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The occurrence of NSO heterocyclic compounds and its implication in tracing oil
migration orientation in the Fushan Depression, Beibuwan Basin, South China Sea

ZHENG Yiyi', LI Meijun'", WANG Dongyong', WANG Xin', XIAO Hong', SHI Quan?

(1. National Key Laboratory of Petroleum Resources and Engineering, College of Geosciences, China University of
Petroleum(Beijing), Beijing 102249, China; 2. Petroleum Molecular Engineering Center, National Key Laboratory of
Heavy Oil Processing, China University of Petroleum (Beijing), Beijing 102249, China)

Abstract: Heterocyclic NSO compounds have great advantages in tracing oil and gas migration orientations, but their
application in light and condensates remains constrained by technical limitations in experimental methods and analytical
techniques. This study employs Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR MS) coupled
with conventional Gas Chromatography-Mass Spectrometry (GC-MS) to investigate the chemical compositions and
distribution patterns of molecular markers and NSO heterocyclic NSO compounds in condensate oils from the Fushan
Depression, Beibuwan Basin. A new indicator relative to the NSO compounds obtained by FT-ICR MS analysis was
proposed to trace the oil migration orientations and factors controlling the relative concentrations of these compounds
along the potential migration pathways were also investigated. The results reveal that the crude oils in the Fushan

Depression belong to one single genetic family, containing six types of NSO compounds: Ny, N1O1, NS, O:Sy, Si, and
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S,, with the predominance of N; and S; classes. Compounds with high condensation, such as naphthacridines and acridines
(benzoquinoxalines), with DBE values of 10 and 12, are primarily present in the N1 class. The S1 class exhibits distinct
advantages in DBE values of 6, 9, and 12, with DBEo-S; (alkyl dibenzothiophenes) being the predominant type due to
their higher thermal stability. The carbon number is concentrated in the low carbon range, possibly indicating the
fragmentation of alkyl side chains at a high maturity level. The N;O; and O;S; classes have low abundances in the crude
oils, with N;O; compounds showing uniform carbon number and DBE distributions, while O;S; compounds exhibiting
overall low abundance, with a notable preference for DBE7, 13-O1S;, suggesting a good correlation with DBEs-S; and
DBE2-S; compounds. Based on the response of DBE-S; compounds to the thermal evolution and the principle of maturity
gradient, this paper proposes a new geochemical parameter for tracing hydrocarbon migration direction: the Si-
DBE>9/DBE<9 compound ratio. The migration directions of oil and gas in the Fushan Depression traced by this
parameter are consistent with that indicated by those parameters raletive to the carbazole and dibenzofuran compounds,
confirming its viability as a migration-direction indicator. Based on the variations in compounds distributions along
migration pathways and differences in migration fractionation effects suggest that the ratios of N to S; compounds(N1/S;)
or specific compound pairs may also serve as supplementary proxies, though practical implementation could exhibit
inherent limitations due to structural disparities among compounds. A multi-proxy approach integrating these parameters
may significantly enhance the reliability of the migration pathway, thereby offering a more accurate and rapid option for
the migration tracing of light crude oil, condensate oil, and other crude oils with lower contents of other conventional
molecular markers.

Key words: Fourier transform ion cyclotron resonance mass spectrometry; heteroatom compounds; migration

fractionation effect; Fushan Depression
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HRIERRRRERREEEEIRINSTRE, B2HSAEARFEXEENRT, HERFRER
ShER ERIEFN 2 2SS (England et al., 1987; Larter and Aplin, 1995; E$kESE, 2005; Z=ZE(85F, 2008; Li
et al., 2008b; Yang et al., 2016; Han et al., 2020; F=NIZE, 2023), B Seifert and Moldowan (1978)=1iz AR H &5
PEREMITSH SRS EIHERREBIEBLLE, FE(IRIBEREYIERHE. RREMMERC RIS
EHTHECCERATAE, WE 7T NSEBEEELIELLE. Prn-Cr. (KR =IREk SRR IRIELT.
BT 000 Ca9-20S/(20S+20R), Coo-aat/(BP+aa)y FEIBFIE D FUEKU FRIREIR, FHERI 2N AEEENSFE,
1998; S48, 2007; LCLTFOFRAE K, 2020; XUESE, 2020), SIEFEMELL, [RBEFERE. . ESRFRTFNSO)S
12, AR BRI E S BRCRIR. AR AN RESFE SRR ZE R (ERIBE, 2013a; NP, 2024),
WEEXEZEEZIREFIRMERS N RERE, REEFER. RIARBIEE R ERIZR AL ESEX
Bk FESEFER, BAURIRHSIZRNAE AR, MERRAERIUE, FURESRE MR

