . R
BEUUAHRE i PAAS brifEfb s 214055 4 0= REE Bd
R ( 3a), (La/Yb) (YI{H M 1.52, REE ( [ Eu

A0 T EART PAAS XFRAE, Cu AT Ni 0%} PAAS &
AR (K 3d) ,w( Co+Ni) B{EH 71.48x10°°  $5 7R
TS DX A4 i 8 2H G URRU R S HAGB Bl i 5 A BR
A= E2H v B U R o 2 A0 REE e 4345 5K
(E3b), (La/Yb) (FA{H Ky 0.82, #H XS PAAS & 4
HREE .V .Cu.Zn Mo 1 U( ¥ 3e) ,w( Co+Ni) ¥
h122.9%107°, $8 7% A i i A DR O ELAG BE B 3
WG SR P RRAE , - T B0 IR AR TR B 25 A
SRR FEU 0B R Y BT, S 7RI K
SRR A O 4 b BE U A RE B REE BC 20 B
(3¢) 5TBIUAEZRML, (La/Yb) (FAME R 1.21,1H
BV Mo U 58 (B 3f) il o (Co+Ni) (3
{H R 44.77x107°) AHXT A, H6 75 FE AR T B AR AL
TUORR ek 55
4.6 BHNREEEFNEZESEENE

VR VG DX ) T A B S 2T B R
TOC BAR(MEH 1.69%) , H 57 47 J1 4845 Mo
i (# 9a) KK E AR JEFER 0 (U)/w (Th)
(El9b) . (V)/w(Cr) (E 9¢) Ml w(Ni)/w(Co)
(Bl 9d) Z [ HA 58 ¢, TOC 5 CIA (& 8) Filfk
WIATEDR ( Co+Ni) (5] 9e) Z ] JC W AR SCHE
A-BiyE A b Br R AT TOC B3 T (E N
9.27%) ,H 5 Mo &1t (¥l 9a) @ (U)/w (Th) (Kl
9b) F1 w(Ni)/w(Co) (E 9d) J w(Co+Ni) (&l 9e)
N A5 BA BB E AR DG, TOC 5 CIA(#1 8) |
(La/Yb) (( & 9f) Fl @ (Sr)/w ( Cu) FH & MERE 5,
RAEA B F BB A TS TOC 5 Mo & &7
TEIEA M (B 9a) B Mo 7 1 W] i AR (391E
}6.65%) ,1iii TOC 5 CIA(# 8) .0 (U)/w (Th)
(1 9b) . w(V)/w(Cr) (K 9¢) .w(Co+Ni) (K 9e)
FITUAH R IG5 (La/ Yb) (& Of) 22 [8] HA IEAH G
P o DRI A R ) T 24 B 30 2 2 (0 T AT AR
WS B LA 2B 77 D1 KO KRG SRR FE R A
TG Sl i 44 9 Ay A1 38 v 81 P 46 i v 1) A8 AR
# 5 TOC Y 1a) 228 4k 345 5 A7 B0 1 % g 6 &R
(B 8) o AN E £ Re AR — R
R TR A b AR O KRR R R
B DU DL MR RS 2 2R LR il & S5
THEFA RS, A4 B S AL DT P 3R 2K R 8%
1o R A= 77 1 RA I — A 9 S /K PR 858 %68 L
JE) & AR O AR B 3 AR . OB S0 78 2 08
SAGFNIAE T A S [R)AE FHR to ORAE AR T 85 5 i )
by 7 R A v TORR T3 X A B0 PRk HE 5
TRAF A E F R B T BRAE .

