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Abstract: The Devonian has become one of the important strata for natural gas exploration in the northwest
Sichuan Basin. Progressively more attention has been paid to the source rocks in this area, but there are still few
relevant studies on the gas generation potential. Based on organic petrology and pyrolysis experiments, the
geochemical and organic petrological signatures and the gas generation potential of the newly discovered Middle
Devonian sporinite-rich source rock were investigated. The kinetic parameters of gas generation and the methane
carbon isotope fractionation were also determined. The results showed that the Middle Devonian source rocks
investigated here have high TOC contents of 5.65%—14.24%, with extremely abundant sporinites, and that the

organic matter is dominated by type I and II kerogen. The maximum yield of C;_s is 399.7 mL/g (normalized to per
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gram TOC), indicating a high gas generation potential. The frequency factor of C,_s gas generation was 2.84x10' s,
and the activation energy ranged from 213.5268 to 314.0100 kJ/mol, with a peak value of 280.5156 kJ/mol. The

frequency factor of methane generation was 4.72x10'* s

, and the mean value of the Gaussian-type activation
energy distribution was 280.5156 kJ/mol, with a variance o of 29.3076 kJ/mol, and the activation energy ranged
from 221.9004 to 339.1308 kJ/mol. The maximum value of the activation energy difference (AE) between "*C, and
'2C, generation was 280.5156 J/mol, and the minimum value was 91.8165 J/mol, and the initial carbon isotope
value of the methane parent material was —28.1%o. The geological model of gas generation and methane carbon
isotopic fractionation suggests that the gas generated from the sporinite-rich source rock in the Middle Devonian is

likely an important source of the Devonian natural gas discovered in the northwest Sichuan Basin, which provides

new insight for further gas exploration.

Key words: source rock; sporinite; pyrolysis experiment; gas generation kinetics; Sichuan Basin
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Fig.1 Maps of sampling location (a) and stratigraphic column of Upper Paleozoic strata (b) in the northwest Sichuan

Basin
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1 (EDS) W i 43 #F 2 3 & 41 49 1 H 5% (FE-SEM,
Hitachi S-8000)5% i, A T 3K A5 i Y6 18 &2 A B i 2 1,
fii ] IM4000 Ar B5-F-fFEEAL#EATHLO . FE-SEM M
LR TAEFE B K 3.8~4 mm, TAEHLJE N 1.5 kV, 7
TG Y EDS 200 TAEREES N 15 mm, TAEH
R 15KV,

TS AR AR S0 R B & H AR R AE RS )
2SI ¥ (Pan et al., 2006; Hill et al., 2007). 554
FEREA S, 16 Ar RPN E, RIS EE
AANFE I T 45 85 h, TEAR oL 88 v R ) R
5042 MPa Zc 47 o T8 5 #VAR IR B 300~600 °C, FHf
HFN 2 C/h Al 20 C/h, IR B A B B2 IR
FERE, B R 2 IR TP O R R KRR A B %
T, R E R U .

B4 PR SR S AE )75 L Pan et
al. (2006) . &AL 53 53 B R &L HE 2 7890N-
Wason {4354, f#i H Poraplot Q 7Y {fj% 4} (30 mx
0.25 mmx0.25 pm), i He fE#S . FHEREF: #I4H
M 50 °C, 1HE 2 min, FLL 4 C/min BYEFTE
180 C, fHIR 15 min. SR RRHIMRIEITTE
i (Pan et al., 2006), FifA mL/g, SRR
TREE R F1 40508 20 C A1 101.325 kPa, HkE. &
S AN KERY C IR 43 AT 7€ Delta plus XL GC-IRMS
A3 28 B A 58 i, 20 iR 25/ T+0.3%0(PDB).
& H Poraplot Q A {4 3%+ (30 mx0.32 mmx0.25 pm),

FH He fE#0R; FHERRF: #IERIREE S0 °C, fHiE 3 min,
LA 15 C/min B A2 190 C, fHiE 7 min,

