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P e VA PN A AR AR RIRIE, HAA LA A 520 K07 A I, AL g iis o
DRITFEIHA TGN TR ICE H I BA R . TUA A HLFLRR I TS FLBE 2 S8 1 B 2 R 7

FEARKAESE bt 70U A& R AN LRREE , (B PR B 5 A B R PR AR A A BE 1) 5 R T A7 A ML
ARG G TV TUE T B LR I AR AL LB I A AR AE A A HLALER B 5 Ok
FERFERINLEE, IR T AR R LA R TE T . PR TUE F I A IUR R & 5 ARl 5
JRAR MR AR SIS AR AL, RS R 4L R s 2 A By . AR
AL IR R R A A AR 7 T AN E], A HLILBR R R A= ST o TUA AP DLAL B G4 JR 2R LR R A
FLER, JaE R EERANLABEER, HR RS AR AL R R s DI 5, B A A [ R0 7 B AR
WMBET . AHURRBARRASE R E T IREAHALR IR TR, AR AILREE. 74K
ANFLRR s A7 4% ) 7 HARAFRESE o il VR A AR A3 AL A5 s 0 AR U S N A X S Al 2 73 BLR AR [
B EIRRE e > TR AR o AR AL R RAL SOu A LR AR TE R 78 7 25 B A LB
Wy ORML AL R TUA T R AL MERHL PR A HL AL SO TUA LR R GE DTk

REEE: Ve TUE: P BCANLET: iy Pastl: WBHAMT: APIALK
335 P58
Organic matter in shales: Types, thermal evolution, and organic pores
Bei Liu

Key Laboratory of Tectonics and Petroleum Resources of Ministry of Education, China University of
Geosciences, Wuhan, 430074

School of Earth Resources, China University of Geosciences, Wuhan, 430074

Abstract: Organic matter (OM) in mudstone/shales is the source of oil and gas, the organic petrographic
classification of which has not reached a consensus. Traditional coal petrological methods do not completely
apply to dispersed organic matter (DOM) in shales. OM-hosted pores are important constituents of the pore
system in shale reservoirs, and they, to a large degree, control the gas content and porosity of shales. However,
the origin of organic pores and their relationships with OM type and thermal maturity remain controversial.

This study systematically summarized the types of DOM in shales, thermal evolution of different types of OM,
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and factors controlling the formation and preservation of organic pores, and proposed the issues related to
DOM study and future research directions. DOM in shales can classified into five maceral groups: vitrinite,
inertinite, liptinite, zooclasts, and secondary organic matter, with each group consisting of multiple macerals.
Different macerals have different origins, and varying potential of hydrocarbon generation and development of
organic pores. Organic pores in shales can be primary or secondary, the latter of which is the dominant type.
Secondary organic pores occur in solid bitumen or pyrobitumen, and their development is related to thermal
maturation of oil-prone macerals. The development of secondary organic pores is controlled by OM type and
thermal maturity, and their preservation depends on thermal maturity, OM content, mineralogical composition
of shales, and pore pressure. When conducting source rock evaluation, the hydrocarbon generation potential of
OM should be studied based on a good understanding of maceral types, composition, and their hydrocarbon
generation potential. In order to accurately assess the contribution of organic pores to the pore system of shale

reservoirs, the influence of OM type, content, and thermal maturity should be taken into consideration.

Key words: dispersed organic matter; shale; maceral; thermal evolution; solid bitumen; organic pores
05%

Yo TUE A LB AT A R ARSIV RIS, AR e TR B B2 2 RUAT AR 1 B A T R 48 Y
S5 2 ¥ (Tissot and Welte, 1984; Peters and Cassa, 1994; Passey et al., 2010; Jarvie, 2012a, 2012b;
Hackley and Cardott, 2016; Mastalerz et al., 2018; Liuet al., 2022). R4 H/C 1 O/C J& T EL B A 7 i