L4 I D b DX A L R R Ak R T g



B b B

- 808 -

%

http : // www. sysydz.net

b

43 4

AT R AR R ) Ak T B KBl %, DU
IR B AR A T AL RS (Bl 6a—b) , EH)
PR SR (B 8 RO 9a) , ANFFA ML
WA, DUR PR RE 2 2 KRG Ak 2 =, T IK
P9k S 304 BRI v O X R A Rk
TR , DURUK A , Wi B4 P B o FLJE Js P 1
GY)2 s BT SR AL 3l 5 R 0 AR AR
HREE TRV A B AL 22 KR, IR 51 TR
AR B, B AR A O Sk A B S A P B
BANLIUA T AR AL T R AF ) B iR )=
TRARIEARAD T30 AR, R oAb A B (K 7) ,
FITAUERATE S &5, DUBIM I & A I 1
B KARAR R HoK Bl ) S 3k, Sl T2 Y
[ B Y A 2 6, (i T A ) R Ak A R B
RGBT AR 2 e B R h sk M 52
KB i1 2k i Bl S A R R 8
FEWI T, W [ GRS K AR R 5 8 P A= R
R RS A B 4L DR WK IR S AR B T
(&l 6a—b) , AN 5 A OB R A 45 ALk AN
R KRR A , 35 B 43 BT DR SR R AE

5 4hie

(1) P 3t DX R332 3010 T A4 B 90 20 0 O
SRR R ARTURR , BURRAS b T T2 2 S fok
i) 2 38 R A e 138, B2 DU S i e o &, R
A AR AR P Al AR BE , DU 18 5 PR A
PSS RAF T BRI IRE R

(2) 74 s 1X A4 B 3 2H 0 AR B 300 e A Ak T D
SEAL IR DU ) 2R A BRI 4R, OARUK A4
BJE  RIZKRBE AL T A5 H S8R Y
Jit B2 K A A A T IR — B AL PR 5 1 300 K A
DSRPEIEIR | DURRUKARAS H HLK 3l ) 2% AR5tk
IRALTHUAIRSL

(3) 374 3t IX A B I 20 00 A LR Y A e
U R A ) ORISR IR B TR R
FIARIG 3h 35 2212 ZOM LI B S AR 5 3 [R) = 3
AAE R A i 0l 2H AR b 300 32 2 K AR 4 s 1 49
G 3 MR JZ K A i I — i Ak 35 355 0 A+ i 3%
HE A PR TUA IR SR T R4 1 ) o i i
FIRAF 2 5 A 10 0k 2 DO ARG 01 08 5 1) B Al o
WA T 8 8l K Bl 10 25 4 65 B9 BTG 30 L S A
X R B UTRR BR A B RC EAR T, 80T AL
NICE S

S 3k

[1] ZHAO G C,WANG Y J,HUANG B C,et al.Geological recon-

(2]

[3]

[4]

[5]

(6]

[7]

[8]

[9]

[10]

[11]

[12]

structions of the east Asian blocks:from the breakup of Rodinia
to the assembly of Pangea[ J].Earth-Science Reviews, 2018,
186:262-286.

B K AEHT AR R R R [ T] A A
24 ,2011,27(2) :545-565.

ZHAO Yanyan, ZHENG Yongfei. Record and time of Neopro-
terozoic glaciations on earth[ J].Acta Petrologica Sinica,2011,
27(2) :545-565.

SHU D G,ISOZAKI Y,ZHANG X L, et al.Birth and early evolution
of metazoans| J ].Gondwana Research,2014,25(3) :884-895.
Zhu M 'Y, Li X H.Introduction; from snowball Earth to the Cam-
brian explosion—evidence from China[ J].Geological Magazine,
2017,154.1187-1192.

WANG G Z,WANG J S,WANG Z, et al.Carbon isotope gradient
of the Ediacaran cap carbonate in the Shennongjia area and its
implications for ocean stratification and palaeogeography [ J ].
Journal of Earth Science,2017,28(2) :187-195.

LR E G FRGHCH UK )E S ] 35k b A 3 —
R AL D] ST v E R (AERD) L 2016.
JIANG Zhuofei. Onset time and periods of the Neoproterozoic
glaciers in western Yangtze block and the tectonic - lithofacies
palaeogeography[ D |. Beijing; China University of Geosciences
(Beijing) ,2016.

SRR, SRIERE R, 5. o [ g 5 9 A A Jet SO RURTT 5 )
AT (—) (BT OB X A DR ) A [T ]
AR AL, 2008,13(2) : 1-16.

