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Abstract

Solid bitumen is widely developed in the Ediacaran Dengying Formation of the Sichuan Basin. As a
byproduct of hydrocarbon cracking, it holds significant importance for hydrocarbon accumulation
and source correlation, making it a key research target in high-maturity marine sequences. Spa-
tially, the content of solid bitumen in the Dengying Formation decreases sequentially from the
paleo-uplift zone to the slope zone and then to the depression zone. Vertically, bitumen is predom-
inantly enriched in the top of the Dengying Formation, with its content gradually decreasing from
the Deng 4 Member to the Deng 2 Member. The bitumen exhibits low hydrogen content and is gen-
erally oxygen-rich and sulfur-poor, indicating high thermal maturity of the Dengying Formation.
The occurrence morphology of solid bitumen serves as an effective tracer for reservoir porosity
preservation during hydrocarbon accumulation. Two distinct morphological types are identified: 1)
annular or dendritic morphology adhering to pore walls, characterized by in-situ desiccation cracks,
which suggests preservation of ancient gas reservoirs without significant disruption; and 2) granu-
lar or banded morphology scattered within crystal interstices or fractures, with obvious frag-
mented boundaries, indicating destruction of ancient gas reservoirs and subsequent fluid injection.
Recent micromechanical tests reveal that the elastic modulus of solid bitumen is influenced by tem-
perature, maturity, and pore development.
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1. 5|8

VU1 F 3 2 B AT SEAL A IR A AT 60 2 4R 10 17 52, REBE S PIT A& IIRZ - BR)Z &
RZERIPEARL —, BRDIRI TGRS Sk - 2V LSS RGN ]-[6], EHRAA
MTURFIFE, X TR s = RNAEE . R R . PECRRERGS, N4k 72 Wses
25, SRR BRAE R K[ 7]-[9]0 H T A A ATR BB R VR, DY) SR EARAT R4l
JRUith oK 22 e A AT PR ROR SR SR S - 2 o [ R0 75 2 Sl inh 8 HL R 2 v 52 B VAR A Y s
BRI TR E R 70, B SR 52 B BV R R 5 AR RAE G, = BRE ALy REEVIRIE RR[10].
VR AL B AL P L T VF 2 i U O R . B OB R AR BT S, PR AR FE R R
HAEHRRIE TIVRAT DA A S BRI AR T e P s A R o R A Ty T R A R ([ 11]-[15]0 AL
LR T WU N B B R AT S AL AR F R AL B AT oy SHMRHIE KA RIT AT B DU
S T R A AR IR R R S S R B O A P AR AT

2. KATRAEREFH B S T

VU B AT Se AR IR AR 22 7 1 TR IR R i $a THia 3. R B8RS s s
e B RAT A 2 BB R R 16]-[18]; & B ALARRIEE W LA IZ 3 S BOR 1L &)1 s [X
SRz R[19]. PIKIIEE ) TN R B R SR 2 B R HIE N, R A
Ef A th 5 REA K.
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V9 )1 75 T o AR R A AT, ARAT eSS ERAEE . £ b, R - Bk
XIS R, HESEEATMNA L, W, ERYE. TR B06H & R IKEEK20] [21],
Rl - Sl R X AT AN E S BT I oA E WA 1 R A b, RS AR A AT
SR A FLIR J A 8 LT, TR T A B 1A R X 7 [22]-[24]. BRIk, DU)1 2458 B RAT R4
Wi S BRI TRT BT X 3 dp s 17 B B XUk TR 0 7 7 B AIG . kb, 2R HZR(2015) 4 17 DY )1
U 117 BB RPIH S EAREE[25] (K 2), (TR E AN & & E B AT 0.5%~3.5%,
MAT B N2 S &2/ T 03%, St RIUTRAMZDIT 2 040 TAT A L3R T, fT#H
R 75 AR AN b B kT DY B g AT — B B

EXIFHEEQO1) R ILFR I - sl Bt BRI T —BEE S SR Il EE[26], SARIUYF
i b, BRI S DR TG AR RS, Ihm b 2B AT B AT B E IR .
AT EE(2023) % 1] oy B S AL R B S BRI [ A T B AT IR [27], SRR Il R
R SURIEAT B A S E R TR A il I R e TR e AR
W, AR R AT R AR IS R BIATIT A R R A, TR T i, SR AR S S BUX 5 IR
2 % B R RIR #5559 R AR il o ARIE B
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Figure 1. Contour map of asphalt abundance and filling degree of Dengying Formation in
Sichuan Basin [21]
1 ) EATREREFES FHEFELE21]

