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Fig.1

The geographical location, study profile and columnar diagram of Lower Cambrian strata

in the Chengkou area of Northeast Chongging, South China

(a) location of Sichuan Basin; (b) geographical location map of the study area; (¢) Lower Cambrian lithologic histogram in the study area; (d) sketch of field outcrop profile
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Fig.2  Photographs of outcrop and samples from Shuijingtuo Formation in the Lower Cambrian, Chengkou area

(a) unconformal contact between Sinian Dengying Formation and Cambrian Shuijingtuo Formation; (b) macro outcrop of Shuijingtuo Formation; (c¢) black shale in Shuijingtuo

Formation; (d) dolomite in Dengying Formation; (e) black shale at base of Shuijingtuo Formation; (f) argillaceous carbonate nodules; (g) dolomite; (h)(i) black shale
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(0.22%) F ARG . FEKIFFTELIRTR— A BT S
FEA CBERL 450 BO) ) CaO & L B 1(26.1%)
HApERITEEMN,

o TCE ML R 2, BATUATEEV,
Cr.Ni Ba %o &R, Hthou R Bk, BETs
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Table 1 Data for TOC and major elements in Lower Cambrian Shuijingtuo Formation, Chengkou area
He e s JEE - TOC  ALO, S0, TiO, KO0 Na0O TFe,0, MnO P,0, MgO  CaO Lol
/m wit/% wt!% wtl% wit!% wtl% witl% wtl% wt!% wtl% wt/% witl%
FERR KITEH B93  TUA 1.0 0.8 9.6 51.7 0.5 2.0 2.1 2.4 0.06  0.16 1.9 146 150
FERFR KIEdl B9O  TUH 4.0 1.0 11.6 57.3 0.7 23 2.5 3.9 0.06  0.16 2.4 8.2 11.0
FERFR TKIEd B8  UUA 6.0 0.8 112 539 06 2.1 2.5 4.1 0.07  0.14 32 9.5 12.8
FERFR KIELH B87  TUA 8.0 1.0 109 514 0.6 2.0 2.4 3.9 0.07  0.14 2.8 11.6 142
FERFR AKIEd B83  TUA 12.0 0.9 11.1 53.1 0.6 2.0 2.6 4.0 0.07  0.14 29 108 12.6
FERR KIEd B8O DU 15.0 0.7 134 603 0.8 2.8 29 438 0.05 0.8 2.7 3.9 8.2
ERFR Kl B77 i 18.0 1.3 123 55.4 0.7 24 2.8 43 0.06  0.15 2.8 7.6 115
FERFR KL B73  TU& 220 1.2 127 596 08 2.7 2.3 4.8 0.05 031 2.8 5.1 9.0
FERF TKIFELE B71 pigs: 24.0 1.3 132 59.0 0.8 2.8 22 438 0.06 027 29 5.3 8.7
FERFR AKIEd B68  TUA 28.0 0.9 113 530 0.7 1.9 2.8 4.0 0.06  0.16 2.5 107 129
FERR KITEd B67 BUE 30.0 1.1 130 612 0.8 2.6 25 4.1 0.05  0.18 2.6 4.7 8.2
FERFR KIedl B65 VA 34.0 0.9 120 560 0.7 2.5 23 5.4 0.05  0.15 22 8.6 10.2
FERFR KIEH B63 T 37.7 0.8 124 54.8 0.7 2.6 2.7 2.9 0.05 020 2.4 9.8 115
FERFR JKIELE B58  TUA 425 1.3 126 592 0.8 2.8 2.0 47 0.06 026 2.8 5.5 9.3
FER R KITEd B52  TUA 780 1.8 135 625 0.8 29 2.4 4.6 0.05 027 2.7 3.0 7.4
ERFR KIEdl B45 [i¥e; 93.7 0.7 130 662 0.8 2.7 25 4.2 0.05 024 22 2.8 5.4
FERFR KIedl B39 Uil 1045 0.7 134 659 0.8 2.7 2.7 4.4 0.04 023 22 2.1 5.5
FERFR KR B3 T 1070 07 140 656 0.8 3.0 2.7 46 0.04 025 23 1.6 5.1
FERF KIEA B37 TUE 109.0 0.9 120 618 0.7 2.4 25 42 0.07 023 2.7 6.3 7.1
FERR KITEH B35  TUA 1136 1.0 113 581 0.7 22 2.4 3.7 0.07 021 2.4 8.5 10.4
FERFR KIEdl B30  JA 1260 0.9 13.1 64.5 0.8 2.7 2.6 43 0.05 027 2.4 2.8 6.5
FERFR KIEd B26 Tl 1490 0.8 139 645 0.9 2.9 2.7 4.4 0.04 029 24 22 5.8
FERFR KIEE B2  GUA 1652 09 135 650 0.9 2.8 2.7 4.1 0.04 027 24 2.6 5.7
TERFR AKIEL Bl6  TUA 1930 1.3 127 627 0.8 2.6 2.5 4.0 0.04 025 2.1 4.5 7.9
FERR KIHTEd B11 TUE 209.8 0.8 13.2 65.8 0.8 2.8 2.6 4.0 0.05 029 23 2.6 5.4
FERFR KIEdl B6 TiE 2224 0.9 7.4 36.4 0.4 1.0 2.1 2.7 0.09 023 1.8 26.1 21.8
FERFR KIEal B3 BUE 2270 1.6 11.9 54.8 0.7 22 2.6 43 0.07 024 2.7 8.7 11.8
EHR ap 2l B2 WA 2280 0.1 — — — — — — — — — — —