Liang Digang,Guo Tonglou,Chen Jianping, et al. Some progresses
on studies of hydrocarbon generation and accumulation in marine
sedimentary regions, southern China (Part 1) ; distribution of four
suits of regional marine source rocks[ J]. Marine Origin Petroleum
Geology, 2008,13(2) :1-16.

SAGEMAN B B, MURPHY A E,WERNE J P,et al.A tale of
shales ; the relative roles of production, decomposition, and dilution
in the accumulation of organic-rich strata, Middle—Upper Devonian,
Appalachian Basin[ J].Chemical Geology,2003,195(1/4) :229-273.
GALLEGO-TORRES D, MARTINEZ-RUIZ F, PAYTAN A, et
al. Pliocene—Holocene evolution of depositional conditions in the
eastern Mediterranean :role of anoxia vs. productivity at time of
sapropel deposition [ J ]. Palaeogeography, Palaeoclimatology,
Palaeoecology ,2007,246(2/4) :424-439.

MORT H,JACQUAT O,ADATTE T,et al.The Cenomanian/Turonian
anoxic event at the Bonarelli level in Italy and Spain:enhanced pro-
ductivity and/or better preservation? [J].Cretaceous Research,
2007,28(4) :597-612.

WEI H Y,CHEN D Z,WANG J G, et al.Organic accumulation
in the Lower Chihsia Formation ( Middle Permian) of South
China; constraints from pyrite morphology and multiple geo-
chemical proxies [ J ]. Palaeogeography, Palaeoclimatology,
Palaeoecology,2012,353-355.73-86.

DING J H,ZHANG J C,TANG X, et al.Elemental geochemical
evidence for depositional conditions and organic matter enrich-
ment of black rock series strata in an inter-platform basin; the

Lower Carboniferous Datang Formation, southern Guizhou,

Southwest China[ J ].Minerals,2018,8(11) :509.



55 4

BLDHE, 55, PG 3t DX € B GE A B R 4 VU DURRER R 5 A P

B}

S - 809 -

[13]

[14]

[15]

[17]

[18]

[19]

[21]

[22]

CANFIELD D E.Sulfate reduction and oxic respiration in marine
sediments ; implications for organic carbon preservation in euxinic
environments [ J ]. Deep Sea Research Part A. Oceanographic
Research Papers,1989,36(1) ;121-138.

TLHE sl 1 AR A S DX R A DU R S
APUB L] TIREER,2021,39(2) :324-340.

DING Jianghui,ZHANG Jinchuan,SHI Gang, et al.Sedimentary
environment and organic matter accumulation for the Longtan
Formation shale in Xuancheng area[ J]. Acta Sedimentologica
Sinica,2021,39(2) :324-340.

ALGEO T J,MAYNARD J B.Trace-element behavior and redox
facies in core shales of Upper Pennsylvanian Kansas-type
cyclothems|[ J].Chemical Geology,2004,206(3/4) :289-318.
YEASMIN R,CHEN D Z,FU Y et al.Climatic—oceanic forcing
on the organic accumulation across the shelf during the Early
Cambrian (age 2 through 3) in the mid—upper Yangtze block,
NE Guizhou,South China[ J].Journal of Asian Earth Sciences,
2017,134.365-386.

R GRS P A PUK TR R B IUE T Lot R
AR R B3 S : A5 M o R R S X FE i e 4 B
FEHTUA MBI T]. RIS Tk, 2018,38(5) ;44-51.

JIA Zhibin ,HOU Dujie,SUN Deqiang, et al.Characteristics and
geological implications of rare earth elements in black shale in
hydrothermal sedimentation areas:a case study from the Lower
Cambrian Niutitang Fm shale in central and eastern Guizhou [ J ].
Natural Gas Industry,2018,38(5) :44-51.

WANG S F,ZOU C N,DONG D Z, et al.Multiple controls on
the paleoenvironment of the Early Cambrian marine black shales
in the Sichuan Basin,SW China: geochemical and organic carbon
isotopic evidence[ J].Marine and Petroleum Geology,2015,66:
660-672.

