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A method for evaluating the thermal maturity of marine shale based on graptolite
reflectance and Raman spectroscopy: A case from the Lower Palaeozoic Wufeng—
Longmaxi Formations, southern Sichuan Basin, SW China
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Abstract: The marine shale of Wufeng—Longmaxi Formations is one of the main targets of the Lower Palaeozoic shale gas
exploration in southern Sichuan Basin. The thermal maturity is a vital indicator for source rock and shale gas evaluation.
Due to the lack of vitrinite, it has been difficult to establish a method to accurately evaluate the thermal maturity of
Lower Palaeozoic marine shale. In total, 33 core samples were selected from the Wufeng—Longmaxi Formations in
southern Sichuan Basin to observe the optical characteristics of solid bitumen and graptolites and measure random
reflectance. Simultaneously, Raman spectroscopic parameters of kerogen were also used to quantitatively analyze the
change of thermal maturity. The results show that compared with solid bitumen, non-granular graptolites are more
suitable for reflectance measuring because they have a single source, larger particle size and obvious characteristics,
and the random reflectance (GR,) values of non-granular graptolites on sections perpendicular to bedding are more

or

concentrated. The characteristics of Raman spectroscopic parameters of kerogen show that the relationship between GR,
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and the equivalent vitrinite reflectance (EgR,) is not a single linear relationship in the whole process of thermal

evolution. By using Raman spectroscopic parameters of kerogen as mediators, a method for calculating EqR, by GR,, was

established. The calculation results show that the maturity of Wufeng—Longmaxi Formations in Changning, Luzhou—

Dazu and Weiyuan areas decreases successively, their EgR, falls in the range of 2. 99 %-3. 91 %, 2. 87 %-3. 54 % and
2.46 %-3.03 %, and the average EqR, is 3.44 %, 3.22 % and 2. 77 % respectively. There is an abnormally high

maturity area in the western Changning that calls for evaluation of its impact on shale gas exploration.

Key words: solid bitumen, graptolite, Raman spectroscopy, thermal maturity, marine shale, Wufeng — Longmaxi

Formations, Lower Palaeozoic, Sichuan Basin
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Fig. 1 The locations of sampling wells (a) and the stratigraphic column of Wufeng—Longmaxi Formations in Y 101H4-4 well (b), southern

Sichuan Basin
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Fig. 2 Microphotographs of graptolites from the Wufeng—Longmaxi Formations in the southern Sichuan Basin (non-polarized light )
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Fig. 3 Microphotographs of solid bitumen in the Wufeng—Longmaxi Formations from southern Sichuan Basin (non-polarized light)
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Table 1 Random reflectance and equivalent vitrinite reflectance for graptolites and solid bitumen in the Wufeng-Longmaxi

Formations, southern Sichuan Basin
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Y101H4-4-30 4 131.55  S/"" 3.52 0. 41 18 3.03 0.38 29 — 3.56 3.53  3.50
Y101H4-4-44 4140.22 S /'V 3.58 0.29 21 2.91 0.28 15 5.49 3.63 3.56  3.52
Y101H4-4-52 4 144.14 S /'Y 3. 64 0. 36 22 2.88 0.29 12 — 3.69 3.53  3.54
Y101H4-4-68 4150.60 O 3.53 0.23 34 2.98 0.52 11 — 3.58 3.53  3.50
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1207-30 3448.05 S/ 3.11 0. 06 3 2.31 0.47 32 3.15 2,91  2.97
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H203-4  3758.10  Ouw 3.17 0.22 9 — — — — 3.22 3.21 3.02
W201-2  1541.00  S,/"V 2.58 0.25 27 2.11 0.27 11 2.88 2.63 2.18  2.57
W201-3 1548.80 O 2.43 0.25 4 — — — — 2.48 2,41  2.46
w202-1  2561.50 S,/ 3.18 0.22 35 2.40 0.35 11 — 3.23 3.15  3.03
W202-2  2568.20 S,/ 2.90 0.18 33 2.53 0.41 14 — 2.95 2,70 2.82
W2I3-1  3745.34 S/ 3.02 0.22 35 2.32 0. 44 26 — 3.07 2,86 2.90
w211-2  3559.50 S/ 2.93 0. 26 26 2.39 0. 45 12 — 2.98 3.09  2.83
N222-1  4301.60 S/ 4.65 0.59 24 3.56 0. 49 8 4. 69 3.88  3.91
N222-4  4327.14 SV 4,28 0.29 16 3.20 0. 40 18 3.96 4.32 3.82  3.77
N215-1  2502.95  S/'V 3.27 0.36 31 2.75 0. 36 19 3.32 3.38  3.09
R203-1  4336.14 SV 3.55 0. 44 23 2.42 0.33 22 3.60 3.48  3.51

FE:EqR ~1=0. 99GR_+0. 08"; RmcR =0. 053 TRBS—11. 21(R <3.5 %) ,RmcR =1. 165 9 I /I, 4-2. 758 8(R >3. 5 %)1* i it EgR ~1 %15} R 51 ;

