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Sketch map of study area and sampled wells

A=

(a) location of Bohai Bay Basin; (b) location of study area; (c) stratigraphic column
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information and organic molecular parameters of the crude oil in the study area

gy IS WEEm R %/ (glem®) 1 2 3 4 5 6 7 8 9 10 11 12 PM gk
A-1 A 1119~1207 N, 0.990 030 069 013 065 022 049 3573 27.77 3650 045 044 059 6
A2 A 1267~1317 N, 0.980 031 076 0.1 069 0.7 038 3475 2600 3925 042 039 028 6
A-3 A 1449~1472 N, 0.980 027 079 011 075 0.7 042 3556 2570 3874 040 038 026 6
B-1 B 1284 Ng 0.944 020 079 0.09 059 0.5 057 3228 2386 43.86 037 032 005 -~3.5
B-2 B 1417~1441 Ng 0.930 025 0.82 0.3 069 021 058 3500 2688 38.12 035 029 002 ~35 {&#HH
C-1 C 1040 N,g 1.010 026 054 036 054 0.19 046 30.65 27.69 41.66 051 042 426 7
G-1 G 2561~2565  Es 0.890 025 086 005 066 022 048 3656 23.15 4029 035 030 0 1
G2 G 2585~2603  Es 0.890 024 084 006 073 020 046 3445 2629 3925 036 032 0 1
H-1 H 2153~2181 Ed 0.880 037 090 0.08 067 027 036 3758 21.14 4129 040 032 0 1
D-1 D 1297~1322 Nm 0.994 027 093 023 111 010 029 3074 2596 4329 042 038 0.16 5
D-2 D 1552~1570 Ng 0.951 031 102 021 100 015 030 3383 2399 4218 041 035 0 2
E-1 D 1507~1530 Ng 0.950 036 096 0.13 082 0.8 035 33.60 2533 41.07 049 037 0 3
£-2 D 1241~1259 Nm 0.990 040 094 0.2 087 0.8 024 3353 2378 4269 055 040 0.14 5
F-1 F 2132 Ed 0.927 028 099 023 098 009 036 2939 2451 46.10 047 039 0 0

E : 1=C,/C,,TT ; 2=C,,TeT/C, TT ; 3=G/C, H ; 4=C,/C, H ; 5=C,,Ds/C,,RS ; 6=C,/C,,RS; 7=C,,RS (% ) ; 8=C,.RS (% ) 5 9=C,,RS (% ) ; 10=
CFEBE GO 5 PS. 2§ dt 5 DS. 2R S e
BT 1.00%.

Ts/ (Ts+Tm) 5 11= BB/ ( BB +aa ) ~CoyRS 5 12=Co NH/C, H.TT : = FRif f5% 5 Tet. DU FR i &% 5 H

RS. H0) § Je

3 NH.25- [ 78 45¢ s PV AR 407 I A A2 B2 5 IR0 - 00 & 3 IR T 0.529% 5 25 B < B 2
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Fig.2 Mass m/z 85 and m/z 177 chromatograms for Miaoxi Sag crude oil
(a) F-1,PMO; (b) G-1,PM; (c) D-1,PM2; (d) E-1,PM3; (e) D-1,PM5; (f) A-3, PM6; (g) C-1, PM7; (h) B-2, PM3.5; n. n-alkanes; H. hopane; NH. 25-norhopane

Yo it — S S BR800 TR L

TEHLTCER I SE , 5 TR T e v R S A i
PATIAE I . BARERAELNT 2K 25 mg (4 LIAE i
A PR SR U LI KUK A HNO, (HF Al
HCL, A B TR 4 b, 3R 150 °C5 285 A
HNO, Fl HF ¥ fi# K i, 75 180 °C 9 HE 4 48 o
A8 hi e B, [P I HCLO,, HNO,, B E A
FEH 150 COREF 12 he e, I AIK N 3R B3
WCHEAT RS, B R & 50 mL Y 25 B R P, AL SR
A 5B TR B (Inductively Coupled Plasma-Mass
Spectrometry , ICP-MS) Il i J5 il vh 9 F6 10 &, IFR
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JZ K 2 25 43 BF (Hierarchical Cluster Analysis,
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(1) 6/ JELIHRE & IE A BE A T 1 o8 T FE L 1
FIVE TIC FEL R, 17 EL A I 21 7™ 25 A ) it e
HW 25-BEFE e (K] 2a~d) , 5 78 H PM<4™?, o
B F-1 IEA B R 5, (IR 1E A e th ¥
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BOEMekepBLde (F 2b) , PM=1; B fh D-2 IEFM ke
KEIVEE, A YR it S 28 R w4
TR AL (B 2¢) , PM=2; B E-1 IE M o ™ B fit
Fe, B T K e (B 2d) , PM=3,,

