SSNI000:0550 = o ——

CRL 0TI — e e—

s

FBRBERT R R 2R SRR 2 A AR e B FLHBR AL 2 R
AR, LM, A&, ISR, sk

G AL

ZEAERR, YL, RS, MBS, SR, AR o i v 2R 5 25 1 R 43 A (1 52 e B o askAb 22 2 SCLT]. iR i, 2023,
41(3) : 901-908.

LI JiaYang, JIANG DongHui, ZHU ZhiLi, YANG PengCheng, ZHANG ZhiHuan. Effects of Thermal Maturity of

Benzonaphthofurans in Coals and Its Geochemical Significancel]J]. Acta Sedimentologica Sinica, 2023, 41(3):
901-908.

FRSCEHER (FEHE A KIRERIEN WA EE CE )

Similar articles recommended (Please use Firefox or IE to view the article)

DURUA LB AP AR A SR A A LB

Maturity Parameter of Phenylphenanthrene in Sedimentary Organic Matter and Its Chemical Mechanism Based on Geochemical Data and

Quantum Chemical Calculation

DU 2023, 41(2): 601-609  https://doi.org/10.14027/1.issn.1000-0550.2021.107
Nt SRS Grkeiicn SR e R S T L

Compositional Variations and Oil-source Implication of Rearranged Hopanes from the Middle—Lower Jurassic Source Rocks in the
Northern Sichuan Basin

DUR2AAR. 2022, 40(4): 1137-1150  https://doi.org/10.14027/.issn.1000-0550.2020.118

TPIR 22 W A v —E L XA TR I Y I R A 2 AR
Geochemical Characteristics of Aromatic Hydrocarbons of Chang7 Source Rocks from the Yanchi—Dingbian Area, Ordos Basin

YUBIEEA. 2018, 36(4): 818-828  hitps:/doi.org/10.14027/j.issn.1000-0550.2018.093
AR 3 b PG A T 2 O B 7 Je b sk A 2R

Characteristics of Aromatic Geochemistry in Light Oils from Xihu Sag in East China Sea Basin
DUR2EAR. 2017, 35(1): 182192 https://doi.org/10.14027/j.cnki.cjxb.2017.01.018

BT GERIRT ORI AR IR e M AR S b AR RS R ey LA

Geochemical Characteristics of Jurassic Marine Source Rock in Amu Darya Basin and Comparison with Marine Source Rocks in China

TUBR2E4. 2017, 35(3): 637-648  https:/doi.org/10.14027/.cnki.cjxb.2017.03.020


http://cjxb.ac.cn/cn/article/doi/10.14027/j.issn.1000-0550.2022.146
http://cjxb.ac.cn/cn/article/doi/10.14027/j.issn.1000-0550.2022.146
http://cjxb.ac.cn/cn/article/doi/10.14027/j.issn.1000-0550.2022.146
http://cjxb.ac.cn/cn/article/doi/10.14027/j.issn.1000-0550.2021.107
http://cjxb.ac.cn/cn/article/doi/10.14027/j.issn.1000-0550.2020.118
http://cjxb.ac.cn/cn/article/doi/10.14027/j.issn.1000-0550.2018.093
http://cjxb.ac.cn/cn/article/doi/10.14027/j.cnki.cjxb.2017.01.018
http://cjxb.ac.cn/cn/article/doi/10.14027/j.cnki.cjxb.2017.03.020

Ha1 34
20234F6

UL BLAE AR
ACTA SEDIMENTOLOGICA SINICA

Vol.41 No.3
Jun.2023

X EHS :1000-0550(2023)03-0901-08

A R FE FE 3 R AR AR FF 5 AR IR o7 A0 B S22 e R EL s Bk

HEEX

FAEFH LR, KR, W IEAR?, AR !