Li et al. (1995)RFNNEAT/RIBE R F AR R S AREERI R SN S LS BRIEHERY
KR, WHEBIEEWE, HISEMEMNEEESEMNEEE . ZFEBE(1999a) XN KERREZMMARIRA
BRI AP ISR SRS IR RS R ENSTEY, R EEEENEIIERZ—. 8%
TBE(2000)H— TR IRFIEIR L S RN SMERRFSHRIE N, ERSEEATERMEES TS
L, XL AR EN S EIAEH T 7 IF 4R, Han etal. (2020)1 B E M EAAARIRMERES
IKFIERAKRMEE, EEFHEMD FEMBIEM FIGIE 7 IR B SRR S HRNERREREE, TA
NEBIERRETENEHRR, NEBHBRNIRM 7 RFRE LNEICIE., TEEE(2005EXK AR
L MBEFIEE E ARSI HEIRRIZARE A HERL R ESY (DBT) SHRIFRBERRE, EFEBoiE
NHEIA S 4-/1-MDBT, 2,4-/1,4-DMDBT 2B XHNEHEIEIR. FEMRF(2008)15 LA DBTs SEBINEATIL
S MELLMBE, FRRTERERT DBTs B3R EMNEEERIUS FENERIME ST IE R FIKIEEL
BY)(DBFs)RIEN B BN ra i Rz DR EANERY. EFEERFAETERN(FERSE, 2011; Lietal., 2008b;
Yang et al., 2016; Fang et al., 2017),



AT REREF NSO (WEYIRISEHILNRE AR S EAMEIRAIRHR. FREZF(1999b)iF4
NETRHPRER M EMNEREs BN EREEHER, TRLPEREZ. KFIBEX UM EWHEK
RRE(R, X0 Co-C; RSN R EMARERIF o BEEN. WTFREH. #ThEERUEwas
RANREMS, ERNBIE-REGC-M)SHIMTTFEERENIFRUENINLETERENEIR, £o8E.
EEFHEMUREER, EREEBRATHENY, SHHEXINNFSHERERA(FERSE, 2011; Lietaal,
2011), {EEMHTREFEIEIREIE(FT-ICR M EEBENSWEIIEE, oWESX/ L +hEZEEER, 7
LIRSS MRIUREE, ENHRERFUSHINEE, BXGEREER, RN EF
XKEZ, GHTFHEHRFEEFFERFE NSO WEMIRBAIRFIRA(Qian et al., 2001a; SEAEE, 2008b; Shi et al.,
2010a; Li et al., 2011; ZEEMEEE, 2013a; FIEJF, 2022; Wang et al., 2025), BEIET FT-ICR MS fEHSENIRAE
AR EEZEPEMAEITN. MEFENERREIERFIREME, N RSEBARERN (Wan et al,, 2017; Ji et
al., 2018; Ke et al., 2018; ZZZ&MSE, 2019; 1RHES, 2019; 2241, 2018; Martins et al., 2021; #]&)F, 2022), Wan et
al. Q017D T ARITARIMERIR. FNRRAENFRBEFSR2E8N SIS FHEMK, BIRE 7N R
FREERIRR USSR, Livetal. Q015)RRMEARRHFRESEASTHIP RN SIS RIFE
ERSIEBIEENTN, RUMEEBIEBENEX, FREENCEMIENFES . DBE SHBEHHEIN—E
AIRIEZ{L. Han et al. (2018)F5R T Bamnett TNEHIRIEHEXRBEMISSSICEYIRIFNN, RIUEHE A RS
RSB TFRMENSHENES, NNEE S EMARNS B EYERREePIREREEK.
AL RS RIE L MPERYEE B R IARIISR, FIA FT-ICR MS SHTREFZRF NSO HEIAIERK
55HE, AR E TE o ERRIENIEE RS S L,