BT AT — YR N B SRR, ARAFFER B
BT A IS AL BB AL AL C s R I 2R 13 15 28,
R A5 VR o AN ) TS 8 36T 118 AR 7= 23R ot A i 308 3 A
fbihk, FIH Kinetics 2000 R A4-EIE155], B ke C
[ R 18 sh 112 S 80F H GOR-isotope #X LG
93, FEAFHILE PRk P 5 PC MRS,
HA M iE AL ez 22(AE) S C, THALAERY X R &2
“SURUSM AT o B LA SIS E R BE C TR R AH,
RERg Ay BT E L B 5 e, A pTE L RE, HARR
P55 L Tang et al. (2000),

2 APE A AR AR AE

TR AE R A A I 2, WA T al
DR A TEFORL(E 22, b). (HEEENE, ~EME
X e B OR A A AR AR R A A A
JFiR(Dai et al. 2006), i A 7E £ o A AT AR H)
SR FE, M 80%LL LKy 4l 4> R 1Ak
(K 2b), REH A 5%~10%5 R, AHLRLL -1
RIFEEAR R 320 B i o 9 96 7 R B 458 A AR
TR, RANEFIATH /N F 20 pm Z K TF 200 pm A
(K 2c~e)o TEBFDET, MTFREBE G, RHOL
TRIEmEE, WRRSOETEE B IR,
WA, HARMBEAKIEE 2b. ¢, e, Do /D
TSR T (E 2d. e), RIAGTIAR—BEA RN
ootfii, 7 BERJR (K 2g), AR N S A R
AR (B 2i~k)

Geochimica | Vol. 51 | No.5 | pp. 516-527 | Sep., 2022



RTES Bt XPRERERTRREEESBNSERNNFSH 519

SUB000 1.0kV 4.8mm

A C
5600} 0

4200F
i
#2800}

1400 || o
g S
0 T T T T T T T T
0.00 0.67 1.34 2.01 2.68 3.35 4.02 4.69 5.36
geE(KeV)

»

SUB000 1.0kV 4.8mm x700 LA100(UL)

Fe

900
sC Al N F

e
0 T T T T T T T T T >
0.00 0.67 1.34 2.01 2.68 3.35 4.02 4.69 536 6.03

gE2(KeV)

(a. b) RAQFHRBHCHX N () RMTHIOEH T, HARIRGUG; (d. o) METAE R SHEFIXTRZEE; (f) MRS TR ACRBRT
K (g) RAGTI&, IR, (h) NMETE; () ATAMEED; §) BATARREIEEL (o BT aEgE.

2 BERFARRRERMASRBRFEEBRER

Fig.2 Microscopic and SEM maceral images of sporinite-rich source rock

JEUR 77 T B AR EE 5 () TOC Fl Rock-Eval 541
IRLE RGN T3 1. 5 BRI AFES TOC FEA T
5.65%~14.24%2Z [d], F B 42(S) 0 0.86~3.08 mg/g,
AR KR (S)) H 31.07~90.74 mglg, & F& B (HD) K
519~734 mg/g(H7E TOC Wiipiets, TH), &
FEE(OD N 4~17 mg/g (v TOC i #fig = A=
COy i, FIAl), Tinax J 420~428 °C, 52U Ga o7 14 2 5
R, N 0.60%, KUK TAUKAN B, BrT5
(2006) P IH: 1 2 M AR 2 22 45 v 20 1 A 98 4R G HIT

{HTE 330~350 mg/g =[], MMixXIFE 4 (2000) N4
KR % F RS B TR Y HI 4 5535 593 mg/g, 54
WFFERE S S5 RN — 8 RIS IR 2R 5 (S-5) il &
1T B AR FE 5 (K-5)09 S, Hh 1.92 mg/g, S, (HH
414.31 mg/g, HI{HH 602 mg/g, Tma 1H 7 421 C. T
Fi% AR 4 C R0 2 A T AR LE Y B AR 2 —,
25 R LT AR IR TR R 56, TR
BAE FH AN 2 B o e As - i AR 1Y) )47 R ALl (R
Bi, 2000) . ASBFFEHE ST BEAR C [R5 28 2 —24.7%o,
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TR IS M X1 7 2 O 55 L A U A T AR C
[ 2 (P48 0-29.3%0, X745, 2018). (HAFERM
T, AR EG R C R (-20.4%0)
A, L [R50 1 R 22 e ICA TR AR C R 2
10%o (R ST AE, 2008), X 1] A5 X — B IR IR A7