EqR AT 45 R —" el .
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Table 2 Raman spectroscopic parameters of kerogen in the Wufeng-Longmaxi Formations, southern Sichuan Basin

R b i = GR /% W/em™ W, /em™ RBS/em™ 11, FWHM, fem™ FWHM fem™
Y101H4-4-30 3.52 1599. 54 1328.13 271. 41 0. 66 147.70 51.55
Y101H4-4-44 3.58 1598. 57 1328.13 270. 44 0. 68 156. 71 58.05
Y101H4-4-52 3.64 1599. 21 1328.13 271. 08 0. 66 147.39 50. 57
Y101H4-4-68 3.53 1599. 54 1328. 47 271. 07 0. 66 149. 05 51.55
Y101H2-7-29 3.45 1599. 21 1330. 15 269. 06 0. 68 150. 35 53.50
Y101H2-7-36 3.53 1 600. 19 1330. 49 269.70 0. 66 149. 77 50. 90

7206-7 3.24 1598. 24 1333.18 265. 06 0. 64 185. 68 58.70
7206-26 2.97 1599. 21 1330. 82 268. 39 0. 63 167. 60 53.18
7206-38 — 1601. 48 1332.84 268. 64 0.62 155. 81 49.59
1.204-17 3.23 1598. 89 1328.47 270. 42 0. 69 149. 35 53.82
1204-34 3.50 1599. 54 1330. 15 269. 39 0. 67 148. 37 52.53
1.205-20 3.25 1 602. 45 1333.18 269. 28 0. 60 160. 88 48.61
1.205-26 3.37 1597.92 1329. 14 268.78 0. 65 170.95 55. 13
1.207-30 3.11 1598. 57 1335.53 263.03 0. 60 193.35 59. 35
1.207-32 3.05 1597. 59 1334.19 263. 41 0. 61 197. 42 59. 04
1207-36 3.07 1597.92 1333.85 264. 07 0. 61 193. 00 59. 68
N213-14 3.14 1599. 86 1330. 49 269. 38 0. 65 141.31 49.27
N213-17 3.32 1598. 89 1328.47 270. 42 0.71 146. 37 52.53
N216-7 3.77 1599. 54 1327.46 272. 08 0.70 139.27 51.55
N216-10 3.80 1601. 81 1331.50 270. 31 0. 69 150. 74 50. 89

W204H10-2-15 2. 84 1597.92 1333.85 264. 07 0. 62 199. 43 60. 98

W204H10-2-23 2.86 1597. 59 1335.87 261.73 0. 63 200. 11 64. 89
H203-4 3.17 1597.92 1329. 48 268. 44 0. 64 176. 66 57.41
W201-2 2.58 1595.97 1 346. 62 249. 36 0. 61 — 75.31
W201-3 2.43 1.596. 30 1342.59 253.71 0. 61 — 70. 74
W202-1 3.18 1 600. 51 1333.18 267. 33 0. 63 206. 09 60. 82
W202-2 2.90 1 598. 89 1339. 90 258. 99 0. 59 203. 46 62.93
W213-1 3.02 1598. 24 1336. 21 262. 04 0. 63 196. 70 60. 98
W211-2 2.93 1599. 86 1333.52 266. 35 0. 60 184. 37 55.45
N222-1 4.65 1 598. 89 1337.89 261.01 0. 96 100. 83 55.77
N222-4 4.28 1598.57 1335. 87 262.70 0.91 114. 98 57.08
N215-1 3.27 1601.48 1329. 81 271. 67 0. 65 143. 34 48.62
R203-1 3.55 1601. 81 1331.16 270. 65 0.62 159. 81 50. 57

1B —" T

(K 7d) 2R A AR O WE T s 8 115 GR i RIZIRBERLI 3R, %,

AT, A5 80 P Z [ 4554 X (RP=0. 90) :
I,/1, = 0.308 2GR, — 0.4508 (5)
KL/ DR GUERIE R L, JCHE N s GR, AR KL
AR AR K ARBEDLT ., %,
Z AR () A (3), LA RBS F 11, g [A] AR
i, RYAT AR 2058 T R ol AR SHE AR TS 1Y GR, 5 EqR,
1 B B B A
EqR, = 0.75GR,, + 0. 64(GR,, < 3.5%)  (6)
EgR, = 0.36GR,, + 2.23(GR,, > 3.5%)  (7)
K EqR, ARG AR U 28, % GR, R ARRDIRZE A4

ZOTRIEBE T SR — S8 AR AR DU P 5 () A
FE T RE ARG 0 b 1 FH A -2 BB B T o AR B
AR B S A DU PO BT . R T i
AU SR EETE S HE Ry b ) AR 2 d oy B B
RS TR T 58 A 2% B VAORIBRE T 1A 26 12 o B 1) 4
AL B2 S T BN AP REAE TR 6 T AR AL
R R A T I A R B R 2 v T
-3 BB B, 28 3K (6) 75 A 1~ 1 2 B B A K
B PEATY 5 BAE A5 IR SE rh it — 2 R 5 4
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Fig. 7 Plots of random reflectance versus Raman spectroscopic parameters for different types of organic matter
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