1 Xt RS

fRLLMBEth SR EILER, LTIt RMRRES, HERAGERMENTENT. BRIEKRE, ZHk
EEign, BiEAEHHRE A BRI SHIERMEZIN(ERMRE, 2007; X8, 2023), MFERIERARERT
RE5iEFEERERS, A EFESHRSIEELERRE, RUKRMRARZPZROE, ZInShE. KR
WEAIEL T RAYES, B CEET B L& 1), BULUMESRERT#INEs. KNESrisiam
FLEEES), MR EIE NEE MR, BRI RAREMEE. Lk, mitos o
IS D (B EFIRIEST, 2008; AZRSE, 2007; FTHRES, 2024), ELUMPEEILABEKRD ACEREIT. HERM
Bezris. SPEBIIE AR BRI IR —BAIEERTT, FRICERAYLIEINMESY, bl LARs HRRIRBRIRT . 1H/EMH .
EMRRM., HROFIEEXRMER, MEAER 2880 km (FHRES, 2004; KB, 2012; FWES, 2014;
BBEE, 2014; PREIRS, 2014),

1 JtERERIE L MR ERASEIETHIRES, 2024 (230

Fig.1 Location and structure of the Fushan Depression in the Beibuwan Basin



BUMBEEARPE FTE LASKRAE o). RCBHENFEMEE®EwW), . RFR8IEs
DREHE=EMENTR. KRETENATELRBARANTRER, RiCBETEZNE R =AM
-BE=AIMETR, BENDVERENERLI et al,, 2008a; EIPLE, 2014; MIERSF, 2015; FBEAS, 2016).
O BRRERFRIDR=R(ED) . M_BRELR—REL)=DERF, EPR—BRIIR=RETERIEH

BER, iMSEEESEMEFIITEmX (ZFERSE, 2007, RRAETSE, 2013; ETF, 2019).

2 HmSiiie

B CERS 2 MR L MFaTEim B S ERmOBE=ER(E.L)RTRRIM, EHmH, FRIEMNE. SREIE-RERk
ERFE B S R M T FRIEHREGE DT,

2.1 JFHERASDBERERST

RAECHERERBIER BROXBEDR. ZSRREHECHKQR : DIESRA. EER. SHEEmEL
SRR HBME. FRIED, USEBIE-FRIEGC-MS)OHTER. EAECHE SE-54 MMERIEERBEIEIEQS
mx0.25 mm)AY Agilent 6890 SAEEIEY, BXA Agilent 5975 FUEEFEIENIFHIBIIE. FHEREDHIT
GC-MS 537, (EFIEESIBEIEDTTRMA: #5850 °C{HIE | min f5, FE—HERLL 20 °C/min B, BFFHE
ZE 120 °C, 1EEMERLA 3 °C/min ROEERRFFHEE 310 °C, 1838 20 min, HSAGTS(EEE>99.999%); FHEIR
BREIEZEDITRMI: #4580 °C, 1BIR | min f5, LA 3 °C/min FEZFEFFHEE 310 °C, 18R 20 min, [RiEHD
TR REBTEREEDBER, BEBE 70 eV, KFIFET 300 pA, REIFHEEE 50~600 Da, KA
EZEAOIEN. D ESEPERRAFAtR) IS RRS TELEERINETMK,

22 JRHEEMTIRE T EEHIRRE S

BEM TR FEheREE(FT-ICR MS)DHTEECE 9.4 T HBSHAARY Apex-Ultra FT-ICR BRiE{Y _Ei##1T.
FRRER SRS PR IR SR U SRR BRR(Wang et al., 2024), FIRBIERFRAXIFRITR
BOPERIEDTT. PTRIRRETREMTECLIELIR SRR P s ss I SR AR, BX 100
mg [HFRIAERT 1 mL —SEBEH, IO 2 mg BYLIRFN 200 uL USRI, BEHWSREERERE T
B 72h, EBR N FE O MRRIED T, RALESFREREGESDEEIR, HFHERE 250 ul/h, RAEE 4.0
kv, BHREFANCMEARBESFI79-4.5 kv, 320 V, BFHEENRE 0.1 s, BFIIESEE 200~1000 Da, RE
IRERE 1107, 7 200~1000 Da RIRESEER, BEXNFERTELRSINERE 5 SEHHSYKREESH
ERIBPHITISERAIEIESIHT, Shi etal. 2010a)IFHME T REREMEIESTHIREN R, SEREPFE
EEHICEMIERNYT EOWT, MEMEEYIH THEENETE, RIETRAMFISHREDBE)HENZEIAIE
BRFEFUEMHTOR. USSR ERMASACE) i 4 [ 5 0 L5 5= 58 k.

