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Abstract: In order to evaluate the thermal evolution degree of organic matter of Lower Paleozoic shale in South China and discuss
its relationship with shale gas, gas chromatography-mass spectrometry analysis of aromatic compounds in 20 shale samples
collected from 6 investigation wells and 3 outcrop profiles in the Central Yangtze region was made, and 6 samples representing
different regions were determined by laser Raman spectroscopy. The results show that the parameters of Raman D and G bands
can be used to calculate the maturity of organic matter from over-maturity to spheroidal graphite stage. The sub-bands of D band
contain important information of aromatics content. The strength of D, sub-band, which is related to aromatics content, decreases
with the increase of thermal evolution degree of organic matter. The evolution regularities of phenanthrene series compounds and
dibenzothiophene series compounds are remarkable in the range of p,R,=2.73%—4.67%. Although the formula for maturity of

methylphenanthrene is no longer applicable in this stage, the parameter F; which characterizes the relative content of 3-MP -+ 2-MP
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is still a good maturity index of organic matter. F1 gradually increases to about 0.74(R,=3%) firstly, and then decreases with the

increase of maturity at the over-maturity stage. The parameters of dibenzothiophene compounds, 2,4-/1,4-DMDBT and 4,6-/1,4-

DMDBT, increase with maturity at the over-maturity stage. When the two ratios are 2 and 4.5 respectively, the Raman reflectance

value of shale is gnR,=4%. The isomerization and demethylation of aromatic hydrocarbon series compounds occur with the

increase of thermal evolution degree of organic matter in the over-mature stage, which has a good coupling effect with the change of

specific surface area of organic matter and a good correlation with analytical gas about investigation wells. The characteristics of

aromatic hydrocarbon compounds have important indicative significance for shale gas generation at the over-mature stage, and can

be used as an effective index for shale gas exploration in over-mature areas of Lower Paleozoic in South China.
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0 5lH

T I AT AL 0T B A R B R DA O T
BBz — RESAEIIKR IS FLERET
EEER a2 BN~ Nk 0k NN S i N
X35 03 A HL T AR B PR AN AR L T AR B R
MEBE BT Rk S b R A5 A A I A
SN N bl 1 S D NEY. /A=
(F B 75 M BRE,1988; 1 Bt WT4E,1991; Wang er
al., 2009) K [ #4815 TUA A DL LA s HaX 2K 5
B T B 2 IR IR AR SRR AR SOAS [R) AR
O 2 1 BT 22 S R A% 1) S M Y R B BOAS [ A O A
B 6T [] — DX 3l F 00 7 5 SR R A K 25 S LA
K FH W 7 8 00U R b 1 PL 2 015 S H0T 58
B 3% W0 & e IT 9N AT (Liu ez al., 2012 ; Sauerer et
al., 2017) ; I J1 71 58 B2 TORBUE Hp ity A2 W) B4
1b 2 B PFH (Roger et al., 2017) . 3% F 7 ik H A7 B
FEMR A A 3 s (A A7 e — 26 5 B BB, G [a] —
Hh BT RE AN [A) 2 A BT Y = T AR R —
2 5 (8157 45, 2012) , D U R I = 25 1 D'l i) 451 4
Wil & O RE B 1Y 20 & A A B AB 4 (Ferrari et al.
2006 ) ; 3k S e g fiff 75 R0 2 9 28 AN 2% 5 RS [
S5 3 AN e 22 1) 8 22 00 T R ik 46 R 0 &R gk
T 25 . 53 Ah P8 6 ik T AT AL BT R B Ok i R
A N7 R L 3 A T R G — R 2E AR E R R
M3 5 5 4% g2y 2 45 6 i ] .