L LA AR 2 (At ) S T 0 ] 5 i S0 8, st BsRBh 24 e, bt 102249
2. EAIIAL TR A BRAA B 3 A A A "GO &5 be , i 200120

3. A A AT I AT A RIS e TO 85 A M SR AT S BT, L5 08 214216

DOI: 10.14027/j.issn.1000-0550.2022.146

8 E ARIFZEIRm (BNF) 2 UUEA LA S h 500 52 24 B B2 AR5 IR A A5 W, AL SR v g G 0 R 6 S e A 41
AT BREAE KT LR B B (R RIARAE LR B R HO6 L I s — B o B vk R R TG Z8 TS I M B R R SR Z A R R —
FFNEE LR b P AR IR R 2 2R 55 32 (ARt R 28Ry R ANEAT T R G0 MM 4 , I 20 1 AR [ it B B b i o0 A
FEAE . SRATE AR B R 2 RS BRE 38 T 2RI 20l R 5 A T2 e . 459 BRI R FUTE A (HP-5MS) L #37 H
WL 2RI (b 12891 (2, 1-d Ik ([2, 1IBNF) JEIF[bIZEI 1, 2-d kg ([1,2BNF) FEIf[b 28512, 3-d kiR ([2,3 ]BNF),
PFEMER/NFT A : [1,2]BNF>[2, 1 IBNF>[2,3BNF, Rl AG2VE 380, [1,2 IBNF EBEAHXTF[2, 1 IBNF 2, #2H
ARIFZEIFEG LU {H (BNFR=[1,2 ]BNF/[2, 1 IBNF)/Eh U S, T 4257 T BNFR 5584 I 46 (R,) B8 FEC R 2 : Re=0.45%
BNFR+0.25(0.5%<R <2.0%) . #H AZRIFZEFEmkm 3= 246 5 A VE I BOR A, I g2 s A AL B BOE SRR & 1 2 A 05 I ik
R PR o AT ZRIF M L (B2 R A Y B BE A , A 07 FH AR A — o Jl A R U (T ~ TR AR ) BB 14 7
PEAT AHIZ S EN TS B AR R R R T L A 2 T

KR PRI ZE R LU AE; B A O PR s A TR A

F—EEEN M, 20, 199 4E AR RIS A: AR HER L2, E-mail: jiayangli9 1@outlook.com

BIEMEE e, 5, 203%, E-mail: zhangzh3996@vip.163.com

HESEE P618.13 XHEikRER A

0 5%

TIRIFIRIR (DBF) )z 23 A 7R DA HLBT AL
W XHZ IS G PRI | A RRAE PR R R K
BRAbA N AR 2, AR DG iy s BR b 2= F8 45 B
Tz 0 T B R IR S A LB TR 5 A L
FHAIR LA S s B i, 2RI 28910k (BNF)
g —RHENE REAZH G RIEY , HEH
TG T JHAE b5 v 7 6 b sk A 2 2 S5
L

1972 4F-, Shuliz"'7E 45 #4877 4 rh oS I 21 — 4>
I LT IR A AR H AR . 5ok, Borwitzky et al.”
H1 Guillén et al.“"FE AT S HAF & Py bR i) 2]
AR S AR ZR I A A, (H HL A 1Y 34 K
i . Marynowski et al.™ 7 HEAH A5 U1 F 52 0k
P A5 AR e 2 W OB TR T B 2R I 25 0 F ki

FIMEEW o Li et al "5 AT A9 J7 AR L
FE VG S IMTRE B MR Z | b B A L M1
FEUH Termit £ (1Y DUA B R £h A KRR SC Lt A
M TAIFZIFkm R 5V . B, %R
SIS UITERE L2 U e B v R 22 gl e
PR IR, ST AR ZE I R L AR R I A
S IR EEATHE

T IR T2 T R MR 6189 s PR R ke AT AN Vi R
HAHKAOFFERIEE#G D o Li et al "N HTTRA HL
J3 AL Fp B 2R 5 25 I Wk g A B B A ok DR
SEEN AT B2 A HLBTH AL S e A i R b R A
A2 SO T E A o Cesar et al."™ 3 3 28 - [b] 25
I (1, 2-d] Wk W 7 B A A AR T R R OB .
Marynowski et al."" {18 52 ik B 0 5 AR 5 b JZ h ks
N0 320 o e JBE ) RO 2R 0T ke, DA R FL AT BB SR A A bE
YERIE AR .