3 ER5IE

3.0 JERMEAFIE R ERER

BLUMEREFREEBIEERERK, NF 0.77~0.80 g/em® Z[AGKR 1), FYNI 0.79 glem®, J9EEHTIH.
XLEHTHETPIERESES, Tl 64.84%~92.50%, FERIRZ, HIEXNEEN 7.48%~31.25%, JEE. IhEHRS
21K, 79 0.61%~12.30%, YIS EINA 3.74%,



&1 BEUMERmOBRR =R REIE R IR FAHE
Table 1 Basic physical and geochemical characteristics of crude oil samples from the third member of Liushagang

Formation in Fushan Depression

H5 HE L F5 18 (%) jH%H}ﬁ Ts Pr/Ph Pr/n-Cy; Ph/n-C,g ADBT

(g/cm?) (%) R (%) /(Ts+Tm) /ADBF
H1-2X 0.79 70.40 17.30 12.30 n.d. n.d. n.d. n.d. n.d.
H2-1 0.78 73.53 22.55 3.92 0.85 3.80 0.52 0.16 0.39
H2-2 0.80 64.84 31.25 391 0.77 3.57 0.52 0.16 0.33
H2-3 0.78 81.25 14.90 3.85 0.77 3.51 0.41 0.13 0.71
H2-17x 0.77 83.90 11.90 4.20 0.80 2.86 0.45 0.16 0.60
H2-18a n.d. 92.50 5.80 1.70 0.60 4.00 0.39 0.10 0.56
H3-1 0.80 69.86 26.41 3.73 0.86 3.22 0.40 0.14 0.37
H3-2 0.79 76.97 21.21 1.82 0.81 3.41 0.45 0.15 0.36
H3-3 0.79 75.00 18.60 6.40 0.81 3.14 0.39 0.15 0.38
H3-6 0.77 85.50 11.90 2.60 0.80 2.65 0.37 0.15 0.50
H3-12x 0.79 87.90 8.38 3.72 0.80 3.25 0.33 0.11 0.58
HX4 0.83 83.69 12.63 3.68 0.72 4.19 0.50 0.13 0.42
H4-1 0.77 90.65 7.48 1.87 0.73 291 0.37 0.14 0.26
H5(02) 0.77 91.07 8.04 0.89 0.79 3.26 0.44 0.14 0.43
H7(01) 0.81 87.19 12.20 0.61 0.85 2.97 0.34 0.12 0.63
Hdl 0.79 68.60 26.80 4.60 0.88 3.16 0.50 0.18 0.59

SE: Ts/(Ts+Tm). 18a(H)-=FEHTEKT/(18a(H)- ZREHEET+1 Ta(H)-=FEEEKT); Pr/Ph. SEEIGT/AENS; Pr/n-Ciy. BEERKT/C 1y IEKNEAE; Phvn-Cs. 1BIG/CisIE

¥9¥74%; ADBT/ADBF. IE _RHIENSE/IRE —AHKEEE; nd. TEHIE.

2 fELMBEERD BRI S FiRE

Fig.2 Total ion chromatograms (TIC) of saturate from partial condensates in the Fushan Depression



1A X, B AHBRER 54 3R, 1B X, ARV ACE « WIAH B BRI 1C A 1D X, WIVEFRSE b e a Al s B 2 X, WA BTBRFRSE; 3 [X. VAR DU R
B 4 X, AN = f I ERE.
3 ADBT/ADBF 5 Pr/Ph(a; JIEEHE Radke et al., 2000 Pr/n-C175 Ph/n-Cis(b) X E]
Fig.3 Cross plots of ADBT/ADBF vs. Pr/Ph (a) and Pr/n-Ci7 vs. Ph/n-Cis (b)

Cyr 170(H)-ZFEENR(Tm) REEHAK Cyr 18a(H)-=FEFEK (T RIE S EZAAENTIN, B Ts RIREE
PSR, Ts/(Ts+Tm)=EEKT SRS ELET LARIF 0 R IR EFEE R EVERIZE L (Moldowan et al., 1991; FZ2E
%, 2018), fRLLMBEEHTIREER Ts/(Ts+Tm)ERAK 0.60, Bim 0.88, FERFRAEERSHIMRE.

