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Abstract: The Shahejie Formation in the Huanghua Depression boasts abundant mixed-source hydrocarbons.
Determining the charging ratio for mixed-source oil reservoirs is critical to the prediction of hydrocarbon reservoir
distribution in the depression. Through the analysis and tests of total organic carbon (TOC) content, rock pyrolysis, and
gas chromatography-mass spectrometry (GC-MS) experiments on saturated hydrocarbons, we systematically examine the
geochemical characteristics of source rocks and crude oil in the formation. A multi-parameter quantitative model for
determining the charging ratio for mixed-source oil reservoirs is established by combining hierarchical cluster analysis
(HCA) and principal component analysis (PCA). With this model, we quantify the contributions of different source
rocks to the formation of mixed-source oil reservoirs therein. The results indicate that the source rocks in the 3rd member
(Es*; the Sha 3 Member) and the 1st member (Es'; the Sha 1 Member) of the Shahejie Formation show moderate to high

organic matter abundance and mixed kerogen types of I, and I, respectively, suggesting the presence of mature
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source rocks. Oil-source rock correlation reveals that Class A crude oil is derived from source rocks in the Esl and
formed in high-salinity, reducing environments, with organic matter originating primarily from lower-class aquatic
organisms. Class B crude oil originates solely from source rocks in the Es’ and is formed in medium-salinity, weakly
oxidizing to weakly reducing environments, with organic matter sourced mainly from terrestrial plants. Class C crude oil
represents mixed oil derived from source rocks in both Es' and Es’. Calculations using the quantitative model indicate that
the contribution rates of source rocks in the Es' and Es’ to the mixed-source oil reservoirs range from 22. 73 % to 59. 11 %
and from 40. 89 % to 77. 27 %, respectively. Model validation using laboratory artificial oil mixing experiments shows
prediction errors ranging from 0. 44 % t0 9. 94 % (average: 5. 26 %), indicating high predictive accuracy.

Key words: geochemistry, oil-source rock correlation, charging ratio, mixed-source oil reservoir, source rock, 1st

member of the Shahejie Formation (Es'), Huanghua Depression, Bohai Bay Basin
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Geological structure maps and composite stratigraphic column of the Huanghua Depression (modified after reference [43])
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Fig. 2 Mapping of source rocks in the Es’ (a) and Es' (b), Huanghua Depression (modified after reference [24])
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Table 1 Parameters of gas chromatograms of saturated hydrocarbons in crude oil and source rocks in the Huanghua Depression

55 R it 5 TREE/m =i 11 ESl 274 Pr/Ph CPI OEP
1 62428 — Es' D Cy, 1.37 1. 11 1. 04
2 B10826 — Es' Jstih C,, 1.21 1.10 1.03
3 N24H — Es' Jstih Cy 1.32 1.10 1.04
4 G422 — Es' Jstith (o 1.28 111 1.07
5 B10836 — Es' JEih (o 1.28 1. 11 1.03
6 G108 — Es' JEih (o 1.33 1. 11 1.05
7 T20X2 — Es' Jstih GC,, 1.56 1. 10 1.02
8 T20X1 — Es' Jstih C,, 1.33 1. 10 1. 04
9 T9X6 — Es' Jith GC,, 1.14 1.13 1.05
10 QIH — Es' JeiHh Cs 0.58 0.99 0.99
11 G2322 — Es' Jih C,, 0. 96 1. 10 1.04
12 Q12-1 3669 Es' Snl e Cs 0.57 1..00 1.16
13 Q12-2 3677 Es' nl e Cs 0. 61 0.97 1.10
14 Q12-3 4005 Es® nl e Ch 1.48 0.99 1.02
15 Q12-4 4029 Es® nl e Cyy 1.27 1.02 0.97

T : Pr/Ph ORI/ L s CPI ARG 3HE £ OEP 33 L3 be . — "R F T e

BV, AW 5 B A B0 (UCM) , 16 B SR A
il A 2 B A YRR E 2 (B da—c) o VD =B
SR UG A RN 43 I IR S B S s Hh R B e (Pr) AN
&R F A e (Ph) 5 (RAE (] 4b, e e, ©)  HT—BE
SR UG A RN /D B SRR i s AR R I i 3 (B 4a,d) .