s H 8 :2022-08-22;; & B H #5:2022-11-11; % F B #1:2023-01-04; M 28 H bt H #8: 2023-01-04



902 ot M

S

414

KT AT ZE T W e 45 A 10 4% ) R 2= AT A e 5
W Li et al "B 1 i AH U R AR B R R 7 vh R
FEZE I WG (1) 73 AT AN (6], AH I A A T i % 25 S 1Y
Ji K o Cesar et al."™ 2 H AT Z5IFWhm %) oA 257
DURRIREE A5 0] , B JEE  HL53 A 52 e - AN B A
FEINRZZR I o3 A 42 il R 28 75 B A TR TR AR B
9% Ogbesejana et al."" A Ky iy H A8 28 T 2% 51 Wk i
()50 A0 F B AZ s AR FET . AT UL, OC T Wi B
FNGURRPREE S AT F 28T Wk 53 A B2 2 AR 22
KAFMFE R

Li et al.™$2 A IF[D1ZE 12, 1-d] e MR/ (R[] 2%
FE1.2-d Wk + AT F (b 1R (2, 1-d 1R ) ] LI A7
JEIMIZ AR IIFERR . Cesar et al "2 H 7K FF 25310k
MR S P (AR X 3 B A — A R T AR DR EA T U
X EE, FFIN R AIF D152, 1-d] W 5 K T F (b1 250
[1,2-d]"Emg A9 F(E T LLIX 434 . Ogbesejana et al."”
IR v 2R I 55 0 R R 1Y) 4341 RE A 45 7 A HILJT
KU H B EOC TR RIS ORI
(1 BR Tb 2 B S AT 4

YT AR AAAE ) B, AR SO BUAR T 235 1 7 9 1
b i & SRR Z WA ik R— & RS R
FEH PR M BA IR Y SRR 231 324 0 SR HIARAEAH
XoF R B B )RR O BR i H500T L i, R 48 W
W5 R T2k R 5 . AT A
B REITHA T2 RN REE RN, 538 1
JEE FDTRR R X 504 i 52, ) 26 4 8wl v
FE T PR 5 R0 s B EE AR A L R T RO
ZE T W g 7 b AR P 18 S R D R i AR BR b 2
RN X

1 MR S SR

AR 23 2 P LU DA 9 b B A S T R A
Z— ERB TRIFER RN AR A RELE L,
20 240x10° k™', PG M B8 T AR T A AR LT
T ARZ 0 4.6x10° km?, WS o PHII MR Ay
R — MR, A R R
AU ED A KB T S N R A TR
DURERSE" ", ABIFG 2 B W 11 B P 2 144,
B ST (R,) S} 0.60%~1.00% , &b T BLEA— %,
B, A LB Ny I~ T, b o5 o/ e L (L
(Pr/Ph)4F4.50~8.82.

SRR Z W AL T AR & BV 3, A 22T [l

BB e hOE A, T2 R 37X10" k™ FH Y
IZ U T AR R — 8 R IR HAH)Z , )2
kR E ZERERNHZE . AR08 U8R 2 W 4
WAmER—_FRE 160, RSN R AT
0.96%~1.88% , #5157 , b T I h— 1 BB Bt
AHLFZEA A 1T~ AL, Pr/Ph 4 0.49~2.88.,

& HLOR G b S o [ P R b X 2 [ R R
{14) A ot 2 b R e B (I AR P X L R
TR T8 R b G , MG MR Y R i 28
IRZ UURRASE A — M A — A A AR, AR
SCREE T IEEMFAREY ZRIERE 24 K5 R 2351
1.18% F1 1.81%, Ak T~ B FN 1=y AR B, A LR
#1511~ %Y, Pr/Ph 7 2.13 F13.18.,

ARIFZEIF kI AT 3 AN A A, 2 5 A 2RI [b12%
I 2, 1-d]WemRg ([2,11BNF) A FF[b1ZEHF[1,2-d]mkmg ([1,
2IBNF) I (612591 [2,3-d Wk IR ([2,3]BNF) . A5
MAR)E Chiron B}27 2 B4 # T [2,1]1BNF F1[1,2]BNF
PRERES TR S iz RS S P % .