Ve ot 1R h 45 4% (181 2f) , AR Al i oo ARt %,
L B B HE B Mo, (B3 5 0 17.5 pg/g) 1 Uy, (B i
7.6 pgle) B/ NEEAE (] 3) , B i B E7F Mog,-Up, 5825
I P e B A TR X, 46 78 DUBUK A S 4 A 5%
BB DA 1A ALK A (TOC H Ry oM 1.6%)
U/Th {4 1.23~1.95 CF34{E K 1.60) , V/Cr H 2K 2.14~
4.58 CEI4(EH 3.36) , 8 /R 0 R AKAR R ES . KA1,
2 PAASHRIEAL IS 09 Ew/Eu H 90 5 38 0F 5k, KX
— B BEAFAE MR AR 8012, 25 5 1 BB S IS /K 3A
o 55 BB 0055 1Y U/Th A V/Cr {B 7 246
BE S P R Bl F5 R KR AL TR B AL IR BT . [
i, Ew/Eu 78 VERHE ), 5 1E 5 K3, 2
X — B BRI BUK AR R oAb, 7658 TR B
BRI S8 A, H Moy, P31 M 14.5, U, F 3
k4.6, 1M Ce/Ce" A UL I 25 11 525, U/Th {E A1 V/Cr &
ATHSRFE 7 IR B U GBI, PRI Moy, 1 U, 19 5

pmi

B AR DURRALBR K B 300y o 26 T By e
TUA I U/Th (B2 884 K, 1T V/Ce {5 22 BTG
B ZE A A TUR A ML & Ak, DX — B B
IKRALF B IREE . R 5 TR B Moy, A U
B, IR FEM , H Mo,,-U,, &S & (M 4) 1R
TRARIAEG AL Jy s S A8 . 25 IV B B PR A8 01 7% U/Th
FV/ICrEF R BRI T U AEA IS, AN S IV Y
B P RIS SRR A, Moy, F1 Uy, U/Th
BIAb T AR X = {156 B 3mSR T G s B
(A BRSECT30T, T LATA R 585 IV i B B 6 T s TR st 3
KR EREE IR AL R £, e G B Bl i 3R e . A
BB TUA P UIBUT I E 3 10 1 X 5T
BORME 2 T 2 W8 — U AR iE T, mT g 5 5L 98
TR Bk sh=X BT R A G

