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Fig. 1 Tectonic setting of the Bonan Sag (a) and tectonic map of the top of the Es,” Formation (b) (Sourced from Shengli Oilfield)
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Table 1 Rare earth element content and related parameters of mudstone in the Es," from Bonan Sag

iz % 176-1 % 68 161 1938418 B SLIR9 whik4 %186 %292 #IEE0
WE/m 28430 3374.0 34835 3767.8 3796.2 41222 4178.1 4639.7 5023.4
wh keiRAE KAGRE Kafks BakyE K46y XaaRs BaRE BaRy Bk
=3 Wi Wi W Wi W W W v v
La 51.88 38.85 36.58 54.44 41.17 4375 52.72 56.22 69.94
Ce 113.71 77.80 73.09 123.87 84.54 88.19 115.44 124.16 150.67
Pr 12.69 8.99 8.09 13.77 9.73 10.08 12.96 12.85 16.86
Nd 4785 32.68 30.45 50.70 36.29 36.63 4739 44.60 60.67
Sm 8.02 5.29 5.80 8.36 6.36 5.65 8.10 6.79 9.72

Eu 1.90 1.20 1.21 1.95 1.34 1.31 1.66 1.62 2.00
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5 % 176-1 % 68 X 161 X193-8H18 B XH9 W4 % 186 X292 A0

Gd 6.15 4.11 4.89 6.87 5.14 422 6.38 5.49 7.18
Tb 0.87 0.63 0.78 0.98 0.78 0.64 0.94 0.87 1.02
Dy 3.82 3.05 3.91 432 3.65 3.00 4.24 4.24 420
Ho 0.78 0.67 0.83 0.89 0.78 0.63 0.87 0.88 0.85
Er 2.13 1.88 231 248 2.14 1.76 242 2.43 242
Tm 0.31 0.28 0.36 0.37 0.32 0.26 0.36 0.36 0.35
Yb 1.87 1.71 2.19 226 1.96 1.63 224 2.19 226
Lu 0.29 0.26 0.35 0.34 0.30 0.25 0.34 0.33 0.35

YREE 252.27 177.42 170.83 271.59 194.49 198.01 256.06 263.03 328.50

TLREE 236.06 164.82 155.21 253.09 179.41 185.62 23827 246.25 309.87
YHREE 16.21 12.60 15.62 18.50 15.08 12.39 17.80 16.78 18.63
SLREE/SHREE 14.56 13.08 9.94 13.68 11.90 14.98 13.39 14.67 16.63
5Cey 1.04 0.97 0.98 1.06 0.98 0.98 1.03 1.07 1.03
SEuy 0.80 0.76 0.67 0.76 0.69 0.79 0.68 0.79 0.70
Lay/Yby 18.66 15.28 11.24 16.24 14.16 18.11 15.87 17.29 20.89
Lay/Smy 4.07 4.62 3.97 4.10 4.07 487 4.10 521 453
Gdy/Yby 2.65 1.93 1.80 2.45 2.12 2.09 2.30 2.02 2.57
oCe, 1.01 0.94 0.96 1.03 0.96 0.95 1.00 1.05 1.00
6Eu, 1.19 1.13 0.99 1.13 1.02 1.17 1.01 1.16 1.05
Ceuom 0.01 -0.02 -0.02 0.02 -0.01 -0.02 0.01 0.03 0.01
La,/Yb, 2.68 220 1.62 233 2.03 2.60 228 2.48 3.00
Gd,/Yb, 1.95 1.43 133 1.81 1.56 1.54 1.69 1.49 1.89

He CEGEBANI0; 0Bu=2[Eul([Sm]+[Gdly, dCey=2[Cely/([Laly+[Prly, £AHrNAC R BB £ b5 izl , BRAL B A (K
I F Boynton, 1984; 6BEu,=2[Eul,/([Sm],+[Gd],, d6Ce,=2[Cel/([Lal,+[Prl,), fAtrnfCRILE T A RUEIL, JbETUAEKIE T
Haskin and Haskin, 1966; Ce,,=Lg[3Ce,/(2La,+Nd,) ] ( Elderfield and Greaves, 1982)
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Fig.2 REE patterns of mudstone in the Es," from Bonan Sag
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W58 X A R & 1 0 o ] I3 40 BT 45
R 2, BILEK S N (34.38~84.40)x10 °,

SEYIAE R 51.69%10° Ga TG 2 1Y & & K (13.98~
30.99)x10°, EHIE A 20.76x10°%; B/Ga {E A 1.43~
3.73.
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Table 2 Trace elements content and ratio of mudstone in the Es,” from Bonan Sag

5 R /m Fagis B A Cr Co Ni Ga B/Ga V/Ni Ni/Co V/Cr V/(V+ND
BITRR0 50234 BEERE 3675 7351 17485 1084 6538 1657 222 112 603 042 0.53
% 176-1 2843.0 HKMPEH 3438 8049 103.87 1488 5894 1942 177 137 396  0.77 0.58
292 46397 WEIEE 5543 127.65 13006 20.19 83.60 2597 213 153 414 098 0.60
M193-#418 37678  BEOYEEH 4434 10814 10594 19.04 6835 3099 143 158 359  1.02 0.61
X 186 41781 REJE 8440 10880 10322 1492 5455 2271 372 199 366  1.05 0.67
BXHY 37962 HLMUPEHE 6633 9700 8825 1476 4579 2118 313 212 310 110 0.68
% 68 33740 KHGIAE 4191 5773 8007 833 2443 1398 300 236 293 072 0.70
R4 41222 #LAEPRE 4109 9359  106.88 1120 3872 1974 208 242 346  0.88 0.71
X161 34835 HLAEIRAE 6062 8202 6791 1219 2662 1624 373 308 218 121 0.76