PLEOR RSB ETA 6, SRk tt—2 e,

*1 BERTFHREZREEMBKUFESY
Table 1 Basic geochemical parameters of sporinite-rich

source rocks

#m TOC Toax Sy S5 S3 HI or s"C
(%)  (C) (mg/g) (mg/g) (mg/g) (mg/g) (mg/g) (%)
S-1 1336 423 273 6928 225 519 17 /
S-2 129 420 3.08 6814 199 528 15 /
S-3 697 428 099 51.19 043 734 6 /
S-4 565 420 086 31.07 052 550 9 /
S-5 1424 420 225 90.74 056 637 4 /
K-5 6883 421 1.92 41431 477 602 7 247

e S-1~S-5 MRV A FER, K-5 KT RSB 5 </ 3R A BE .

3 TR RS R A URAE

SR FFE

TR B R B R 2. PR THR
B Cros BRI BB S B IR 1) T 55
M 3a), TTERES Cos 7 5 BEAFRLIE TH % 2
P e THE R RRAE(E] 3b), DL 2 C/h FHER RN
fil, Cis SHRTE 600 CHIFEs =% K 399.66 mL/g,
M Cahs HIRSMZRIE 456 CHIAFREE, N
76.19 mL/g, B HIEE RGN, Csos BT 2%
BUOR KT HA R HUR, FoRig Wik, 2 600 CHY
We 25 0.85 mL/g. 4 336 i, 7652 BEM FIRE, He
HETHEE R (20 °C/h) RS 7= 5 HAg 3 TR
HRQ C/h) FREIRN =R, KMEEIA
8 A JAT 5 N T -5 3 A MO

3.1

R2 HEEABRUSIBERMSTRESR
Table 2 Gas hydrocarbon yield from the gold tube pyrolysis experiment

gjr];:l B Easy R, C C, Cs iCy nCy iCs nCs Cys Cis (Cunc, (CunCs
(C) (%) (mL/g)
FHilHE 2 (20 C/h)
380 0.77 7.39 3.42 1.76 0.15 0.52 0.08 0.15 6.08 13.47 0.29 0.53
400 0.89 13.83 6.16 3.21 0.31 1.00 0.21 0.32 11.21 25.04 0.31 0.66
420 1.06 25.63 11.44 5.85 0.49 1.92 0.36 0.64 20.70 46.33 0.26 0.56
440 1.28 44.41 19.07 10.77 1.03 4.19 0.89 1.74 37.69 82.10 0.25 0.51
460 1.53 67.75 25.93 15.11 1.68 5.85 1.23 2.32 52.12 119.87 0.29 0.53
480 1.81 97.28 34.94 20.56 231 7.24 1.46 2.58 69.09 166.37 0.32 0.57
500 2.12 134.85 42.43 23.24 2.68 5.94 0.89 1.11 76.29 211.14 0.45 0.80
520 2.48 175.34 45.51 20.19 231 2.62 0.15 0.11 70.89 246.23 0.88 1.36
540 2.84 233.34 43.40 10.72 0.819 0.258 0.030 0.0259 55.25 288.59 3.17 1.16
560 3.2 304.86 38.01 291 0.0882  0.0480  0.0064  0.0065 41.07 345.93 1.84 0.98
580 3.57 343.85 19.88 0.29 0.0036  0.0098  0.0018  0.0020 20.19 364.04 0.37 0.90
600 3.88 376.76 12.39 0.15 0.0028  0.0071  0.0016  0.0019 12.55 389.31 0.39 0.84
THEH#(2 C/h)