28 5 3G TA] 0 e LA e 8858 ot /A ot 75 o U A P/
Ph) AT LR /R TR A ML S A Pr/Ph < 1, 8718
JRIREE 5 1 < Pr/Ph < 3, 48 7R 55 51k - 55 38 JR A 55 5 Pr/
Ph > 3, $5/8 SEAL IR FERFSEIX, JELI Pr/Ph (B A8
L 0. 58 ~ 1. 56, F-4(E 2 1. 21, 844 55 4 k-
5530 RIS 3 A /D JEIRE 5 Y Po/Ph(E/N T 1. 00,
R JFIREE . RIS T, U — B Pr/Ph T (E N
0. 59, & /810 JFELIAE ; Vb = BE Pr/Ph SE XM M 1. 37,36 /K
S5 4A -5 5 IR ES . Pr/nC, (BB Lk &
FEAR ) —Ph/nC. . (REE/TE 7\t 5 U AR ) 52 3 181 Al 60
([l 5a) , Vb = B SR U5 A A CHR 20 JEUIM AR & 1 A8 HILT 2R
Ry T - TRV A8 WL, TURR R 8 o 55 A Ak - 55 18 )5
PR N D i 5 Vb — BURTRA AN Q UH H: JBh £ 2
A T - T ANR A7 P, ORI ST A A5, B
JEAXI A oAb, XS E G B DL A8 5 (CPD iy
AR (OEP) 43 517E 0. 97 ~ 1. 11 F10.97 ~ 1. 16,1
T 1. 20, AT AR IS © 2008 B A m BL

4.2 ZIEERR(TT) %
W H IR, C TT G, TT FIE R 5 Bl AR A LS AT

5, Coy TT U 18, T 185 1 sl Rl I B35, O FLa s A Wb ks
G EA B R REE =Y KR I (El 6b,c)
b = B U5 (K 6e, ) FE Y Cy—C,, TT = IR0 bt
RYNHRLL C,TT R EZF R Y, /D5 I (K] 6a) F1 YD
— BRI (I 6d) BES U LA G, IT N EE[F R Y. #F
5% X JEIM Y (C TT+Cy TT)/C, TT &5 HUAB A3 A 75 0. 37 ~
1. 74, F WA BT R 32 A A5 K 2B A 1y R i A= Al 40 32
] Ho, MRS KA AR F W & 55 %,
LR A= R R A R & 45 %o IRAR, Y — BB IR A
[ (C o TT+C,, TT)/Co T & 2 LB /N F 1. 00 F 3 Ky
0. 50, 76 = B2 J5 5 1Y (C, TT+Co TT) /G, TT &5 1 HAH
KT 1.00 FIIME N 1. 40, RV — BRI 54 HLK
RS K A AR S F A, VD = B ML P R AR A
Vi

4.3 FIR=T59%H

WF9E X & B 52 B m R =k R AL &9, At
F R, K IR A VR A RE B C, 7 b
(CyoH) i 18 (H) -C,, =R 7EHE (Ts) > 17a(H)-C,,
ZREFESE (Tm) A e (O) AR A=) i e (G) ALk
B4 5 (7)) 5 (B Vb — B Y AN/ it SRR S
H Ts AR B /N T 5IGHBL A T T A0ES B e 352 5 1)
#HE(HE Ta,d).

Ts/(Ts+Tm ) 75 it Fo AR AT LA o i il 428 5 2 A i
T RLASEEY o WF5E X I AR U5 Ts/ (Ts+Tm ) {H



%1 R, A5 . i VS v TN I VD i 2 — BRI B L BR Ak 22 RRAE B R B BT ik 169
10.0 N - 2.0
a é@\\ L & L7 18}
LA \\ SR I
. N e L6 1
- . /7%3&\// \/Qy £ L4f A
~ P P o A X _—
. - - e )%gy ) = 1.2+ B DB, R
%10' - - 7 x@"/ .o =0t S f— "
% T L7 w{&‘ g A =B ks
// +
. %ﬂ&@@\ £ 08 o G428k, il
o - pg/'%x Uz 0.6
P P o BI108263F, JEul
. e 0.4 )
N24HH:, Jii
. 0.2
o1 ) 0 ) ) ) ) G4229F, J5h
0.1 1.0 10.0 0 0.1 0.2 0.3 0.4 0.5 oy
PhinC,, oic i o BI108363F, [l
o GI108JF, Jilih
0.7
14t ¢ [ | d N o T20X23F, Jih
m R AT 0.6 | ) |
R | R A. 028 o T20XI3F, JEi
. | SE i o TOX6H, JEil
' A | £ - . o QUHJF. I
US: 0.8 opEh B ‘ = ‘\ H, B
Q IR = N o G23229F, Jii
S i | ! . £ 03 {927
0.6 ! | 9 |
} [ & [T TToooos | !
04l IRERIED ! u © 02 w !
02 ‘ | 0.1 | |
° :.. 20 o I | !
0 : : ! : : : : : 0 . TR ‘ . .
0 01 02 03 04 05 06 07 08 09 0 0.1 02 03 04 05 06 07
ETR C,, & btaa S/(S+R)
5 B R AE IR — R H S (RIRRR B SCiEk(49,53])