FE: LEGEHBNM N0

V IE R &8 N (57.73~127.65) %10, F3{H
47 92.10x10 ° Ni JEE 14 (24.43~83.60) <10 °,
1Bk 51.82x10°% Co JC % By & & (8.33~
20.19)x10°°, - {E N 14.04x10°%; Cr T R 1Y &
H3(67.91~174.85)x10 ¢, F- ¥ {H 4 106.78x10
V/Ni {8 K 1.12~3.08; V/(V+Ni){E & 0.53~0.76;
Ni/Co {H# 2.18~6.03; V/Cr { >} 0.42~1.21,

DUALUAR) V/ICr i . Ni/Coff . VINTH i &
V/CVANDAE 7] Lz e T AR 34 55 9 S8 Ak 8 i 45 1
ik EARAE, 2017, B o FAVEFIR DT AR (W 48 4T,
TEME AR ML Z W5 i) iz W H o AT ABFFE A A,
V/Cr<2.Ni/Co<<5.0, V/Ni<1.9. 0.46<<V/(V+Ni) <

0.60 45 7~ & A B I B 5 2.00< V/ICr< 4.25,
5.0<Ni/Co<<7.0, 1.9<V/Ni<<3, 0.54<V/(V+ND <
0.82, ¥8 7/~ 7L A M A 55 5 V/ICr>4.25, Ni/Co>17.0,
V/Ni>3, 0.84<V/(V+Ni) <0.89 $5 /1 i % Y FR 55
(Galarraga et al., 2008; Hatch and Leventhal, 1992;
Jones and Manning, 1994) . {HLA %45 i, A0
FAK I T LA T S84 3 T A8 B B E 1Y 1 R 4
W S Ak 3 T PR A5, H AT P 33k S8 48 A 1) A X 2 S
FHE T AR X Bk 42 FR BE (Rimmer, 2004) .
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Table 3 Pr/Ph value of dark mudstone in Es," from Bonan

Sag
H= #WHERo X 186 1934118 292
W JE /m 5023.4 4178.1 3767.8 4639.7
=3 A WmE Wb wihT WmR
HE BEkEA BORE  BOARE WORSA
Pr/Ph 0.13 0.32 0.77 0.23
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Fig. 7 Relationship between HI and T, of mudstone in the
Es4x of Bonan Sag (after Zhu et al., 2009)
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Geochemical characteristics of trace elements in the Es,” Formation of the

Bonan Sag and their implications for sedimentary environment

ZHANG Bo', GUO Xiaoying™’, MENG Tao', JIJANG Chao', LIU Peng', CHEN Yong™”

(1. Development Research Institute of Shengli Oilfield Branch Company, SINOPEC, Dongying 257000, Shan-
dong, China; 2. National Key Laboratory of Deep Oil and Gas, China University of Petroleum (East China),
Qingdao 266580, Shandong, China; 3. School of Geosciences in China University of
Petroleum (East China), Qingdao 266580, Shandong, China)

Abstract: The Bonan Sag is an important oil and gas-rich region of Bohai Bay basin. In order to clarify the
depositional environment and hydrocarbon potential of the hydrocarbon source rocks in the lower subsection of
Es," in the Bonan Sag, and the hydrocarbon potential of the hydrocarbon source rocks of the Es,”, we analyzed the
typical mudstone samples of the Es,” in the Bonan Sag by trace element testing and organic geochemical charac-
teristics. Through selecting the elements and element combinations sensitive to the depositional environment, such
as 0Ce,, Ce,yom, Ni/Co, V/Ni, V/(V+Ni) , V/Cr, B/Ga etc., in combination with the organic geochemical character-
istics, this paper clarified the climate, redox environment and salinity during the sedimentary period of the Es,” in
the Bonan Sag. The applicability of these parameters in the paleoenvironment study for the working area and the
factors affecting the development of source rocks with hydrocarbon generation potential were discussed. The re-
sults show that the La,/Yb, values range from 1.62 to 3.00; B/Ga range from 1.43 to 3.73; the blackish mudstones
have Pr/Ph<<1, 6Ce,>1, and Ce,,,,=>0, and the reddish mudstones samples have dCe, values ranging from 0.94 to
0.96, and Ce,,,,,<<0. It indicates a warm and humid climate in some areas during the depositional period of the Es,"
in the Bonan Sag, a slow sediment deposition rate, and a freshwater-slightly saline environment of the whole area,
while that part of the area was in an anoxic environment, except for the oxygen-rich environment. The results of
comparative analysis show that using JCe, and Ce,,,, is reliable to discriminate redox environments, and the rela-
tive magnitudes of mudstone Ni/Co, V/Ni, and V/(V+Ni) can infer the anoxicity of environment during their de-
position, and the B/Ga ratio can distinguish freshwater-brackish water and brackish water environment. In addi-
tion, the mudstone in the study area of the Es,” has a high content of sapropelinite, the kerogen is type II-IIT; TOC,
S,+8S,, and chloroform bitumen “A” contents of some mudstones indicate that they have reached the level of
general hydrocarbon source rocks. Compared with the non-hydrocarbon source rock in the study area, they have
smaller B/Ga and larger ETR index and gammacerane index. This suggests that the development of hydrocarbon-
generating potential source rocks in anoxic environments may depend on the salinity of the sedimentary water.

Key words: Bonan Sag; Es,’; trace element; sedimentary environment
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