(2) 64 JEIMAE fE R ek O 48k 58 4 FE L 1
U TIC P T W 5B A “UCM 84, T FLAE S5 vh ]
DRS00 1) A 2 11 25 R 72 Jot (Tl 2e~g) , 357 H: PM>
4 o RE Y E-2 B D-1 1Y 25 ARk B IR T
FEWE (E 2e) , CyNH/C, HAEAL R 0.14 F10.16 (£ 1),
PM=5; BE 5 A-3 . A-2 Fl A-1 18 25-F A2 e & 1t
T, FE e 5 B KR A (&1 2f) , € NH/C, H B2 51 A
0.26.0.28 F10.59, PM=6; il C-1 1) 25-F ke et

B AR LT 1 o8 AT FE (8] 2g) , RIS et & A=
T BAFE (8 3d) , C,,NH/C, H{H ik 4.26, PM=7 .
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Fig.3 Mass chromatograms of Miaoxi Sag crude oil of different types and biodegradation degree,

showing the distribution of terpanes (m/z 191) and steranes (m/z 217)
(a) D-2, high-sulfur, PM2; (b) D-1, high-sulfur, PM5; (c) A-3, low-sulfur, PM6; (d) C-1, low-sulfur, PM7; TT. tricyclic terpane; TeT. tetracyclic terpane; Ts. 18a(H)-trisnorneo-

hopane; Tm. 17a(H)-trisnorhopane; H. hopane; G. gammacerane; NH. 25-norhopane; PS. diginane; DS. diasterane; RS. regular sterane
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Table 2 Rare earth element (REE) concentrations (pg/g) and REE ratios in Miaoxi Sag crude oil

sample ID A-1 A-2 A-3 B-1 B-2 C-1 G-1 G-2 H-1 D-1 D-2 E-1 E-2 F-1
La 1.6718  1.6615 23291 0.1825 0.0094 45798 0.0203 00085 0.0067 0.8356 0.0077 0.0109 05015 0.0073
Ce 31173 3.2878 47840 03582 0.0234 88244 0.0365 0.0221 00128 1.7489 0.0141 0.0209 1.0596 0.0194
Pr 03811 04122 05756  0.0467 0.0040 1.1105 0.0065 0.0034 0.0038 0.2280 0.0037 0.0043 0.1333 0.001 9
Nd 1.6569  1.8636 25300 02264 0.0132 5.0948 0.0161 0.0081 0.0081 1.1327 0.0078 0.0116 0.6340 0.006 8
Sm 04030 05374 06936 0.0666 0.0041 13842 0.0059 0.0041 0.0026 0.3404 0.0028 0.0035 0.1737 0.0017
Eu 0.1300  0.1566 0.1779 0.0256 0.0021 04510 0.0080 0.0018 0.0020 0.1078 0.0026 0.0028 0.0518 0.000 4
Gd 04543  0.7733 09097 0.1195 0.0061 1.8564 0.0051 0.0022 0.0028 0.5386 0.0030 0.0043 0.2628 0.0012
Th 0.0663 0.1188 0.1356  0.0201 0.0017 02702 0.0025 0.0013 0.0023 0.0840 0.0026 0.0027 0.0402 0.0002
Dy 04298  0.8592 09182 0.1366 0.0068 1.6679 0.0048 0.0012 0.0023 0.5869 0.0035 0.0043 0.2468 0.001 6
Ho 0.0807  0.1797 0.1752  0.0320 0.0026 03385 0.0032 0.0017 0.0022 0.1206 0.0026 0.0030 0.0511 0.0002
Er 02171 05150 0.4553 0.0857 0.0066 0.8678 0.0057 0.0018 0.0021 03102 0.0026 0.0046 0.1197 0.001 1
Tm 0.0250  0.0603 0.0487 0.0124 0.0018 0.0914 0.0023 00013 0.0022 0.0360 0.0020 0.0028 0.0144 0.0002
Yb 0.1473 03499 02745 0.0631 0.0044 05203 0.0031 0.0019 0.0028 0.1992 0.0027 0.0040 0.0718 0.0007
Lu 0.0204 0.0523 0.0369 0.0094 0.0015 0.0697 0.0027 0.0017 0.0024 0.0283 0.0023 0.0034 0.0125 0.000 1

SREE 8.8008 10.8277 14.0444 13847 0.0876 27.1269 0.1226 0.0610 0.0552 6.2973 0.0599 0.0833 3.3732 0.0429
SLREE 73601 79191 11.0901 09059 0.0562 214447 0.0933 0.0480 0.0360 4.3934 0.0386 0.0542 2.5539 0.0375
SHREE 1.4408  2.908 6 29542 04788 0.0314 56822 0.0294 0.0130 0.0192 19038 0.0213 0.0291 0.8194 0.0053