AR S Bl - KRR RIS
S A A AL BT B B DT R B B S DR )
By BRI T L AT AL A B 2% (B R L AR 452K
FE i rp 3t 3 A7 FE 0 REAE TR L 5 R 2Rk
B B HRE o R Y A A R TR R TR e AR
Y Ut #1 34 55 (Bouloubassi and Saliot, 1993) . % J&
43 Mt (Mohtar ez al., 2018) . B2 B PF )y (Radke ez
al., 1982; Chakhmakhchev er al., 1997; Wood

and Hazra, 2017) il K iz # /R B (£ 2o 55,
2005) 45 J7 1 A 1 B4R A DRt xR O
TR 1R 3k B A DA A AL T R B BE D A ), D5 kR
b G ) 2 B0 3 B0 R A ol L AT il R 1 AR

1 SR TS 5

ARSI R AR B4 30 1508 5T B il 2 A T Tl X
PR R R AN IR] (6 11 b T 9 A K 2 F b i
FTET B 1A 3 0 1R A AE B o MR ) 8 AR A B O
1%l B 0 TR 5 L A O R 22 4 R S RE 8 1 L RE R
A LT DX Il b S5 9 A v Y A ) M R A L JE A L
R, ) — B ARE il ST BE 3 AL 45 IR X e JE R
BUABE LR A AT R K B R A e A el K
ARERCA Z B 3 m Z WA A- B i 41 ORI 4D 5 38
B AR TUAR A BB L T R 2 B 1 m Z N
e B4 W AR R R AR M A T E B
A A AR AR A X 350 1L P AL R (X e T 2
[ {82 P DX CPRL 1), AELAS [R]A9F 5 2 i ) i S0 2 R AT
TE—5E 22 5% AR UHRE dh 2 5 R 8 i b 44 (OF 44 ) —
WIREHAT S — R ST A wE

2 K07 kS &

W 30 74U U 7 B M B 2= 100 H S 2% [ R
2 B b 55 Hb R ) BATE 5 T 2% M 9 A8 TR BE A
O HEAT J5 A B SR 3BT .10 148 3 BB O B
PR il 452 4y 7 S R T AR (35 0 BT T SR, B30 o R
FH .20 {4 B i 1E AT 72 h 3R B3 i S K 4 2 9 B
138 — FRA% 2 B CRE & YD, -€ -1 R 3 32 9 S 05
Wit A" L, o A ACES /R AR VR AT AL 5y o
FHIE %6 IE C ke /S H Be TR A 9 57 B HR 1 ok st
TS D7 ke RAR KR 2 43 s 0 D5 KR R AT €40 B A
Br JEBCIE R G R IF Emy R AL A R
P e X HE 5 iR R S S R AT TR U JE &R



%11 TR

TP RRRIE T U SRR 3707

FLHIF(S)
B & ehusite)
o F A

 EAIHe)

WK1 (o)

* IB(Z) o
Eﬁ EANA N
EE L ok
Eﬁ?‘ﬁﬁ ] 3 ()
%5k 7 1029 (e)
o i o 17 PH
Lo 1t m
[©)]# 2 m 4%
o MM
oW MO
i B 200 km

B RSB M e
Fig. 1 Sample location map
G ORI Ey RN G W R R B 2 A
it KAk AR Al AR i R A AR R AR
105 IR G W 2808 S A0 I AT U G A&
WS HH ) .GC-MS R M % 5 B Al (Agi-
lent) il 1 AR €,38% — BT 6 AL, GC RS2 Agi-
lent 6890; {4 1% 43 M7 4% 1 : DB-5 & 41 & # (50 m X
0.25 mmX0.25 m) , FELHIE M 80 °C, A 3 °C/min F&
JF I 22 300 °C, 2R AE 5E y 20 min, #FRE R EE N
300 °C,#HANAR, BAW N 1. 2 mL / min. 7%
SrHT S LB 5 N ELL BB RE R 70 eV, B T
PRI B R 230 °C, GC-MS 22 [ i B ok 280 °C; fifi
F[E NISTOS. L% A . 4l €0 33% 43 A 20 L L BEHL 6 1 g
AR & R[] 4 s i Ak DX ) ) R 256 I R 2 (R
PO H 3 5 ARG IR O S AT 2O
TE . B A S R 4 A Bl B OO B 2 Y
(HORIBA-JY ) s & 4 A7 1 32 225050 7% 14 - [ AR 3
J6 7% 4 532 nm/30~50 mW , #4O% fig & =k D1-
D2, JE R 1800 £k , 4 5 £ £+ 41 -y 100~300 pm,
Mt 4 S 100 m, WU 42 5% Sl X 50~ X100, B S I}
] 2 10~40 s, 9 4 i #4048 Bl 100~4 000 cm', H
Fif VR 2 A 1 I RObs S . A B 45 SR i 20l
SR TR R AR e 1) 1% 11 43 B