ELLMBEEH TR EE N RIESRIER S, BRI EEREMUIERNFE(E 2), I8
TR KEEMIIFEESFEYRIR A4 IRREA(Hughes etal., 1995), {EFIREEFREZREHELR
IREES, BELLPr/PhHDTREBEA 2.86~4.1939E 3.33). ADBT/ADBF 5 Pr/Ph XEE(E 3287w, &LLME
BT RIIEEREN Pr/Ph {EFIR{EA ADBT/ADBF {8, #iEFRTEEEMRTH 3-4 X, £HRT 4 X, FH
RN AR TR T HBRSEL. SAR=AIMNARKIRE, Pr/n-Ci» ] P/n-Cis B SRR MBS ARIALAE
ERANEERSER (Peters et al., 1999), JEHEERATE Pr/n-Ci7 5 Ph/n-C s X REIPRETE—MXIE(E 3b), 8RR
XA RS NI AMEEIR, SIEERES e RERKE—X, MRTEARE, BFEE
TEHERES. BRI, IREDERFIEMBEC SR E—E, RIELMEE7 RS EER
IERETE—I%E, AERETR—ERRS.

32 [RESDPEREGEHE

ETFHRENEREFEN THES] FT-ICR MS FERTFNEAPRISHTC SR RMES R EYI(Qian et
al., 2001b; Hughey et al., 2001, 2002; Klein et al., 2006; S9fZE, 2008a; HARKISEE, 2010; XUNE, 2010), B IERER
IEHCNERELL MPEFR R RRRE SIS EREIRL, £EEHE Ni. N0 NiSi. 0181 Si. S: 3 6 fhkEY
(B 4). HE¥ N S| XUEMFERS, HENFENSEERDBINT 32.24%~54.07%F0 36.07%~60.89%Z
[B(F 2); EIRENiO1. 0.8 RKUEY), BT LAMMRIMEEMMSEFEERIE, N O RMERIENFEE
DHSEEA 1.10%~8.30%, O:S) EUESYIRENFEESZHEE, NMF 1.12%~4.16%Z8); NiS| # S: R EWHIR
HAPRVEXSFEEIREEIEIFREE 1%, NiS R EWRITIENIFELIN 0.36%, S RIEMHNSERIKT,
HABXFEEIHNE 0.11%, BAZSHEHFRTIEZRFRENZE S, XUEYW. —MENSIAOR, [RH
RENRAAENR AN NSRESRITIEREBETaNINER S: XM EY S ERAITERE.



4 fRELMPEEHTEE M REREF SRR EANFE

Fig.4 Types and relative abundances of heteroatomic compounds in condensate samples from Fushan Depression

x2 REWMPEEHTHRESR ESIFT-ICR MS EARS#
Table 2 Basic parameters of ESI FT-ICR MS of condensate samples from Fushan Depression

e VR (m) Ni%) N0y (%) N:S1(%) 0:5:(%) S4(%) S,(%) 5
DBE>9/DBE<9
H1-2x 2795.0~2823.4 51.65 7.42 0.52 2.63 36.71 1.08 2.00
H2-1 2909.8~2954.6 45.04 4.11 0.32 2.21 48.31 0.00 3.22
H2-2 2973.0~3021.0 38.01 341 0.35 1.57 56.66 0.00 2.59
H2-3 2994.6~3084.0 38.49 2.68 0.19 4.16 54.48 0.00 1.89
H2-17x 2998.6~3020.0 32.84 3.21 0.27 2.78 60.89 0.00 1.26
H2-18a 3151.6-3160.0 35.71 3.10 0.49 235 58.36 0.00 1.00
H3-1 3949.6-3286.2 54.07 830 0.4 112 36.07 0.00 5.44
H3-2 3087.0~3144.6 43.49 4.06 0.50 220 49.75 0.00 2.83
H3-3 3158.6-3221.0 39.38 1.10 021 3.54 55.76 0.00 2.40
H3-6 3114.4-3148.2 53.86 3.96 0.51 1.45 4022 0.00 223
H3-12x 3194.4-3238.8 4261 378 0.42 2.06 5113 0.00 1.37
HX4 3253.0-3259.6 42.10 5.07 031 324 49.29 0.00 2.43
H4-1 2851.0~2862.0 32.90 3.94 0.13 2.83 60.19 0.00 1.77
H5(02) 2715.8-2731.0 32.24 4.44 0.28 291 60.13 0.00 2.79
H7(01) 3516.6-3521.0 5281 6.37 0.56 3.66 36.52 0.09 6.67
Hdl 3329.4-3372.8 46.07 2.97 0.33 5.12 44.98 0.53 232