XSEBE, VIRIONS WA R, 4. b g iy Rt OB M 5 38 Ak
S [ M At B REE 1993 :50-53.

LIU Baojun,XU Xiaosong,PAN Xingnan et al.Depositional crustal
evolution and mineralization of paleo-continent in southern
China[ M ].Beijing; Science Press,1993:50-53.

EMG, 8, H5E, 55 A0 RUK] X B R % 4 B pR 1) AR
I B L TUA S iy B LI ] AR AL Al ks 22 4%, 2018,
42(2) . 71-79.

XIA Peng, WANG Ganlu,ZHOU Hao et al.The relationship between
sedimentary environment and organic matter accumulation in the
Niutitang black shale in Zhenyuan ,northern Guizhou[ J].Journal of
Northeast Petroleum University,2018,42(2) :71-79.

RPN, SR FATHL, A5 b b DXL IE R A B A2 R
H R HIRALERIE S A VU R LB [ )] TP R 223
(BRI ,2020,51(8) :2049-2060.

WU Shiging, GUO Jianhua, WANG Xikai, et al. Geochemical
characteristics and organic matter enrichment mechanism of the
Lower Cambrian Niutitang Formation black rock series in central
Hunan[ J]. Journal of Central South University ( Science and
Technology ) ,2020,51(8) :2049-2060.

KA, Bkl X 2 45 S0P T SRR G A I 4 DU R AE
LytERE R ERRERI] A, 2019,41(5)
691-698.

ZHANG Yanlin, DUAN Ke, LIU Zaoxue,et al.Characteristics of

shale and main controlling factors of shale gas enrichment of

[23]

[24]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Lower Cambrian Niutitang Formation in western Hubei [ J ].
Petroleum Geology & Experiment,2019,41(5) :691-698.
HRAKE, B R N A P AR IR A m R R [T ].
HI2FRTZ% ,2005,12(3) :39-48.
ZHANG Shuichang,ZHANG Baomin, BIAN Lizeng, et al.Deve-
lopment constraints of marine source rocks in China[ J].Earth
Science Frontiers,2005,12(3) ;39-48.
PRAGED, PR, AR, 5595 T3 It AR AU IR A LB
EIRMIREIS) b 5225 [ 1] TR, 2011,46 (1)
5-26.
CHEN Daizhao, WANG Jianguo, YAN Detian, et al.Environmental
dynamics of organic accumulation for the principal Paleozoic source
rocks on Yangtze block[ J].Chinese Journal of Geology ( Scientia
Geologica Sinica) ,2011,46(1) :5-26.
NESBITT H W,YOUNG G M.Early Proterozoic climates and plate
motions inferred from major element chemistry of lutites [ ] ].
Nature, 1982,299(5885) . 715-717.
BAI'Y Y,LIU Z J,SUN P C,et al.Rare earth and major element
geochemistry of Eocene fine-grained sediments in oil shale- and
coal-bearing layers of the Meihe Basin, northeast China [ J].
Journal of Asian Earth Sciences,2015,97:89-101.
KASANZU C,MABOKO M A H, MANYA S.Geochemistry of
fine-grained clastic sedimentary rocks of the Neoproterozoic
Ikorongo Group, NE Tanzania: implications for provenance and
source rock weathering [ J ]. Precambrian Research, 2008,
164(3/4) :201-213.
MCLENNAN S M,HEMMING S,MCDANIEL D K, et al.Geochemi-
cal approaches to sedimentation , provenance , and tectonics [ M ]//
JOHNSSON M J,BASU A.Processes controlling the composition
of clastic sediments. Geological Society of America, 1993,284.
21-40.
Xiao D, Cao J, Luo B, et al. Neoproterozoic postglacial paleo-
environment and hydrocarbon potential ; a review and new insights
from the Doushantuo Formation Sichuan Basin, China[ ] ].Earth-
Science Reviews,2021,(212) :1-30.
FLOYD P A, LEVERIDGE B E.Tectonic environment of the
Devonian Gramscatho Basin, south Cornwall; framework mode
and geochemical evidence from turbiditic sandstones[ J].Journal
of the Geological Society,1987,144(4) :531-542.
WRONKIEWICZ D J, CONDIE K C. Geochemistry of Archean
shales from the Witwatersrand Supergroup, South Africa; source-
area weathering and provenance| J ].Geochimica et Cosmochimica
Acta, 1987,51(9) :2401-2416.
ROSENTHAL Y,LAM P,BOYLE E A, et al. Authigenic cadmium
enrichments in suboxic sediments ; precipitation and postdepositional
mobility[ J ]. Earth and Planetary Science Letters, 1995,132(1/4) .
99-111.
TRIBOVILLARD N,ALGEO T J,LYONS T,et al.Trace metals
as paleoredox and paleoproductivity proxies: an update [ J ].
Chemical Geology,2006,232(1/2) :12-32.
ZHOU L,KANG Z H,WANG Z X, et al.Sedimentary geoche-
mical investigation for paleoenvironment of the Lower Cambrian
Niutitang Formation shales in the Yangtze Platform[ J].Journal