3 Dalal R

3.1 HENXRIESH
N6 A~ AN [R] 78 b DX 3807 356 A A AE 1 340 em ™!

1590 em 'R IE XY BB WA TR BRI
HOfE 1340 em BT A9 D WA AR Ry — AN g dE AT 1T
LR IR 2O S B R 1.

FIH Liu ez al.(2012) 42 H 9 A AT B R &
P, A7 5 BRI T LZ-C ol 1 B B I iy i AR 1 4
HHD 5 RE S YD5-€sh-1 BRL 8 154 5 5 R AR
H BB oy Bl 1 5 U 1L [ R Y 2 AR SO R
B BCE E S A A AR A A i XPN-
En 172685 cm "MEFHRN _RKfiz2ikD 5
FE i XXD2-€n-1 1YW 5 L6 DA/Gh 453, {H I ] B
B & /N (i 245.68 98 /N & 233.4) . Liu et al.(2012)
2 R R % =1.165 94 (DA/GR) + 2.758 8 E
AN G AT AT
32 BESHEFERUAVHBIES EER
RESH

M kX 20 5 R b O R AR A P 0 3 — BT o)
B, =335 R R 3E R .25 R VB R K S
RYVERA N R R K 5 9 D5 @ b i 28 R 5
R R G MACA DR sk th X T e 5 2R R 514k
G — MBI ORIE TREAE®EMY A X
(Radke, 1988) ; B8 21 J5 J2 9¢ B (v A6 R I 9% AN
I BB AE R B S PR L (FBE R A b R
JE ST, K T D 7R BIL T AR b R A
1R A 5 0 L i DR R, L AR A R X 2 R A F
b & W .ok 1 5 (2018) fie 3l £ 4 rhoot il AR B Ik
2 T Y AROBE A0 S 56 v & B SE R G0k A I R
BB BLWE A o o7 AR FE ) B A7 BRUAR 5 19 5% Ak, ) B
KA IR, RIS E A e E RIML AW E R
i R B Y A ] PE 4 Chanyshev ez al.(2015) i
b X 22 B0 05 Y e IR AU L 5 N R B K 4 07 R
TE 600~700 “CH:A 28 4 i, X 5 A Wil i v
LA B B O K R WA R AR T A R
M AE R 50 R 2R JF ey RANL A, % 2286 B )
SSRGS, W 2.

iHie

41 HEBRAEEBESWFERMAERER
BOARTER B E s T 5B 0 A HLR 2
JE I R D A 0 A B SRR G gy
KR EIFE AKX (Liv et al., 2012; Henry et al.,
2018; Wilkins ez al., 2018) ;(H AR Z W% B & W/~
KB T 1340 cm bRy HE D IR — N E = LT
B ok A1 KE A BL 7 80CE 8 A (Sadezky et al.,