321 N # S B AYERS 5 T

BRANGYERBTEREFE, IEB T ESHETU MENZEIRIEZMHME N SJMUEY, LRtz OEa.
DBE(Double band equivalence)ENEEY, B0 FEMNTPREFNNGENEZH, BRFRIEMENESEE
(SEMNEE, 2008a; RHESF, 2019; EIF, 2020), fELLMBERIE N SRUEYIBRE D EE S 11~42, DBE MF 4-29
28, BSBEEERITAII DBE=4 FYILIE. DBE=5 RUIMGIIESIUSIEMSRL S, DBE=6 BY/\SNVIESK
FERELEYD, DBE=T RIENM, REWMSLEY), tBFE DBE N T 1527 BEEERSIXINEE 5 MALFR
RS SN EY. EERRES T 11~30. DBE=7~15 9 N, K45, AEEI DBE=10 ] DBE=12 Y&
B T%HIE(E 5a). DBE=10 B9 N, SRR AT REEZANTIE. FEREECRFEMSSILEHD(Shi et al., 2010b),
BEDTNT 13~40 Z[E), BA Cis M C EARMREELD, &IKENBERTX C A& 6). DBE=12HIN,
RUEMNATERIASZINGFHITTE NIRRT ML EY), = DBE>12 1Y, BEREGIZEAEN, (WEYENFE
AN BR LR N U EYINES BTSN EERS.



5 JRH Ni()F0 S1(b)ZEH DBE DTR4FIE

Fig.5 DBE distribution characteristics of N1 (a) and S1 (b) compounds in crude oil

S XUEYIRBELMERATFERS—XE 4), RSO HEEN 1041, ERDMHE 13-22(8 7).
R DBE=6, 9 F1 12 FUFFEY, RKFEY, KHEHENESHS RN EEME, LA DBE-S A
F(E sb), HERH S| FEEWTRIFITENEER/IX 37.69%. FARESERN S R EMHIBRED HhiFE—
EER, BEEERESEENEEEHR, B9t o hEREECCEE 7)., TsEiREEEEREE
BT SRR, EEERERSEERE S XM EYNEESRHREHNAAERMFRARS, 2019;
SFERN, 2020; Wang et al., 2025),

3.2.2 N0, #1 O:S) KU EMA RS 73 T 4FIE

N,O; 1 O:S) RUEWERT Ni # S, KU S S AU MPEE AT SLERIRE 4), FE9ENFENR
DBIA 4.25%F0 2.74%. N0 ZUEYIRY DBE HFR1E 3~27 ZIE), AR DBE B N0, R EWH TS, &+
DBE=7~18 AAHMLEYI(E 8a), 5 N, X5 DBE DfeEEL, HECEENT 14~41, EANHEEONT
21~31 ZIENE 9). fE NiO) XU EMNEBZEZAMIEAA NS R ECRAZM, HF DBE-N,O, RUEWE
FEEPE Coo-z0, HEIZEHRETEERES Cio B MIERREEMSEESY); DBE-N,O XU SV REERE
FFHEMWSE(E 9; #XIMH, 2024),

JFiH O:S) RLEY) DBESEEHHNT 3~20, SEPERIR, BHREAR DBE-0,S, F] DBE:-018, {L(E
8b), LASBIIEXIFELIA 32.50%M DBE=7 BY O:S, XU EWAE. FRMBFERFARE DBE £ 0:S: EHESHIHY
BRE D RSB, M F 12~40 2 7. REFERI DBE.-OS| WEMEKRE S HEEIR, JLFEEEEHTE Cis.
DBE=13 iy O:S: XU EWRIBAN B FREFNESEEMDMER(E 10). HAJsERISEEARMETIRENS
¥, HEIEEF ESIE TRHEE, HEURFHER N ZH 2B S DBE=6 f1 DBE=12 B9 S, &t &
YIE A RIFRIN KR (ER(E, 2018; XIZESE, 2017; Moustafa and Mahmoud, 2017; Shen et al., 2022).
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Fig.6 The bubble diagram of DBE versus carbon number of N1 compounds and the distribution characteristics of carbon

number of DBE10 & DBE12-N1 compounds
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Fig.7 The bubble diagram of DBE versus carbon number of S1 compounds and distribution characteristics of carbon

number of DBEg, 9, 12-S1 compounds
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Fig.8 DBE distribution characteristics of N1O: (a) and O1S: (b) compounds in crude oil
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Fig.9 Bubble diagram of DBE and carbon number of N1Oicompounds in crude oil
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Fig.10 Bubble diagram of DBE and carbon number of O1S1 compounds in crude oil