2 SRS IE

P REAE R 2R A /N T 0.2 mm (80 H ), JH =&
H B SR ), >R PR CQH B 9 7 1, 2R URE v Y
ALY LT, SR E] 48 ho A7 kRS 2= 505
AR S, Pl AR 2,
AU A i S R e A R (20 1, R L) TR
B G B A B (937 AR AR H ) TR A4 vk
JI 0 B AR R T R AR R Y, AR AT SY/T
5119—2008 1Tl Arifl . KRt o AT 28Ik il i
FEAH 3 — i 7 I 34K Agilent 6890 GC % 4%
) 59751 MS (GC-MS) { £ , f6 3% 41 555y HP-5MS
(60 mx0.25 mmx0.25 wm) . (BT, CiE Y
FEFERI AR TR M 80 C , PRFFEIR 1 min, JF A3 C/min
R T, B 310 °C, B E IR 16 min, i
A TR H T2 (ED , LB RE &R 70 eV, i
SRR T AR R B ARG AN 4

AR SCHRE R 458 I 2 I 3R I 72 A A% R ZEISS Axio
Imager 2 £ 10 5855 , S MPV-SP i85 0GR,
B2 5 00 R TR N 0.1%~10.0%, 4y FE R KN K
0.01% , I o A A% $HAT SY/T 5124—2012 17k AR
T, BEASRE b B AL S G 238 I e o545 (25 o5 450 34
KT 604, 5 i LAV-YEE R il i S 2 383, ARIE
A R BAR R ] 5



534

A H A A X B T F 2T Wk 3417 A5 ) S R T2 2 903

X TR —FEE M2 AR AW EAR R YL
BRI AE T AR BB ) BA ZER. AT
FAEHAE— 8 L 55 T Ak A 3 R AE i
FAS A S 56 2 B IE N 53 22 [ A X6 L, 353 SR A
AR R E (D, BAR BRI W Li et al.”s

AR A ER T AR T A P
BRAL A U ARAT T R B L R A SR TR
ST SR R B2 bR B3LYP 5 1, LA LA 6-
311++G(d,p), 7EHALIRE T ARG T 4 R AR E
I 2280 N, AR BT RE (AE) L NBE(AU) SR
(AH)FH A F B (AG) 5%

3 ZER51TNHE

31 FEHEHKEEERAREM

XoF A HZEFE I 22 40 EL A b 4 5 e 455 Hah
S HIR A N R ETHR A5 o Li et ol ™8 UGE T BR
BEILTE A I 1 = AUNAR T OB TS AR T
R R R R 25 B AH S B v B o T R IR 28
FEkiRg RIVAY) o ABFTE R FAREEAH X (R B s ]
FIbR LR BE 38 B0 H i O3 TR sk 5 0 A 10 2 e 45
TRXT LY, WA 4 5 o P I U O AR B A B R
A MR Z W 3 e R— % R PRI 25T
W RS A Y . B R R R G T
HIFZEIF WG 25 AR PR HECR B FR 8 (R 1) . W
I, B T A SR AR ELAR A 3 7 AU (i SE 3
J& ) A2, 11BNF . [1,2]BNF . [2,3]BNF (& 1) , 45 5 57
NEERAYIEY S T340 ABIEGE 52 BRI 280
F B A B8 6 505 AT N 0 40 F A — B, 22 BIERTE
=1 FEBCRITC LA, 25 S 0 3% — T % S0 56 SR AR R
[F] €20 A 11 5, DA R DR 25 7 B B L 22 9
PRI, A ST R I 28 01wk g 22 47 4 B 48 %40mT LA
hy A S 56 2 A ST N D AE AR RS2 58 25 A4 T X% 28
A0 S R