4



3708 HIERRL2E  http://www.earth-science.net

o544 3

®1 HERNEEXESHRITERSE

Table 1 Raman spectral parameters and calculated reflectance for samples

- _— AR A4 - . p— U 1] 3 ARCNIE T
(em™) (G-D) (%)
D 1339.72 25907.80 166.830 0 1.80E+06
L.7-Clz-1 G 1599.24 39 319.10 55.610 0 926 298 259.52 2.73
D’
D 1337.76 31 831.00 227.260 0 3012 300
YD5-€,5h-1 G 1598.80 44 359.00 61.420 0 1160 220 261.04 2.82
D’ / / / /
D 1331.62 29 028.00 165.830 0 2.02E+06
YD4-€n-1 G 1601.87 38 762.00 49.140 0 812297 270.25 3.31
D’ / / / /
D 1 .334.69 45 475.00 135.124 0 2.59E+06
XZD1-Zsdy-1 G 1592.66 43 778.60 61.420 2 1.15E+06 257.97 3.97x
D
D 1340.83 42 464.70 79.846 2 1.44E+06
XXD2-€n-1 G 1586.51 25 881.40 79.846 2 878 014 245.68 4.67*
D
D 1346.97 40 254.40 55.278 1 9.48E-+05
XPN-€n-1 G 1580.37 26 715.40 49.136 0 5.60E-+05 233.40
D’ 2 685.93 9 890.30 85.987 8 359 078

A A Liu er al. (2012) 347 (5 % H R0 %6 =1.165 9h(DA/Gh)+2.758 8 8. (24 D &7 KT G IgmE) , Hi4y % H rncRo % =0.053

7d(G-D)—11.21.
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Table 2 Main parameters of phenanthrene series and dibenzothiophene series compounds for samples

B 4 MPR-1 MPR-2 MPI-l DMP  FI R, MDR MDR-1 MDR-23 MDR-4 24/14 46/14 R,
LZ-Clz-4 2.40 0.67 0.75 0.54 0.62 1.85 5.97 0.28 0.94 1.66 1.36 2.80 1.38
LZ-Cylz-3 3.11 0.83 1.25 0.67 0.69 1.55 13.38 0.18 1.42 2.35 1.19 2.26 1.59
LZ-Cilz-2 3.83 0.74 2.04 0.76 0.72 1.08 19.43 0.32 3.66 6.15 1.55 241 1.69
LZ-Cylz-1 4.07 0.70 2.11 0.74 0.73 1.03 19.76 0.30 3.83 5.98 1.68 2.56 1.70
YD1-S,/-2 2.57 0.65 0.82 1.45 0.64 1.81 6.00 0.18 0.61 1.07 1.30 2.26 1.38
YD1-S,/-1 2.77 0.85 1.15 1.64 0.69 1.61 8.05 0.22 1.16 1.78 1.37 2.73 1.46
YD5-€5h-2 2.92 0.85 0.80 1.42 0.70 1.82 4.09 0.14 0.50 0.56 1.21 2.35 1.28
YD5-€5h-1 3.33 0.86 0.81 1.65 0.72 1.81 3.77 0.11 0.40 0.40 1.45 2.16 1.26
YD2-€5h-2 3.94 0.76 0.40 1.73 0.74 2.06 5.83 0.03 0.11 0.19 1.11 2.21 1.37
YD2-€5h-1 3.54 0.90 0.75 1.56 0.74 1.85 12.07 0.07 0.46 0.84 1.64 3.18 1.57
YD4-€n-1 2.75 0.94 0.39 1.40 0.70 2.06 3.91 0.22 0.40 0.86 0.97 1.91 1.27
YD4-Z,/-1 2.02 0.76 0.50 1.26 0.60 2.00 8.70 0.14 0.63 1.25 1.21 2.65 1.48
XZD1-€n-1 2.02 0.62 0.51 1.33 0.58 2.00 18.47 0.08 0.69 1.42 1.76 4.14 1.68
XZD1-Z,dy-1 1.93 0.53 0.23 1.10 0.55 2.16 9.60 0.15 0.63 1.48 2.03 4.56 1.51
YL-Z,/-2 1.58 0.87 0.96 1.28 0.55 1.72 2.48 1.13 1.79 2.80 1.09 2.19 1.15
YL-Z,/-1 1.90 0.86 1.00 1.32 0.59 1.70 6.11 0.71 3.46 4.31 1.58 2.74 1.39
XXD2-€n-2 1.32 0.75 0.45 1.25 0.50 2.03 14.22 0.11 0.73 1.62 2.83 6.73 1.61
XXD2-&n-1 2.42 0.54 0.47 1.57 0.59 2.02 13.26 0.11 0.63 1.41 2.21 5.18 1.59
XPN-€n-2 1.74 0.68 0.32 1.26 0.54 2.11 2.50 0.23 0.30 0.56 / / 1.15
XPN-€n-1 / / 1.22 / 0.88 1.57 4.48 0.13 0.35 0.56 / / 1.30