B it o0 3R H A AT LA K Ay SRR A1, 1
i 0 HAMURR A T 2 FRAE AT LR R F8 7 Ak id
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Table 2 Data for trace elements in Lower Cambrian Shuijingtuo Formation, Chengkou area(pg/g)
5 Se \ Cr Co Ni Cu Zn Rb Sr Y Mo Ba Tl Th U Zr Hf
B2 .02 602 135 274 196 399 107 147 155 551 0.569 60.9 0.053 144  1.09 11 0.29
B3 104 160 748 133 544 357 965 905 424 376 20.5 750 161 962 118 134 354
B6 671 208 454 786 452 19.6 809 428 1502 463 12 10715 101 532 104 790 207
BIl 129 310 923 14 64 33 116 110 230 327 10.2 832 148 994 723 163 3386
Bl6 124 385  98.1 14 73.8 404 167 109 340 318 20.1 1058 203 978 937 155 3.64
B22 124 422 981 14 60.5 306 136 109 234 30.1 6.63 657 159 982 682 159 3.8
B26 136 457 102 155 737 367 142 121 218 354 15.6 934 217 104 101 168 412
B30 119 422 932 143 772 376 167 104 256 33.8 15.7 825 203 971 9.1 165 4.04
B35 10.1 311 76.7 12 56 31.5 130 85.4 585 34.6 8.1 1511 1.65 8.64 8.73 136 3.49
B37 108 337 824 134 681 317 124 955 461  34.1 17.4 1328 2.12 8.8 104 139 347
B38 131 478 104 171 792 421 162 121 215 354 20.2 1242 286 105 111 199 4386
B3 133 272 104 175 759 377 11l 113 238 325 13.4 951 1.94 101 984 211 506
B45 123 252 948 146 608 345 115 107 223 338 10.2 950 153 894  7.03 192 451
B2 123 375 107 17 792 419 198 117 231 335 17.5 1098 214 101 112 187 459
B58 128 224 94 163 622 399 137 115 448 407 30.2 2168 1.87 10 171 178 4.69
B63 884 374 708 118 468 213 859 995 419 257 12.1 1101 169 103 749 164 455
B6S 104 110 754 134 587 333 466 999 595 282 7.21 1681 0974 102 649 157 438
B67 118 165 85 15 57 315 57 111 345 423 6.93 1151 163 117 927 211 559
B68 973 827 664 129 436 259 617 835 672 345 7.47 1996 1.09 11 753 167 477
B71 135 187 104 185 681 432 114 124 385 36.1 274 1875 156 107 144 187 479
B73 123 202 925 181 797 384 156 114 366 359 21.2 1345 2.6 992 131 162 416
B77 116 117 805 146 478 29 752 999 502 336 6.34 1691 125 104 67 167 4.3
B8O 117 132 833 159 462 37 814 111 291 26.8 10.1 1261 L16 111 743 179 471
B83 104 107 698 125 351 276 62 847 674 334 9.89 183 088 103 812 163 461
B87 102 994 677 122 424 252 668 839 708 327 5.71 1775 1.1 972 67 159 4.41
B88 125 149 812 142 483 288 75 99.6 651 394 8.3 2234 137 981 792 169 427
B9 124 156 841 143 516 332 566  99.1 571 411 7.62 1881 1.33 10 741 185 4.66
B93 8.97 476 70.3 9.47 49.9 22.1 349 82.8 903 33.6 13.5 2736 1.3 7.81 11.8 145 3.58
JEHEE . CefAAEIE =M RIEDUM PIENZS %Ak 3.2 TRRYIIR D4R

B, Ce™ by 1 B AL K Ce*, T Ce™ 75 59 K i 1% Fe
Mn A AR BT, 15 B3 7K Ce B SR B 5 0 5 7
W FIREE T, Ce* 5 WA I Ce™ , 1 BRIEE 7K Ce 1550
FUEAE I, TUBUA Y Ce S8 1] L e i T 7K Y 4R
IR RIS . 30T b X R 68 T AR R A 00 R 2L
P DL 3% 3, T A B A Y Ce S5 SR I 18RRI Iy
RITA (PAAS) HEATARMESL . AT, BATUA I La 57
HATAES L Ce S AR ALY, N A B 5L S e 2B 46 0 7
UUFRE T V7K Ce BR0E , 3l 3 AL T 8 Ce/Ce™ 5 Pr/Pr
e B (E 5a) , T A3 B A8 TUA RE S 395 46 T I, X
P, R P T AR AL 2 B La IO SE AR FE G, Ce 57
W RENE I ML LS TR K RRAE . A3 3 RN Sbh A
DA Y 300000 3 X K 8 20 260 T A S BRSS9 Ce 52
W, CelCe fHA T 0.76~0.82, FH4{H 7 0.79. HEiAY,
A TUA SRS T RIS TR B B Ce/Ce 1 441K
(B 3) , FHR DB IR I P45