Fig. 5 Parameters for oil-source rock correlation of crude oil and source rocks from the Huanghua Depression (after references [49,53])
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Table 2 Characteristic parameters of biomarkers of crude oil and source rocks from the Huanghua Depression

FE R A B c D E F G H I J K L M
(2428 0.75 1.37 0. 30 0.22 0. 09 1.15 0. 68 0. 42 0.39 0.34 0.11 0. 02 0.76
B10826 0.59 1.21 0.35 0.28 0. 09 0. 85 0.58 0.33 0.26 0. 40 0.12 0. 40 0.73
N24H 0.76 1.32 0.29 0.23 0.09 1.20 0.67 0.43 0.45 0.37 0.09 0.28 0.75

G422 0.63 1.28 0.59 0.51 0. 08 0. 90 0.51 0.24 0.27 0.38 0.14 0. 85 0.74
B10836 0.78 1.28 0.29 0.23 0.11 1.28 0. 68 0. 42 0.49 0.38 0.12 0.29 0.75
G108 0. 64 1.33 0.35 0. 26 0. 09 0.93 0. 65 0.38 0.29 0.31 0.11 0. 36 0.74
T20X2 0.65 1.56 0.33 0.21 0.16 1.06 0.71 0.52 0.41 0.27 0.14 0.23 0.74
T20X1 1.00 1.33 0.27 0.20 0.13 1.74 0.68 0. 44 0.74 0.38 0.11 0.27 0.76
T9X6 0.54 1.14 0.39 0. 34 0. 06 0.74 0. 46 0.26 0.21 0. 41 0.14 0.58 0.72
QIH 0.33 0.58 0.44 0.79 0.04 0.37 0.54 0.25 0.05 0.76 0. 67 0.95 0.62
(2322 0.54 0.96 0.29 0. 30 0. 09 0.74 0.73 0. 42 0.20 0.47 0.13 0.57 0.77
Q12-1 0.43 0.57 0.38 0.71 0.04 0.51 0.43 0.21 0.08 0.74 1.42 1.25 0.62
Q12-2 0.44 0.61 0. 44 0. 87 0. 08 0. 49 0. 42 0.22 0. 04 0.75 0. 44 0. 88 0.61
012-3 0.79 1.48 0. 30 0.23 0.34 1.39 0. 89 0.71 0. 60 0.42 0.91 0.21 0.77
012-4 0. 80 1.27 0.29 0. 24 0.43 1.42 0.92 0. 74 0.61 0.38 0. 45 0.18 0.77

A 9 C,/C,TT; B Pr/Phs C 2 Pr/nC,p5 D N Ph/nC,g; E 9 O/CyH; F 2 (€, TT+Co TT)/C,TT; G 24 Ts/(Ts+Tm) 5 H 9 C,gTs/CogTs+C o H s
1] Cy/CoyTT5 IO ETR; K24 G/Cy Hy LA BB Mot/nC,gs MOA bt/ (Z (S Le+TH A2 58 s CooTS S 18a(H) L 218(H)-C,, BEHTFE K s HAR
S BT ILIESC .