R T A R I ZE I MR A5 SR AR P R 22
S, A SCH T AT A T R TR TR
G SRR I ) 1 i, 4248 AE AU .AH . AG
o ARSCITHR AT ) 2 R LARE i i A U 1Y
FIE 12 Jhy M R X (L, o i i i T Y ) A X R
FE LR 0 keal/mol , FHoA 23114 246 % il 5206 25 g e e
RCHA TR Fy 2 o) B A5 S AH R A AR R . AH XS BE
SRR, 6 7R 24 R AR L[] 43 S b AR RO R
EY, F2 B, [2,3]BNF 1 BE B i & , AG=1.55
(kcal/mol), e ANFRAE , FEOLAEAR LA M LUR
HBAF1E, [2,11BNF 1 AG=0.24 (kcal/mol), #vka & P rh
4 MIEEZ R, [1,21BNF (R8RS G P dse i, 3% AN 5
FA AR 35 LA — 7 W 8 2 A7 A6 T [R) G2 1 A
o AR B ORI 2RIk IR R 81
PFa E PRI A[1,2]BNF>[2,1]BNF>[2,3|BNF.,
3.2 AERE XTSRRI S 1R R

AIFZEI kg RN SRR L2 A TR
P RFRER A N JEI R BG SERARSIN  BRT AR SR
AR B RE rb ARG 2RO 285 ki R ARG, R W
RIFZEIURI ) 2 A FOURA L. KI2J8R T
AN [) BSR40 AT R AE, BE R
T, 25 SRR AR X B 2 B [1,2]BNF 3=
BE BRI IN, W72, 1 IBNF 880/ B v As 4k, %6
W A SRS R R A AR IR BRI R R . S
RAT , TR S BAL & = 19[2,3]BNF, JLHAER <
0.7% B, [2,31BNF JEA LUK 437, 2 B g e v
RAK . AHXFINT S L B2, 11BNF FI[1,2]BNF AHXT =
e s 5 v L (LB A R I B AR AR . FE R <
0.7% MR, [2,11BNF % i fe s, [1,21BNF & 31 .
MR >0.7% VUG ,[1,2]BNF 5 fie i, [2, 1IBNF 25 548
Ko (EARE R AR, BEA B 3, [1,2]BNF &
A XT T2, TIBNF R i ka5, 3R WA[1,2]BNF
FIFESEPER R o T LA, TS R R R i o
FEZE I KRG 10 20 A REAE 400 % 2R G G AR R

®1 FHAEARBRIUEGNRBIENREESER

Tablel Retention indices and identification of BNFs

SCik[9] HE SRR Z Wi e B s2 P R G, FEIR S 16
] (HP-5MS) (HP-5MS) (HP-5MS) YL
ty 1 ty 1 Ly 1
I 40.662 300.00 41.76 300.00 42.13 300.00 I
[2,1]BNF 52.675 353.63 52.74 352.80 52.97 352.42 [2,1]BNF
[1-2]BNF 53.197 356.16 53.25 355.26 53.49 354.95 [1-2]BNF
[2-3]BNF 53.769 358.93 53.84 358.10 54.06 357.69 [2-3]BNF
T 61.330 400.00 62.39 400.00 62.81 400.00 )il




904 ot M

S

414

(a)

miz218
=
ﬁ [2,1]BNF [1.2]BNF
i —\ —
=
E
T T 1 T T T }
52.5 : 53.0 | 535 54.0 54.5 55.0
1
A ! |
1
®) 1 : [1,2]BNF mlz218
: 1/
1
1
1
8 I
= 1
4 1
=
z [2,3]BNF

...............................

HHXE = B/ %

52.5 53.0 535 54.0 54.5 55.0
R B IR ) /min

B BRI 280w R AL G A 2 K (b)
(a)[2,11BNF 5[1,21BNF A5 ; (b) 4 L ML 10 H 5 (H5 Li et ol ; (¢)5BIR
LWt RS2 IR A B R
Fig.1 Identification of benzonaphthofurans (BNFs) in the coal

R2 EHEHKERIUEWHRAZMER
Table 2 Thermodynamic properties of BNFs

&Y AE (kcal/mol) AU (keal/mol)  AH (kcal/mol)  AG (keal/mol)