VINi 0.04 0.04 0.03 0.03 0.03 0.05 0.03 0.03 0.03 0.10 0.06 0.06 0.08 0.11
SLREE/ZHREE 5.11 2.72 3.75 1.89 1.79 3.77 3.17 3.70 1.87 231 1.81 1.86 3.12 7.03
Sm/Nd 0.24 0.29 0.27 0.29 0.31 0.27 0.36 0.50 0.32 0.30 0.36 0.30 0.27 0.25
6Eu 1.43 1.14 1.05 1.35 1.98 1.32 6.90 2.86 3.43 1.19 4.21 3.42 1.14 1.44
6Ce 0.90 0.92 0.95 0.90 0.88 0.90 0.73 0.95 0.58 0.92 0.61 0.70 0.95 1.22
Pr/Pr’ 0.98 0.97 0.97 0.95 1.33 0.96 1.57 1.48 2.17 0.93 2.03 1.62 0.94 0.95
6Th 0.91 0.88 0.90 0.95 1.56 0.93 3.02 4.89 5.48 0.90 4.78 3.82 0.95 1.04
S8Ho 0.97 1.00 1.00 1.09 1.41 1.04 2.24 4.44 3.69 1.04 3.15 2.48 1.09 0.63
6Tm 0.98 0.99 0.96 1.18 2.38 0.95 3.80 4.74 6.40 1.01 5.26 4.54 1.09 1.41
Lay/Yb, 0.84 0.35 0.63 0.21 0.16 0.65 0.48 0.33 0.18 0.31 0.21 0.20 0.52 0.76
La,/Sm, 0.60 0.45 0.49 0.40 0.33 0.48 0.50 0.30 0.37 0.36 0.40 0.45 0.42 0.61
Gd/Yby 1.87 1.34 2.01 1.15 0.83 2.16 0.99 0.68 0.62 1.64 0.67 0.65 221 1.02
La/Nd, 0.90 0.79 0.82 0.72 0.63 0.80 1.12 0.94 0.74 0.65 0.88 0.84 0.70 0.94
Dy,/Smy 1.26 1.90 1.57 243 1.96 1.43 0.98 0.34 1.06 2.04 1.51 1.46 1.69 1.10
Dy, /Yb, 1.76 1.48 2.02 1.31 0.93 1.93 0.94 0.36 0.51 1.78 0.78 0.65 2.07 1.36
Dy, /Ex 1.21 1.02 1.23 0.97 0.62 1.17 0.52 0.40 0.67 1.15 0.83 0.57 1.26 0.89
Eu/Luy 2.54 1.19 1.92 1.08 0.57 2.57 1.19 0.42 0.33 1.51 0.44 0.33 1.65 1.28

T : SREE=H + JC % B ¥ ; SLREE=La+Ce+Pr+Nd+Sm+Eu ; X HREE=Gd+Th+Dy+Ho+Er+Tm+Yb+Lu ; Lay= (La ) ¥ §/ (La ) PAAS ; 6 Eu=
EuN/( SmNXGdN ) x0.5; BCBZCB\/( LaXPry ) %0.5; Pr/Pr¥=2PrN/( CeN+NdN ) BTbZTbN/( GdNXDyN ) x0.5; BHOZH()N/( Dy xEr, ) %0.5; 5Tm:TmN/( Ergx
Yb,)%0.5; N N E KA 438 K F) 01 A (Post Archean Australian Shale , PAAS) I3 —4k A -
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(d-f) C4H/C,H, Ts/(Ts+Tm) and BR/ABPR+aa)-C, RS vs. Lay/Yby

data for Erlian Basin from reference [13]; data for Dongying Sag from reference [16]
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(a) crude oil of Chepaizi uplift in Junggar Basin; (b) crude oil of Tabei uplift in Tarim Basin
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Abstract : [Objective] Rare earth elements (REE) in crude oil contain valuable geochemical information and are
widely used in oil-oil (source) comparisons and sedimentary environment reconstructions. However, the effect of bio-
degradation on REE concentrations and patterns remains unclear.[ Methods ] Crude oil in the Miaoxi Sag of the Bo-
zhong Depression in the Bohai Bay Basin has been subjected to varying degrees of biodegradation. In this study, 14
crude oil samples from the area were tested for molecular markers and inorganic elements, using Gas chronmato-
graphy-Mass spectrometry (GC-MS) and Inductively coupled plasma-Mass spectrometry (ICP-MS). The degree of bio-
degradation in the crude oil was recognized by n-alkane intactness and 25-norbornane content.[ Results ] It was found
that the crude oil samples in the study area were distributed from PMO to PM7, with a high biodegradation gradient.
Large gammacerane content and high levels of C,5 hopanes were detected in the high-sulfur oil, which suggests they
were derived from the contribution of more reducing and high salinity Es, source rocks. The low-sulfur oil contained
low levels of gammacerane and C,; hopanes, high C,, disteranes and high 4-methyl steranes, mainly derived from Es,
source rocks. [ Conclusions] Comparison revealed that lacustrine crude oils generally have higher REE concentra-
tions than marine crude oils. The REE concentrations and distribution patterns are useful for distinguishing lacustrine
oils from marine oils. Sedimentary environment and maturity have limited influence on the REE concentration and dis-
tribution pattern in crude oil, whereas biodegradation has a large influence on these factors. The REE concentration
in crude oil increases during the biodegradation process, and the REE patterns and some indicators (e.g., La/Yb,,
8Eu, 8Ce) also change regularly with the degree of biodegradation. In summary, REE concentrations are useful mark-
ers for evaluating the extent of biodegradation over a slight to extreme range and in various petroleum systems.

Key words: rare earth elements; crude oil; biodegradation; biomarkers