336 0.73 4.99 2.25 1.03 0.09 0.25 0.034 0.058 3.71 8.70 0.36 0.59
360 0.86 11.22 6.63 3.73 0.34 1.36 0.26 0.49 12.81 24.03 0.25 0.53
384 1.08 24.31 13.48 7.06 0.65 2.61 0.52 0.98 25.30 49.61 0.25 0.53
408 1.36 46.05 22.11 11.82 1.14 4.44 0.90 1.60 42.01 88.06 0.26 0.56
432 1.69 83.93 33.50 18.54 2.05 6.68 1.40 2.39 64.56 148.49 0.31 0.59
456 2.08 125.83 43.24 22.65 2.63 5.90 0.76 1.01 76.19 202.02 0.45 0.75
480 2.53 179.33 47.65 18.01 1.90 1.60 0.071 0.048 69.28 248.61 1.19 1.48
504 2.99 241.96 42.71 6.80 0.452 0.081 0.0087 0.007 50.06 292.02 5.58 1.24
528 3.46 313.50 21.98 0.57 0.012 0.014 0.0033 0.003 22.58 336.08 0.86 1.10
552 3.85 370.87 7.89 0.14 0.0039  0.0051  0.0016  0.0022 8.04 378.91 0.76 0.73
576 4.19 396.33 1.487 0.026 0.0014  0.0025  0.0013  0.0019 1.52 397.85 0.56 0.68
600 4.45 398.81 0.834 0.013 0.0007  0.0022  0.0010  0.0019 0.85 399.66 0.32 0.53

H:iCy. ST HE; nCa. IET HE; iCs. 5IKE; nCa. IEEE; Easy R, 5% H Sweeney and Burnham (1990).
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Fig.3 Yield changes of total gaseous hydrocarbons (C;.s) and individual gaseous hydrocarbons with pyrolysis temperature

FHBE (Cp) 52 R 258 i A ffe 3 B 1) T v T 38
(Kl 3c)o FE e AR BE (29 600 °C), 20 “C/h FHE
R B g EFH ™ %k 376.76 mL/g, 12 ‘C/h FHE
T b ERER A 398.81 mL/g(F 2). Lk
(cz) PE(C3) LA B T 8 FH I AE (Cas) 1 7= 2R I B 52 565
T EE B T 3G AR REAR (] 3d~D). L 2 "C/h FHR
ﬁi;@ﬁﬁ{ﬁﬂ BRI FERAE 480 "C ik B d5 g
47.65 mL/g, W%t ™= FAE 456 Cik | & & A
22.65 mL/g, BT BeFILE ™= 3 7E 408~456 CHlik
B R E 12.52 mL/go SR F, 45 F =B 1 7=y
S S v 77 SR O L 0 R AR, R B T T R AR AR
SfE R, oy AR YO AR O (R B AR S
4% (Tang et al. 2000; Wang et al. 2013),
3.2 SEAMEHE

B PR ZR AR AT I AR A2 R AR 7 vl

53R T AR AT UK gt R ) R SR . AR TR AR
vk S i AR R, F e 0 A R DR T 2 b,
FHCH/CHIZEHIE R, M CofCs (A LRFFAAE
FIRAL), WE R Rk S R cl/czfﬁi"'krllm
JER/N, CofCs AP, BRI, In(Ci/Cy)5H
In(C./Co)fEL I 8 AL AE P Fp TR R T o] R4y Sk 4 4
A E BB (B 4)(Prinzhofer and Huc, 1995; Wang et al.
2013; Zhao et al. 2018), L 2 “C/h FHRHEZF N H), 4
1 BB 336 ‘CH| 360 °C, In(C,/Cy)F1 In(C,/Cy)
AL B 7 85 T v T REAEG, 32 R A T I AR & A vk 2
fift, ANRISARMSET= BT R C>C>Cy; 5 2 4
BrBE 360 CHI 432 °C, xR 5 T EE AR ) Uk 241
BB, T WA 2= A i et 4 8E 2, In(C1/Cy),
WA, 5 In(C/CHEMEFRRE, H ke i & 1
Jon g Ji D] 32 R T AR D A A v R R S Y
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a6 5 3 DN BERAEAE 432~528 C 2 fal, HLEA
CEM PR B A, 5T AR A B SR R AR
IR B4 A S % (Prinzhofer and Huc. 1995); %8 4 />
BrBe Ik 528 ‘CH] 600 C, %R BE 32 BRI 2
e Ak SL 1) 2 e s R B 24, (A 555 3 BB L,
Co/Cs [EL I IR B /N . (HAR R A, St A diE
F4) H R 2R 108 2 S A2 B R T AR SRR A A L, AR F
FERERE PR IR A E] 600 CHY, In(C,/Co)f KA
18 4~5 Z[H], /NTHEFE R A 2R In(C/Cy)
B (Zhao et al., 2018), Vi IA{TIIM 2 R U5 A 78 £ A A
RTNAERMRASEEE CGHEERA