3. KTRLH P EEHE AR 5T 4FE
3.1. EFHEM MR TR

W AR T A i A AR, e Tl AR, B8, EASEEER, XlARBGEA TR
B, R RAF M AEN AR — RIE IO AR BON R, R E W 57 VEME L
XA H A TR ERAE, H s vt A F BT

{8 B AR e 21 A8 3% (Fourier Transform Infrared Spectroscopy, FTIR)I ik % 4 e % K 4L A 2R 34T
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Figure 2. Distribution of Sinian bitumen content in Well
Wei 117, Sichuan Basin [25]
2. WIRME 117 HRERFFQESHHER25]

REEPET, T RR S Wi o B BRI 228, AT 20 BT B B 8 AL B AREAE, 9128 29 B sy
B B S LA IR 7, R L A 53 & R S TSR 1Ak 27 25 44 (28] o 1T X {8 HL I 6 1% (Miicro-FTIR)
()2 N FH 38 S, 1 SR A 53 TR 4y B 2 B B2 0], R S A SR SR A 4 40k X 5 A RRAIE 5 40 22 2H 40 A ORAE S
Bk FF-55(1996)F H Micro-FTIR A 78 S Gt 26 43 1R MR T8 AR KRR B A 7 il 73 A A FUARE [29]: B S A5 (2001)
FIF FTIR AN [A) BEBT T BEARSKIR 0 5 AT 7 T ESARSE AL AN 0BT 1 e ek BT A 2 o DA B e —
AR 71[30]; FiBREE(2021) Micro-FTIR BFFT 1 MEEERAA L I BUAR. BRAR A oA R AR 14 (1) 4k 27
H RS AR R3]

Rock-Eval #@iE A AIE A5 &, RS HI A1 Tmax EAAF AT HFRIBGE T R E LK%
THEEER Ro, HETT 20 i Vs AL/ AV AR R BE, P J5 2= SR8 77 o (ELDY )1 kb oy 2 Bk R 26 25 g A Hb 2
P AR FE Ay, T e A TR ) B A B>, F T B DURE U2 % 1) A b A0 & ) DL AL 52
Love 25(1995) 5 SG i T A AL #i# 5: R (Catalytic Hydropyrolysis Technology) [32], #<[E Nottingham
KEBAT T — RIVHKREB33]-[39], SREH, XR—TERGE G 0 TSN T4 R
F5E8E . bR S SRR LR R i, B R 255 (201 1) R B2 07 VR 58 A (5] #8840 A2 F5E 1 = T AR AR ]
I, IREITER T HIW G - o A PR TR SR . LRI 234 [40]: J7 ;ud&55(2011)
I AR TR P R o e R [ A T B B AR AR AR A S, X AT SRS A s x
s SHERY I B A AR B E VIR L, 0 S A TR AR N e AR B )8 BILST SR ) AR b
B GRS it R WO HURR RS, e RIS . OMNTTRA AL RIR 1Ry — ik B o el s ) e
X EESERT FE B 1Y) SE R AT E[41]

Re-Os [N #AEWH NS ER G, EMANEREH IR, AIRSKAEEE, Os AR kA
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HIREKEY—, 23 Re-Os RN RZAE RIS KAEEE, Kk Re-Os [FIA7 344 R Al B AR
A IS RIS RIS [42]-[44] 0 PRFSSE(2010) ] FRYL i g h 5 75 M Re-Os [FIALZR 7 AT I 52, LR 1
TR ) RIS [) B IR I [R][45] 0 EANEE(2016)HH] Re-Os [RIA ML E 1)1 1L 22 N 2l S
ik A B RN [46]; PLAR I AF(2019)F ] Re-Os [RIAZ R IMAVELI R 1 DY B iz B - JE R AE
R[47]. FMEEEQ2024)%F B3 T HUX (4G R #E4T T Re-Os FIALEEE, YONBEAHTHIMRE S Os [F
R A — AR RTE T Re-Os HIAERL & X [48]. & Re-Os [AINL TR ITVEILAFAE —E IR, Wil #42
fift. TSRAEH]. EVIREMRAE FEAN 2 18 B Re-Os 7 R AF I £ 18 i A7 7E B IR, (BT 3R E S b 1) 7 4
IR T BRIR Eh A HIIX T 5, Re-Os AL E M AL BAE S X H . BRI, M EBaEA,
TR A R R A WL SR AL S5 5 T LA E R S