Tl 70 28 R 1 JC 1 0 ALLTi Se . Th Fl Zr 55
TR GER A AR BE R R R e
PE AR TN 2 AR EEDUR IR, Tio, 5
Zr B FEAE AT DL R X 43 = FpAS [R] 0 5 2R L, 43331
R P RBERTUK S o Y TiO/Zr IU{E K
F 200 5 7 U5 A ST R R BE T K A, TiO,/Zr I AE
INT 55 FR R IR R R LT, T TiO,/Zr 1)
B A F 55 F1 195 Z 8] 48 7~ U5 A 28 B v ok Rk
F R T b X K T 2 B A Y THO, - Zr B i
([l 6a) 7R B A0 TUAAE S V6 A6 T K i K
TR X PN $6 7R B A0 002 ) TR e 28 A0 AT RE R K 3 R
Mo 25 IEEBIUTRA 1Y P43 5 PG 0 0 72 23 52 Tl
TURRA 0 18 5372 Ak, T T 52 o %o 905 DX g ) 2 PR ke
T E R TUARE R R B LD T IR 35 1
AR . T Th —MAFERR TS T, 1 Se 76 5
PR TP A, H Th/Se BN 25 32 2 DTG 25 19 52
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Table 3 Data for rare earth elements in Lower Cambrian Shuijingtuo Formation, Chengkou area(jg/g)

Gii's La Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb Lu REE  LREE MREE L/M

B3 41.8 64.7 8.5 33.7 6.3 1.1 5.7 0.9 53 1.0 32 0.4 3.0 0.4 176.0 156.2 19.8 79
B6 39.2 57.8 7.9 31.6 59 2.7 5.6 0.9 5.4 1.0 32 0.4 2.9 0.4 164.9 145.1 19.8 73
B11 43.6 67.9 8.7 33.4 6.0 1.1 53 0.8 4.4 0.8 2.6 0.3 2.6 0.3 177.9 160.7 17.2 9.3
B16 39.1 60.6 8.0 30.6 5.6 1.0 5.1 0.8 4.5 0.8 2.5 0.3 2.5 0.3 161.8 144.9 16.8 8.6
B22 41.5 65.2 8.4 315 5.6 1.0 49 0.7 4.1 0.8 2.5 0.3 2.3 0.3 169.1 153.1 16.0 9.6
B26 460 712 9.3 36.0 6.6 1.1 6.0 0.9 5.1 0.9 2.9 0.4 2.8 0.4 189.6 170.2 19.4 8.8
B30 40.0 618 8.2 31.6 5.8 1.1 53 0.8 4.6 0.9 2.8 0.4 2.7 0.3 166.2 148.5 17.7 8.4
B35 36.3 59.0 7.9 31.7 59 13 5.5 0.8 4.8 0.9 2.8 0.4 2.6 0.3 160.1 142.1 17.9 79
B37 37.5 59.4 79 31.0 5.8 1.2 5.1 0.8 4.8 0.9 2.8 0.4 2.7 0.3 160.4 142.7 17.6 8.1
B38 433 68.3 9.0 354 6.6 1.3 6.1 0.9 54 0.9 3.1 0.4 29 0.4 183.9 163.9 20.1 8.2
B39 430 670 8.6 32.8 5.7 1.0 52 0.8 4.7 0.9 29 0.4 2.8 0.4 176.2 158.1 18.1 8.7
B45 38.2 60.4 7.8 30.4 5.6 1.0 5.1 0.8 4.7 0.9 2.8 0.4 2.8 0.4 161.1 143.4 17.7 8.1
B52 38.1 56.5 7.7 30.4 5.5 1.0 5.1 0.8 4.8 0.9 2.8 0.4 2.8 0.3 157.1 139.3 17.8 7.8
B58 46.0 716 9.4 37.9 7.0 1.4 6.4 1.0 58 1.1 35 0.4 33 0.4 195.3 173.4 21.9 79
B63 38.3 56.1 7.1 27.7 4.9 0.9 44 0.7 4.1 0.8 2.5 0.3 2.4 0.3 150.5 135.1 154 8.7
B65 38.9 61.0 7.7 29.8 53 1.2 4.9 0.7 4.5 0.8 2.7 0.4 2.6 0.3 160.7 143.9 16.9 8.5
B67 46.6 740 9.9 39.5 7.4 1.3 6.8 1.1 6.5 1.2 3.8 0.5 3.5 0.5 202.4 178.6 23.8 7.5
B68 41.5 66.0 8.6 333 6.3 1.3 5.8 0.9 53 1.0 33 0.4 3.1 0.4 177.2 157.0 20.2 7.8
B71 468 712 9.2 359 6.8 1.3 6.1 0.9 54 1.0 32 0.4 3.1 0.4 191.7 171.2 20.5 8.4
B73 42.8 65.2 8.5 333 6.1 1.2 5.4 0.9 5.0 0.9 3.0 0.4 2.9 0.4 175.8 157.1 18.7 8.4
B77 420 656 8.5 33.0 6.1 1.1 5.4 0.9 52 0.9 3.0 0.4 29 0.4 175.2 156.3 19.0 8.2
B8O 41.4 62.9 7.8 29.8 5.1 0.9 4.7 0.7 4.3 0.8 2.6 0.4 2.7 0.3 164.4 147.9 16.5 9.0
B83 39.7 64.6 8.3 329 6.1 1.3 5.4 0.9 52 1.0 3.1 0.4 3.0 0.4 172.2 152.9 19.3 79
B87 40.3 63.8 8.3 323 6.1 1.3 53 0.9 52 0.9 3.0 0.4 29 0.4 171.0 152.1 18.9 8.0
B88 41.8 66.4 8.7 35.8 6.6 1.4 59 0.9 5.7 1.0 33 0.4 3.1 0.4 181.4 160.6 20.8 7.7
B90 40.5 66.0 9.0 355 6.8 1.5 6.2 1.0 5.7 1.0 33 0.4 3.1 0.4 180.4 159.3 21.1 7.5
B93 33.7 522 7.1 28.1 52 1.6 49 0.7 4.4 0.8 2.6 0.3 2.4 0.3 1443 127.9 16.4 7.8
Ave. 410 639 8.4 32.8 6.0 1.2 5.5 0.8 5.0 0.9 2.9 0.4 2.8 0.4 172.1 153.4 18.7 8.2
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Fig.3  Vertical distribution of TOC, CIA and trace elements in Shuijingtuo Formation, Lower Cambrian
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Development Environment and Formation Mechanism of Lower
Cambrian Source Rocks in the Chengkou Area, Northeast Chongqing,
South China