WABFSE R, AR R T, EMbRE
S i A RN Y, TS R e AR TR VR
WRELIE hSCEERY F iR, s o ST
H) C B 1 F v (Kissin et al., 1987), Lk 2 ‘C/h FHiR#
TR, T T B T BE(Cy/mCHIETE 300~450 CZ
[ A5 A K H/NF 0.5, 75450 Claitl FFy, fem
A3k 5.58, (HPESCHRE S T 528 CHIFIRMLT

8-
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P, SV
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0 Il | 1 1 | 1
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1.0F% 2; I 5a); SFIke/1E I GE ((Cs/mCs)H B AE
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Table 3 Carbon isotopic data of pyrolysis gas from the gold tube pyrolysis experiment

FHiE##£(20 C/h)

TJHE#EF (2 C/h)

HE(T)  EasyRo(%)  87Ci (%)  8Cy(%0)  8"Cs(%0) HEE(C) Easy R, (%)  8"C; (%o) 8"2C, (%o0) 8"3C3 (%o0)
-39.1 -29.1 -26.8 -39.2 -29.8 -26.6
380 0.77 336 0.73
-38.4 -28.8 -26.9 -38.9 -29.7 -26.9
-39.7 -29.1 -253 -40.2 -29.4 -25.9
400 0.89 360 0.86
-39.1 -28.8 -25.9 —40.0 -29.3 -25.7
-40.9 -28.2 -25.1 -40.8 -27.9 -245
420 1.06 384 1.08
-40.3 -27.9 -255 -40.3 -27.9 243
-39.4 -27.1 -23.9 -395 -26.1 -235
440 1.28 408 1.36
-39.3 -27.4 -24.1 -38.9 -26.5 -23.4
-38.9 -25.2 -22.1 -37.2 -22.7 -18.5
460 1.53 432 1.69
-38.5 -25.1 -21.6 -36.8 227 -17.6
-37.6 -24.1 -19.6 -353 -17.9 -11.9
480 1.81 456 2.08
-37.0 -23.7 -20.0 -35.2 -17.9 -11.7
-36.2 -22.1 -16.9 -34.0 -12.6 /
500 2.12 480 2.53
-36.4 -21.6 -17.0 -33.5 -12.3 /
-35.2 -18.1 -12.7 -323 -11.4 /
520 2.48 504 2.99
343 -17.8 -12.4 -32.1 -10.9 /
-33.4 -145 / -30.7 / /
540 2.84 528 3.46
-33.0 -14.2 / -30.9 / /
-31.1 -12.6 / -293 / /
560 32 552 3.85
-31.6 -12.7 / -30.0 / /
-30.8 -113 / -29.1 / /
580 3.57 576 4.19
-30.4 -11.2 / -28.8 / /
-30.3 / / -28.3 / /
600 3.88 600 4.45
-29.9 / / -28.1 / /
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Fig.6 Changes of carbon isotopes of methane, ethane, and
propane with pyrolysis temperature in different
experimental runs
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Table 4 Kinetic parameters of methane carbon isotope fractionation

a

B

(J/mol)

Bu (J/mol) u (kJ/mol)

o (kJ/mol) Sinit (%0)

1.02

—41.868

280.5156 226.0872

36.0065 —28.1
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Fig.8 Kinetics of carbon isotope fractionation of methane and the fitted results from kerogen pyrolysis
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