3.3 S,;-DBE>9/DBE<9—REZ[R;Mizi2 5 ERBAESH

ETIEBEFEIRY FT-ICR MS 1EURIRHT S| XUEHFERS(E 4). H—LRR S| FMEMRERS
DIFHERIR, WTAEMFAENER, BERBRAENTTS, (R4E85ER DBE< /Y S, XMUEHFEFNE
{5, BFEEEHY DBE>9 BY S| RUEMNFEZIFASE 11). DBE>9 Al DBE<9 AY S, U EYIERIFEAILL
{8(S1-DBE>9/DBE<9)S[RHMFESE Ts/(Ts+Tm) BB —ERFHIERIKR(E 12). WJRERIREZMEMN
ERAHTS, REFSmUEYIEZAgEER, HERINE DBE LEYWRIZRITEE. SElzVERERE,
BHAE R TR BRI R ERYE, MEAERRRERIEEENAERS, G5BT, DBE<9
B9 S RUEWENEE, Si-DBE>9/DBE<9 tH{EREIZFZIER AR INZENR/), BI5 e ie R REEB 7R
=l
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Fig.11 Relative abundances of different DBE-S: compounds in crude oils of different maturity

12 AEE SR S1-DBE>9/DBE<9 (L AYILLEXRE
Fig.12 The relationship between maturity and ratio of crude oil Si-DBE>9/DBE<9 compounds

3.3.1 S;-DBE>9/DBE<9 {HREBGMM ST

EBEXLSTHNRAR TR —GREEBSEUNMHUERSEREFHUESYAMNEM L, XFEHA S-
DBE>9/DBE<9 {ER/RRIER#HIToHT. B 13 2/RH Si-DBE>9/DBE<9 {EEELE R HEATRRRBEHTE
&2, B{AL Si-DBE>9/DBE<9 {EEILFRIErRIFG S EIZATA/), il Si-DBE>9/DBE<9 [EHELEREBH
[FHFER. —&8 H3-1~H4-1~H3-12X BitFRMEEEAA AZEE, Si-DBE>9/DBE<9 {EM H3-1 HHJ 5.44 [HEZE
H3-12X #/Y 1.37; B—MUEIE H2-1~H2-18a, S;-DBE>9/DBE<9 {EM H2-1 9 3.22 JEi/NE H2-18 FAY 1.00,
BitmmiERiE. XSE A KIEDBF) S EMRME S AN SIS RN EMEE L MEEmRAER
WAREEA—E, 9~ ELUMEETHEFEREERE S RAEItREIEaA R, FehiiEriEmmm, +
FRFEMRUTICRSRNEERMEERE, 2011; FEEFEKT, 2015; BFREIRSE, 2015; Yangetal., 2016;
ZFRIIIZ, 2019; Gan et al., 2020, Han et al.,, 2020), EFEOHRFIZN S,-DBE>9/DBE<9 (BRI ReAVETIEHE
1EiR, LR R R HRIER T R,

332 LEYHAEMTELRIERER

H—SRRIEBRITEEZE LR ESERRF USRNSSR AN, FRTFERS N S FME
BV ORISR AR —ERMEMER(E 14). N XUEYINFERECRIERENES
PE(E, S| XUSYINAEZIERANES, FEIsEIEEANENN, S RMUEYIRIEREHNER, HEUTENRRZ
KRIRTFIRREFHIBRMEERISERIEB O IEINER . N1 S| XUSYITER AR SERE DIZHhITE