AL, 8 T 2B (Scanning Electron Microscopy, SEM)-5 EDS (energy dispersive X-ray spectroscopy)
BEMG TS &, JLFRAE T RIBAAIEES, ARSI RS, RN S5 &Sttt a4y
Tl SR 21 e T@b BB e, T /1 BB (Atomic Force Microscopy, AFM)7E T B
T EAERE R ER, AT LR AR E A0 RO S SR, WA IR RS A
REB 0 TEARRERE . FERAESE, PO 7 2R 1 (oW = 4B A HEAT R 4R ZEI[49] [50] (5 1)

Table 1. Research methods and advantages of solid asphalt applications
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FIRVORIAEE . WU ANUTRIE . R — sty i el ) e
XFEE AR s

MEITTER LM TR IIMTUCRRIASE . HIWTRE R L bR EE
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IMTENUBEER, SEATERE . AR . B E Y
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Re-Os [FAHi &
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FUHRLES - EDS AEIEAMH R OIS B e UL
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3.2. BB RBAYLER

Jacob (1989) M4t it 1 90 AMILK LA FE R fh[51], ZRE T EL T AN R RS (A 75 1A HLAL K
ZEF(CER 2). GRERY], W TEE AR BRI AR, DRI U GRS .
ANFEFR R E AP A VAR ZE R AR, T8 5 a6 I AR A S R A R [52].

Table 2. Hydrocarbon types of non-metamorphic migratory bitumen [51]
2. FTEREBHEHNRENETAEE (5]

S5y TR [%) 75 B [ %] TR IE[%] Wi 5[ %]
Hhii 58~80 7~14 1~7 1~8
Vi 9~18 18~31 13~38 7~38
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W& 1~7 2~18 15~38 12~68
MW 1~7 2~18 15~38 12~68
M & <1~3 2~13 5~25 50~90
W 2~9 1~9 6~41 22~55
B 1~12 9~28 15~53 15~54

NI T DY 1| 22 [ A 30 7 1 WL S A 2 2, ARG S5 (1998) HEAT T A MG IR AT« X S 26k
i AT BT AR LD IS S T [53], JCE AT SRR B, AL 18 AR SR a1 28 i A il A2 v, C
FREHIEZ. He Ov N GRS EWIEHFIK, R\XE—NEREEMAER 7R,

AFEFFIEELE Oy Sy Ca S E EEEZEREK, HIFHFE MK UE A AR ARHE, JLTA
A, XRYE BRI A2 LA™ RFRRER S, B RR , “F38) S/C R LR 0.02%,
JEHETE 0.01%~0.06%. 5H AR Z AN H AV RABAELL, CAUDCHMKMHAESR. 5. 3TE
JERAE[54], S/IC JRTHEA I 0.12%~1.12%F1 0.03%~0.075%. ZAZIMHLNE A TT8 TURRNHHE,
H/C JG T LB R 5 AR B Ry, ~FIMEN 0.55%, TUFETE 0.42%~0.62%, 3 B0 5 IAT 4H A AU FE A1
[55].

SR X LEE N AME T TR G, AN IR R AL AR oA ML RS BT 22 50 o el T AR 7 b =l it 52 1)
KA R FERIUONE W RSN RE T, AT ENZ DI T BRI HREW R, W
FATH P T PR AR AR, SR DL EORRIE, RS KM (TS AR =, A
B TBUONRHE; SRR SRS ERER S, ERmEEEFNEEERA Z, —&5KRES
K, AR E AR T B RRIR R B T A S AR AR B T R R SR B Rm, B R R, R R
I A 2 TR AR R R AR s S R SR A 2 R SR H (TSR K.

3.3. EMFHB T RER

DURE MURAE T AR R h 2 B R 2 AFEMEMES B o R, XETHME TR Z R
i T IECEA S IR AEAE FRE RN, SEAF B ORAF 1 BES TR IS AR (S B . 3R Q017X AN R Z AL i & o 2= 0t
DU AR R R AT T W 90(11 3), 45RRM, ATSC 4 T 4a K 2 BORE it 38 38 /R HDTRR IR B A 304
- SREMIEJRIREE, TSRS VAV + N PUE AR, Ui BIAT S A DTAR B (R /K A R PR 5, [T BSS R o it
I AFEAEES, RN E KRR ST B 5 K [56].