of Petroleum Science and Engineering,2017,159:376-386.
(TF#% 854 M)



. 854 -

B b B

%

http : // www. sysydz.net

b

&
43 4

[24]

[25]

[26]

[28]

on adsorption capacities in microporous shale gas reservoirs[ J].
Fuel ,2007,86(17/18) :2696-2706.
KIM C,JANG H,LEE J.Experimental investigation on the charac-
teristics of gas diffusion in shale gas reservoir using porosity and
permeability of nanopore scale[ J].Journal of Petroleum Science
and Engineering,2015,133.226-237.
CURTIS M E, CARDOTT B J,SONDERGELD C H, et al.Deve-
lopment of organic porosity in the Woodford shale with increasing
thermal maturity[ J ].International Journal of Coal Geology,2012,
103:26-31.
CUI X,BUSTIN A M M,BUSTIN R M.Measurements of gas perme-
ability and diffusivity of tight reservoir rocks: different approaches
and their applications| J ].Geofluids,2009,9(3) ;208-223.
WU Keliu,CHEN Zhangxin,LI Xiangfang,et al.A model for multi-
ple transport mechanisms through nanopores of shale gas reservoirs
with real gas effect;adsorption—mechanic coupling[ J ].Internation-
al Journal of Heat and Mass Transfer,2016,93.408-426.
JRIDRAE ORT, EREE S5 30 19 R DX A B 4 DU R AR
,&a&mn KARAHERFI 2015,26(2) :301-311.
ZHOU Qinghua,SONG Ning, WANG Chengzhang, et al.Charac-
teristics of shale and gas content of Niutitang Formation in
Changde region of Hunan Province[ J ].Natural Gas Geoscience,
2015,26(2) :301-311.
AHEE , MG, 280, 45 RPT 30— [l 42300 16) Ao} 4 B 38 £H 5T
LR FE [ ] B AR 254, 2018 ,43 (12) :3453-3460.
FU Deliang, TIAN Tao, QIN Jianqiang, et al.Characterization of
methane adsorption on the shales in Niutitang Formation at

Dazhuba—Huijunba Oblique[ J].Journal of China Coal Society,

(L% 809 W)

[35]

[37]

[38]

[39]

TRIBOVILLARD N P, DESPRAIRIES A, LALLIER-VERGES
E,et al. Geochemical study of organic-matter rich cycles from
the Kimmeridge Clay Formation of Yorkshire ( UK) ; productivi-
ty versus anoxia[ J].Palaeogeography , Palaeoclimatology , Palae-
oecology, 1994 ,108(1/2) .165-181.

ALGEO T J,LYONS T W,BLAKEY R C

conditions of the Devono—Carboniferous North American Seaway

, et al. Hydrographic

inferred from sedimentary Mo—TOC relationships [ J ]. Palaeo-
geography , Palaeoclimatology , Palaeoecology ,2007,256(3/4) .
204-230.