[1-2]BNF 0 0 0 0
[2,1IBNF 0.26 0.26 0.26 0.24
[2-3]BNF 1.57 1.57 1.57 1.55
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Abstract: Benzonaphthofurans (BNFs) are important complex oxygen-heterocyclic aromatic compounds in sedimenta-
ry organic matter and crude oils. However, few studies has been performed on their detection and identification in coals.
The objective of this study was to investigate the distributions of BNFs in coals and their geochemical significance.
Thirty-two coal samples were collected from Paleogene strata in the Xihu Depression, Carboniferous-Permian forma-
tions in the Ordos Basin, and Jurassic stratum in the Kuga Depression of the Tarim Basin. The BNFs were unambiguous-
ly identified in the coals though comparisons of the relative retention time and indices of authentic standards in gas
chromatography-mass spectrometry (GC-MS) analyses. The occurrence and distributions of BNFs in coals with various
thermal maturities were systematically described. Density functional theory (DFT) calculation is a powerful tool for
gaining further insight into molecular level phenomena in organic geochemistry. DFT calculation was conducted to de-
termine the thermodynamic properties, i.e., electron energy (AE), internal energy (AU), enthalpy (AH), and Gibbs
free energy (AG), of the BNFs. Results suggest that the elution order of BNFs in HP-5MS chromatographic column is as
follows: benzo[ b naphtho[2,1-d]furan ([2,1]BNF), benzo[b|naphtho[1,2-d |furan ([1,2]BNF), benzo[b]naphtho
[2,3-d]furan ([2,3]BNF), which agrees with previous studies. The Gibbs free energy of [2,3]BNF, [2,1]BNF, and
[1,2]BNF successively decrease, suggesting that their thermodynamic stabilities have the following sequence: [1,2]
BNF>[2, 1]BNF>[2,3]BNF. In most coals, [2,3]BNF isomer is present at low concentrations or trace amounts. For
coals with low thermal maturity (R <0.7%), the abundance of [2,1]BNF is relatively high and prevails over [ 1,2 ]BNF.
However, the more mature coals (R >0.7%) contain [ 1,2 ]BNF as the dominant isomer, while [2,1]BNF occurs in rela-
tively low abundance. The thermodynamic stability of [1,2]BNF is estimated to be higher than that of [2,1]BNF and
[2,3]BNF, which is consistent with the calculated thermodynamic results. The abundance of [1,2]BNF relative to
[2, 1]BNF increases with increasing thermal maturity, suggesting that their distributions are controlled by the thermal
maturity of the organic matter. Based on geochemical data and theoretical calculation, the benzonaphthofuran ratio (BN-
FR=[1,2]BNF/[2,1]BNF) is proposed as a maturity indicator. BNFR increases gradually with increasing thermal matu-
rity. A preliminary calibration of the parameter against measured vitrinite reflectance (R,) was conducted: R =0.45XBN-
FR+0.25 (0.5%<R <2.0%). There is no clear relationship between Pr/Ph and BNFR of the coals, suggesting that the
sedimentary environment of organic matter has no significant effect on BNFR. The absolute BNF concentrations exhibit
an overall increase with increasing Pr/Ph values, suggesting that oxic conditions contribute to their formation. The
absolute BNF concentrations increase with the increase of vitrinite reflectance at R <0.9%. Then, the BNFs concentra-
tions rapidly decrease with the increase of vitrinite reflectance after R =0.9%. This suggests that BNF's in coals are likely
generated during catagenesis as intermediate products in the formation of more condensed heterocyclic polycyclic
aromatic compounds. Therefore, BNFR is a useful maturity indicator for quantitatively assessing the thermal maturity of
oils and source rocks (Types II -1l kerogen) with low-high maturation levels. The accuracy of the BNFR must consid-
ered when it is applied in tracing migration paths of oil and oil-source correlation. This study broadens the current under-
standing of the occurrence, distribution, geochemical significance, and origin of benzonaphthofurans in sedimentary or-
ganic matter.

Key words: coal; benzonaphthofuran ratio; quantum chemical calculation; thermodynamic stability; maturity
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