ZHAO Kun"?,LI TingTing’,ZHU GuangYou®,ZHANG ZhiYao®, LI JingFei'*, WANG PengJu'?,
YAN HuiHui'?,CHEN Yong]in]

1. School of Energy Resources, China University of Geosciences (Beijing), Beijing 100083, China
2. Research Institute of Petroleum Exploration and Development, PetroChina, Beijing 100083, China

Abstract: The Lower Cambrian black shale at the northern margin of the Upper Yangize Platform is an important
source rock with large sedimentary thickness and high organic carbon content, which gives it important oil and gas ex-
ploration value. Restoring its developmental environment and clastic provenance is of great significance for the predic-
tion of hydrocarbon source rock distribution. By systematic field outcrop sampling in the Chengkou area, South Chi-
na, and geochemical testing, this study investigated the formation environment and source supply of the black shale
and discusses the effect of climate change and terrigenous input on the formation of the black shale. It also recon-
structs the process by which these excellent-quality hydrocarbon source rocks were formed. The results showed that
the black shale has high Al1,0, content (7.38-13.90% ), K,O content (1.01-2.93% ), Na,O content (1.98-2.88%) and
total Fe,0, content (2.35-5.36%), and is enriched by trace elements such as V (average 242 pg/g), Cr (average 83
pe/g) and Ni (average 58 wg/g). CIA, K/Al and Rb/Al ratios indicate that the climate was warm and humid during
the period of black shale deposition. V/Cr, U/Th, Ce/Ce” and MoEF-UEF indicate that the sedimentary waterbody un-
derwent an anoxic — suboxic — anoxic — suboxic cycle. A positive Eu/Eu* anomaly also suggests the occurrence of
early submarine hydrothermal activity. The Th/Sc - Zr/Sc chart indicates that the sedimentary components of the black
shale did not undergo a recycling process, and it is therefore possible to effectively identify the location of the source.
The Co/Th-La/Sc and La/Th-Hf diagrams confirm the presence of both felsic and mafic source rocks in the black
shale. The Hannan paleo-uplift may have been an effective source area.
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