VORLICEK T P,KAHN M D,KASUYA Y et al.Capture of molyb-
denum in pyrite-forming sediments: role of ligand-induced reduc-
tion by polysulfides [ J ]. Geochimica et Cosmochimica Acta,
2004 ,68(3) :547-556.

CAO J,YANG R F,YIN W, et al. Mechanism of organic matter
accumulation in residual bay environments: the Early Creta-
ceous Qiangtang Basin, Tibet [ J ]. Energy & Fuels, 2018, 32
(2):1024-1037.

MURRAY R W,TEN BRINK M R B,GERLACH D C,et al.Rare
earth ,major,and trace elements in chert from the Franciscan Com-
plex and Monterey Group, California: assessing REE sources to

fine-grained marine sediments[ J].Geochimica et Cosmochimica

[30]

[31]

[33]

[40]

[41]

[42]

2018,43(12) :3453-3460.
BT XY, TR BRI A2 NIRRT B
O AR R B S 00 1 T ILT T L sUE [ ) ]
#2,2014,34(1) :137-143.
XIE Zhou, LU Shuangfang,YU Ling,et al.Assessment of natural gas
loss from mudstone gas source rocks:an example from Jiumenchong
Formation of Huangye 1 well, Lower Cambrian, southern Guizhou
Sag[ J].Acta Mineralogica Sinica,2014,34( 1) :137-143.
TR R T 40 Xl T I AL J2 R AIE A5 0 SR A 2
PELD]ARM . A Bl K, 2020.
XIE Weidong.Reservoir characteristics and shale gas preservation of
the Longmaxi Formation in the Changning area,south Sichuan[ D].
Xuzhou ; China University of Mining and Technology ,2020.
WG, T30, 2B, 4. By b ot XU AR DU SR A7 25
PF: ASEN A LI N JE R Ge A= B A il [ 0] A i 5 K
MR, 2016,37(1) :45-55.
WANG Ruyue, DING Wenlong, GONG Dajian, et al.Gas preser-
vation conditions of marine shale in northern Guizhou area: a
case study of the Lower Cambrian Niutitang Formation in the
Cen’ gong block, Guizhou Province [ J].0il & Gas Geology,
2016 37( 1):45-55.
Py R IR, SIS T AR R R A Rt
}%hn&l KFE[T] R4 ,2010,84(2) : 149-158.
ZHONG Ningning,ZHAO Zhe, LI Yanxia,et al. An approach to

REJIY

the main controls on the potential of efficient hydrocarbon supply of
marine sequences in South China [ J ]. Acta Geologica Sinica,

2010,84(2) :149-158.

Acta,1991,55(7) :1875-1895.

SREFE, B AN, Bt 45 g R TS BAG DX RR
SALFTIEDURY TR0 DY R =10 SR [ ] I P b
LI, 2018,38(5) :102-111.

ZHANG Yuxiang, ZENG Zhigang, YIN Xuebo, et al. Geochemical
records of hydrothermal activities in the sediment fillings within
pumice’ s vesicles in the vicinity of a seafloor hydrothermal field in
the Okinawa Trough[ J].Marine Geology & Quaternary Geology,
2018,38(5) :102-111.

TLICE] A IR, 55 1 A B X LU SCHE E = a T
LOCER IR BCH R L[] A5 RARCHU, 2016,37(4) -
473-482.

JIANG Wenjian, HOU Mingcai, XING Fengcun, et al. Characte-
ristics and indications of rare earth elements in dolomite of the
Cambrian Loushanguan Group, SE Sichuan Basin[ J].0il & Gas
Geology,2016,37(4) :473-482.

R G2 B MR, S BT DX SRR G S AT S 4 T
HUUBEREEL )] A 5 RIAHBT, 2019,40(4) :701-715.
ZHAO Jianhua, JIN Zhijun, LIN Changsong, et al.Sedimentary
environment of the Lower Cambrian Qiongzhusi Formation shale
in the Upper Yangtze region[ J].0il & Gas Geology, 2019,
40(4) :701-715.

(w8 W)