MR TTEAERAE DS BRI NV M NI, 1T VN BT @ H DA E MR 4
JEANIR B AR NN AL ST RAFAE[S57], BITLA VNI EGAE th 2 SR BEAT KR YE0T EL (0 Hh R AL 2 F b b e o )
ZAEAR . Wi VN> 3.0, RaaFHURTTFE R A TR EIRE, ORI NE; 2.0<V/Ni<3.0,
FORANURTEDIRAUS B i T840 - REAGIRES, LRI IEM N F: VNI<2.0, FORANURTEDIRL
FEA AL TFAEACIRES, DABEARTTRR N . Q01T 5 BIgARIR A AT VNI gt 48%
B V/Ni S HAE A TG R 0.21~4.66, H{EN 1.80. X SHURE SHA— UEWIE S AL 5 X ELAE
For, EICRIETTRERZ IR, B E EUR A R e R AT LR AT 58]

VU Z AT 5220 RAR S T SR A <[ 591-[61], PR T i@ it ek 2 I 5 R W i o s e R AE
R S B R4k RN, S OI155Q013) R Q BB ML RMETGER. MLtk PAAS b
AT % DO N KT S22 RARS S BIBTEIRIEIEAT T 9L, [RIR, SAREATIRIERE4E0 b, At T
11 NS RARMA S 458 %KH, 45 Y/Ho. LREE/HREE. Ce/Y. Ce/Ce’. Y/Y'Fl La/La"
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Figure 3. Intersection maps of characteristic parameters of trace elements in bitumen
and source rock of different reservoirs [56]

E 3. TRERERISMREHETRIFESHRZSE50]

Witoog s, Ce—MAEMMLICE, EEIEFMA NLL CSHIHAAIE, Ui TAMFKMR, Ce*
AL Ce*', WL REE A& . [k, 4 Ce MR RRAEH H T FIWHE R A0S JF R [63]. Ce B
WHE 2B TR E LS G (La M Pr), Ko #=EEARIT I Ce iR a22 3 7 s
TERMIEI[64]; Eu FIFEE AN L0 R, # A2 3i+3 M A7A7E . I JE MR i AR R AR 2 o s 2
SEIE Bu #5[65], [FN, HFALKREESE, BaO MFES S Bu B E4£[66], T REZH] Eu
5 Ba IRIE AL BRI AR E Bu ISR 7525 BaO T-H. fi&EHEQ017)N U F AT 2 05 35 AT 76
FICRE S I ZREFAE 0T, S5 BRI FRE S B R E AR R Bu IERH, Wik, Bu WRHEEE
AEFHASBE L T xT L [67].

BRI S, WA v AR NI S 0m, HIERT T ORI b . SEPrif 7o, AR A 1)
V/Ni LB et IR AE, SHURT SO, RESTEA B, & 7o R IR bR v] RESZ AR St 52 T
KA, METGER, MG REREEVEM RS T HA TR ANE, fef X A FERIERE, #EfE
IRUURRASG . 7E msE AR IR L b, A oo 3 R 2 AR R i HL 2 AR o e BN, BON S o
B FRRR, 1M V/NI A SRR Guda b i 45 6 1T SR A

3.4. EHAHE BRI R LE RUFFE
B [0 3% 52 AIRACRE BE A5 A4 2R/, dhR 1 IR aG kel i b s 5 2, A e i AL 3R 4L
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SRR IR AU S, AT DURAE B FORIE, Al IRt LA bR o MR R 2K 0 1 S 2
A WA LT 20 18 R R RAE AR BAT EET B AR BRI (R L3RR AE[68], e T R AT IR AR b 23 8
R, i DAL A0 75 W EL A A0 P AR AT s e AR ) ) (87 R R AR (25 o

FH DS IEEAE(2013) %60 DU 1 Gt 1 vy A P P AR A 5 1HEAT 1 BRI ALK 007, S5 R nTsl 4, bz
HOARAT AT 0 (5 1 X € 128 05 55 A i B 5k () 7 3% BV Bl 7 —36.8%0~—34.5%0 Z [8] , T3 {EL
—35.7%0, X 5 T ERGUEHEA T BER AL 2K (013C D ATVEH 1E-36.6%0~—31.7%0 2 [F]) HAT R 47 (AT % Lo f:,
XYL RE B RAT R M6 B AT ReRIR T F R RG AT Sp s P AR s . — & B —E ks