P SRENTRPRIERESR T ASE LB BN (Adam et al., 1968; EEKBF, 2005; FERKRF,
2011; SKFISZZ, 2012; Zhang et al., 2013), RIRFHAI—XIIRIE RSB LRIRTERE, SRS
WS EZT RIERIRMHERER, SHERESHIRRAENN, S| XMUSYIEES. BTz 180N, N F S, 3K
WEMRIELEN/SHEASER N A0 S| XUEYIREUEL AT RER BRI R REiR. SO FRNEEREE
AJEER Ni. S RUEYINAREERE HIRBEMNENEFDHRIN T EYIRTZ RIS o IEN, EILEFA
N 1 S| USRI EERIEIE% 5 R A s —EEERRE.

bRz iEns;, BEFERMERERNELMERBRERF USRS H? — RS, FREBCS
MRARSSHHNEREESRIR. MAEME. HRVER AT RERANER o @A AR R E(ER(ER
3%, 2012; ANEF, 2008), E 2 [RHEMREEFREPRMESFlzcEE, RI UCM 8. BEX TSR
BUSAIFHAE DBE(1~3)H9 S| MU EMFE(FHRIBE, 2013b), AXHARAIRMFE DBE-S, (L SMIRIKET),
ERFEHARER TSR {EA#N, ZERIARTIANELMEEARBREZ ETRREER(Wang et al,
2025), BEIESLAARIRIMETE—iREF, RERBRRSFESTIRREER, RUAEEERZR. RR
5. IRE(ERRIFIME.
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Fig.13 S1-DBE>9/DBE<9 value traces the migration and charging path of crude oil in Fushan Depression

(a) H7~H4-1~H3-12X —%; (b) H2-1~H2-18a —%k.
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Fig.14 Variation of the abundance of NSO compounds along the oil migration and charging path

BRSO ERAAE SRR N 1 S SUEYILHEN/SHDEE—EEXME 15). BERFENTS, N/S
EFHEK, ATRERIRRERABAEIEN, EFRESED) ™ ENREP ST EIER. BRARTRESH
RFEREAZXGINEENEWHIERZ) SR N XU EWEE (Hughey et al,, 2004; Poetz et al., 2014;



Mahlstedt et al., 2016; Wan et al., 2017; 2241, 2018; Wang et al., 2024), 7B 2019)EIRRABEEHITE _RKFH
EIMREIHREMISREIEAENEWXRINAI, M8 MDBTs BMARYENIREEIEREI —ERER
HEMBPERDES, INVEREEEILE —ENRERE KRNI EREEENETRER. 4O
(01)TEIRREEFER NSO (WEMDHEERRNEFERIN 7 iZisR, FEEEREN C-S #REERN, &
AL EYI ZHEEEIA(Richard, 2001; Guan et al., 2016; dos Santos Rocha et al., 2018; ZRRGEEF, 2024), LrEEkEVERS
BRI, PAAEIR, NS BB, SHIRE, RIS DB ERET N, S| ERRFUENH IR
ETBE—E, —&rTsettEi=HIE L MPERRRR L S IRID .

15 Ni/SIHES Ts/(Ts+Tm)XERE
Fig.15 The relationship between N1/S1 value and Ts/(Ts+Tm)
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(1) FIF GC-MS ZEEEBEDYERMRERERN FT-ICR MS AR AR FEHE SRR FL
BYIDTTRIHRM TESANHE. BUMBREETR &R, 28 Ni. N0, NiSi. 01Si. Si. S;H 6 f
FENNRFHEY, LAN D S XUEMHE. WEMRBAESIONEES. S EXHUEYWES DBE=6. 9] 12
758, USEEerinE —RHENR AT, SHFOHERRECTE, RIRESMAEREMSEAIEER. N0
0 O:S | XU EWEFRHPEERK. 0:S RUEYRIHIAER DBE-0,S, #1 DBE;-0:8: %, 5 DBE.-S #
DBE -S| EUEYEBRIFIN KR,

() BEERENTE, Rl S MUEYIAR4EER, DBE Bififta. SERAEREIRE, S-DBE>9/DBE<9
ERITRASHSIEEAARRSH, ERFEL MG RSIER A R SHRMEF IR S SRS RE 5.

Q) BEgFEAREL, FHP N 1 S RUEMEEHIEMTW, SHRIERWE, REVERK i+ N,
FUEMEEFIER, S| XUEMEERTTE. GO IBIN SRMAELEEHERBREF LSS
1, Ni F0 S HMUEIRILLIEN /S )EAFERT Ni #1 Si R AW ER A ReR B ENIER RERER. a1
FEEERE LREUENESRS RN ESYATZEINEE D IBMN, FIF B SEARENFEEL
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