£3 HWYEERMRIEEEYREWISTESHER ST PRSI A T Ay F ) S LR bR S R aﬁc{wiﬁ/\

R S KA (O IR PRI G T A 2R 5
Table 3 Eigenvalues and contribution rates of principal ERAL 228 Y 4t AN (5)FIAR (6) , BIAT ‘l‘%: P4 ‘/ﬁ

components for the biomarker characteristic parameters of

EXHR A STER e, e s s, v — Exiéﬂﬁz”%
X TR T T 1Y BT RR R 22. 73 % ~ 59. 11 %, Vb = Brig

crude oil and source rocks from the Huanghua Depression

F Sy LRSI DTRR /% ST %
Y, 9.28 71.38 71.38 TR TTHRR R 40. 89 % ~ 77. 27 %.
Y, 1.50 11.50 82.89 C =aM + bN (5)
Y, 1.10 8.47 91.36 wtb=1 (6)
, o o o 21 CORIRIN I HEER L2 2, TEREA s Hy3C 1
V. 016 |20 0. TEIR VS A EL ), /B MRS TT I 1 A MR AL 2 2
Y, 0.03 0.26 99. 88 %z"i( e ;b Fyvoim 2 FEIR IR0 i He ], /NEG N Ry
Y, 0.01 0.09 99.97 YEICIH 2 BB ERAL 4280, TN .
Y, 0 0.03 100. 00
Y, WA R I S 5.2 RIRMACLL S5
ETR; X, 9 G/Cy,H; X, 4 = # N i/nCoss X,, 9 22 R T R 5T 5 7S 1 A8 e AR AR % MR
Bt/ (2 5 Be+ T 22 b ) o TFRE 7 N T Sese a IR Se g e AT 30k . an &l 4 A&l 5d

WHFERI X TR A R AR IR, BRI o, A A SRR il 2498 B i BL , O LR 52 31 A
R4 EWIEREIE RS EMIREY R E

Table 4 Eigenvectors of biomarkers for crude oil and source rocks from the Huanghua Depression

ES % AR
1 XZ X3 X4 XS Xé X7 XS XQ XIO Xll X12 X13
Y, 0.29 0.28 -0.22 -0.30 0.28  0.30 0.24 0.28 0.29 -0.26 0.29  -0.29 0.27
Y, 0.22 0.28 0.51 0. 04 -0.08 0.19  -0.48 -0.39 0.15 -0.27 0.21 0.16 0.14
Y 0.32  -0.33 -0.13 0.26 -0.09 0.36 0.01 -0.06  0.39 0.46  0.34 0.12 -0.27

3

T 2 X, 4 CofCyyTT3X, S PriPh; X, 4 Pr/nC. 5 X, PhnCgs X h O/C, H 5 X 9 (C o TT+Cy TT)/Co T3 X, T/ (Ts#Tm) 5 X 4 CogTs/( o TstCogH) 5 Xy 27 €/ C, T

l7’ IS’

X\ o W ETR; X, 4 GIC H; X, R B=5AEE MotinCg; X, 28 e/ (8 S it T2 5068 5 € TS S 18ae(H) , 21B8(H)—Cog FEHITEE RS HARFF 5B W IE SO
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Table 5 Comprehensive evaluation of the contributions of effective source rocks in the Huanghua Depression

ARSI TR %

R JELHAE it G o Y, Y, Y, Y T e
1 2428 1. 54 0. 65 0.51 1.21 23.57 76. 43
2 B10826 1. 04 0. 60 0.39 0. 85 48. 44 51.56
3 N24H 1.47 0.69 0.63 1.18 25.73 74.27
4 G422 0.82 0.93 0.50 0.74 56. 04 43.96
5 B10836 1.52 0.71 0.73 1.23 22.73 77.27
6 G108 1.21 0. 64 0.37 0.97 40. 10 59.90
7 T20X2 1.52 0. 65 0.36 1.19 25.07 74.93
8 T20X1 1.90 0.92 0.63 1.56 0 100. 00
9 T9X6 0.82 0.67 0.37 0.69 59.11 40. 89
10 QIH 0.01 0.28 0.34 0.09 100. 00 0
11 G2322 0.90 0.36 0.43 0.72 57. 14 42.86
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Fig. 9  Cluster analysis results of crude oil and source rocks from

the Huanghua Depression
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Fig. 10 GC-MS spectra of saturated hydrocarbons in crude oil from the Huanghua Depression mixed at varying ratios in the laboratory
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Fig. 11  Scatter diagrams of biomarker ratios under different mixing ratios of crude oil from the Huanghua Depression
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Table 6 Calculated mixing ratios of crude oil from different sources in the Huanghua Depression
e . AR L1 % (CTT+CTT)/C.TT SEHRE IR WL B1% _——
h—B =B ” » ? W—B W=k
G2428 1.61 23.57 76.43 1.15 23.23 76.77 0.44
B10826 1.15 48. 44 51.56 0.85 49.17 50. 83 1.44
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