KAR[54]
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Figure 4. Isotopic distribution of kerogen and bitumen in Lower Paleozoic source rocks in
Sichuan Basin [54]
B 4. M) & T EEFERE TERRAHERGIR 5 70[54]

4. KTRCAEEHARIHE RS HD4HIE
4.1. EFHBERRSRHIE

VU )1 2o b 72 LR AT S AL 0 7 e o A P A TR AR AE : 1) )2 75 LAPR IR I T AL IR 1 fL
BE FERFESCR . BEPCR A TILBRAE, B B R0 R TR AR 4 DL R AR ALRR, SRR AR
FAERAEPGUYR VUG ARRR AN, TEREARE BT, AR AL R 2R, (REEES: 2) B
2 BIR. BURLIR AL 1 A0 7E SR FLBRS A0 40 (0 s P9 B0 IR, AR SRR 2, ] DAL [0 A 0 75
RL 2 NARAL T 5 A 320 S B RN T P, 3R I S AR T R i S 3 75 5 S 52 R 0 il e )
fHOL(E 5).

A DY) 2 R BLR T S AL 2 2 MW ISR T A R T TS 28 R B 2 R SR A Ak
AR I, fi# )2 075 AR AT T A5 X6t fid J2 T s FLIR 2 ) AR FR BBBIA AT 21 T R AP IR ERAE F o XIREAR 25(2021)
W FE R IV % B R AT S0 R —— IR E R (AR 1 IR 1 S 1 HRTR 1)
2T MRS TR MR I AR L R (] 6(a)s B 6(b)), X BRI 0 251 9 IR AR 5 A &
(IR A7 CE FLEE B RBR IR BB ERCIR(E 6(b))s a1 FFRIR 1 AL F A& A e i )| vy P iy i o
TGN, JEHISOEE LS, AR AR DR, 12 T AR RE T RO ST B I ENERCR (B 6(c)): Bk
1 IR TR 1 38 2 T R M AE SUE e, 80T iR SR S PRIER B, 2 TR AN T H
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FLBER P S ] Ak 30 75 T A2 P AR BN, R AR MR, TR RCRRGEL 23 A E SR LR S AR AT R o P S T ) A
R BRLIRAEE I (K 6(d)s & 6(e)) [69].

(©) (d)
((a) PRUCar4E W B RRECRINT , )R 13, 8161.07m, 4TIHE; (b) WH 23R
& TREE L, NIEE 1, 8159.12 m, TVUEL, 5 x 107, () BUELA A B REIRYIF
TR 1 I, 729732 m, STDUEL, x207; (d) FRDIRFIFERCRILAAWE, DR 1,
8158.68 m, 4TVUEL, 5x10)

Figure 5. Pore bitumen occurrence morphological characteristics of Dengying Formation reservoir
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Figure 6. Model diagram of correlation between reservoir bitumen morphological evolution char-
acteristics and dynamic reservoirs [69]

& 6. fit BB RASRHHES Z7S M SEE X MR E[69]
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4.2. BB RS

A MR 1) 2 B 25 R (15 U HA B 0 4% m) S P NS e, L2 00 0 5P S oM 2 ) 25 e e
FEFEMAER[70] [71] B 77 S AUBe 76 3 B 7 ) b1 s 20 R 3 m) LA R b SRAE [ 4490 75 I AOWE T 3 5 2544
FROE, @i RORLRERE . SREp & TEAFRERE . MG, & TUAMOMRIER A 20415 . Emmanuel 55
(2016)FIF AFM AN AR FE T (1) T BRAR AN 5 AT T W EZ[72), RIBEE R T m, Wi P e As
HURREC, EEEEHEMERE R, [FIR &R TUAFE S, TR AR S AR iz v 1 A RO
i T SRR B (1] 7)o AR AT DO AS [F) b X AS [7] 2 A7 A AL ) 580 P A i 0 A7 o A5 31 1 AL 25
W[73] [74] (Eliyahu M, et al., 2015; Zargari S et al., 2013).
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Figure 7. Comparison of elastic modulus of kerogen and asphalt
with different maturity [72]
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