1 : MPR-1=1-MP/P;MPR-2=2-MP/P;MPI-1=1.5X (3-MP+2-MP)/(P+1-MP+9-MP);DMP=[(3,5+2,6)-DMP-+2,7-DMPJ/[(2,
10+1,3+3,10+3,9)-DMP+(1,6+2,9+2,5)]; F1=(3-MP-+2-MP)/(3-MP+2-MP+9-MP+ 1-MP);MDR=4-DBT/1-DBT;R,=—0. 6 X

MPI-1+42.3;R.,=—0. 266 3 X In(MDR)+0.903 4.

I3 A FRAE 5 Radke e al.(1982) Fil Radke (1988) T #f
FERE S AETE B K 2% 5, Radke er al.(1982) #i B 3L
TEBTHEST W RAE AR FEL TN ELT A
WFRMEERINE Y S EEE IFEZ
J& (Radke, 1988) Y58 i 2 3] 17 A LB S AL Y
520, Boreham ez a/.(1988) %} Radke By 2~ 47 T
& IE, A5 H L SR T8 BT 5 n A B B e 1) 306 BT,
Wakeham ez al.(1980) Wk 75 N R 2 JE R 54L& )
54 YIRTIRY)A — 5 58 & AR SCRE R A IR R T EL
P THT LB 2 AN FE S A HIL TR 28 AL B AT 1T AR A B Ak
(B BAF,2018) , RN AT THITe A2t iy 17
AL . T RE T S 25 R R B A
Radke ez al.(1982) 1 L2 B 1T 58 280 SO ARE M4 1Y,
Az 45 (2012) A HY 3 S 48 80T 5000 79 35 0% 1L
Hb X L3 A T S S A O A R S R AL T 296 B
LMz SR EC & TFTAETRME,. XS
Hb T T SRR A AR S RS 5 XA
FTHRE S XZD1-Zody-1 W %5 25088 T AR 0 58 R (0 h
3.97% . [ Py 24 v AR 4 S ) 25 b R A A 3E R 514k

G W o A FEAE HESL T R N A4 BB AR A 3 (L
FAE,1992) IR EEFIHIEESET FIIEMPI-1 S
LPRE R E WG R AR T S — 5 F1
UM S EL F2. R SCRE SR R AL A 1 25 01 32 2
SRR A, KPP RIESHFL S W REIELE
MPR-1 E A7 ARG 0 A DG, LG B 48 v B o LA
XK A F15 MPR-18 (& 4a) ; 5 JEE € 51 1 &
GIAE & A, TSR AR & LZ-Cile-4 BJR A M LZ-
Cilz-1 W) FLE MK U3 I (3= 2) , T 32 7 0 15 5 Big [
) FE B R RS YD5-E5h-1.YD4-En-1,XZD1-
€1 19 FLAE WK YRl /IN , 33 ol Bl s 220 B85 3 o 46 4%
AH R A B AR I s T LR B W 7E F1=0.74
(R,=3 %0 BT ) B 305 PS8 P 66 1 R 3k S 4 1 T i
KA T R (F 4d) . P FESEUMPR-2 78 13 U By
BEVAT U S 0 B A (8] 4b) A 2R B0 )
FILAES 8 DMP (E A4 T B B A AIRME X, X 7T g &
BLZ AL g P ] W R E L MPR-1 5 F1
FEA LI A R T 3% BRI A7 85 B BE i) R 4F
LME O R KB A BT B B i B A A R
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