(Rock-Eval) [WEFEE (HD FIEIEE (O, AT LUK TUE A NS R 7 A A T BEAR LT (Peters
and Cassa, 1994), TANEAFITERIEAHIN RN, JEE. G ELATOME, "R IUE T h
MUE R 5> N £ Fh B4 4> (Potter etal., 1998; Stasiuk et al., 2002; Hackley and Cardott, 2016; Flores and
Sudrez-Ruiz, 2017; Mastalerz et al., 2018; Liu et al., 2022). AR¥E TGRS &I T EAR KA 5l 5 4
SFRFERI Sy B S AL S TSR R R 1Y TR T S AR A T e TR N T, AR s 1T
BT EAR A R b4, EEULERANE, B TERA R IR ZE, TEUESNTE, WNE
T R, IV R AREEA T AR ), F B AN E (Peters and Cassa, 1994; Liu et al.,
2019,2022). Bk, 538 TUS A BB R EY LL AN [F S RIS R A Ja 8 70 A0 B AL R I 5
TR VAN RO R B S Ak 2 R AE B B =

TUA A HLFLBR 2 T 6 2 LI R G0 0 8 Z2H i3 4 (Loucks et al., 2009, 2012; Schieber, 2010;
Mastalerz et al., 2013; Katz and Arango, 2018; l&#% /K45, 2021; Liu et al., 2022), EHIZETNEHESE.
R E R B BE D FFLERE (Ross and Bustin, 2009; Hao et al., 2013; FRIE#E%E, 2020; R4, 2020; Liu et al.,
2021). HHLFLBRIFLZE— /N T 1000 nm (Loucks et al., 2012), AL-FAHUF KD T 450 F AL N T
1 nm (Bousige et al., 2016) . A HLALBR— BN AR AEA N AE R H R B b 42 1) (Loucks et al.,
2012; Liu et al., 2017, 2022) . AN[FEZRBAAHLU I AEREE AR, GHILBRI K ERERAR. AHLHL
Bt )l AR — A A F 4l BB Ar BTG I DTS R I HEATLEE (Loucks et al., 2009, 2012; Schieber,
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2010,2013), HFEH RS T ITEABOX A HRER (Liuetal, 2017,2022), i&SAHLALERIRAER
A B AL AEAE G+

W TUE A BIEFE ORSCE A, 2020; 4054 HE4E, 2020; 484 REFI IR, 2021), TUE HAPLURA
Kefe JIAE MLALBR R B 12 R R DU SR R G R i (S A S A 2, B TN DA o oA HLs R
TR AR AT B Z RN I TS . ARSI H B RS SR TUA R AHUR IS, AFRKEE
WG AE R AT R AR AG R AE LA A HLALR B S5 ORAF RO B HLER . AR SO B3R o e TUE P 4 BOA
BT LA B A HLALBR AR, R B IR A VA A5 B i 2 RIS R .
1 R ITEFAHRRE

Terlah rBCANL R R MR IR B RS, EBNSAREEESL T ARKSETR

(Teichmiiller, 1986; 1 Wt W14 285, 1990; £ ©F455, 1993; X K45, 1995; Ix @ A%, 1998, 2012),
SR H AT IR R — B R R 2T bR BF H 8023 2877 R TUE TR A HLSTR - 5 AN R 7>
M. GUER. EBAR. RIS EAMAEA R, A RMA S HE S 2R RMA S (Potter
et al., 1998; Stasiuk et al., 2002; Hackley and Cardott,2016; Elores and Suarez-Ruiz, 2017; Mastalerz et al.,
2018; Liu et al., 2022). Hrfr, BEFUA. 5 BUAFISEAR R 0] 4y 5008 2 B 70 i R o B A — 3L
(ICCP, 1998, 2001; Pickel et al., 2017; fCHH &4, 2021a, 2021b, 2021¢), Me— KX HI7E T35 H i 74
(RAFEND 1EKE. HTRIUA H A KRR MBI, XM AR 2 5 A K =2
T BURE AR A HUR ARG — A B A IR LR OREE AT . SIS R S
FEAOFEEA. JUT REDWREE . AL LUE BRI 2E77 FoMHE (2 1.
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F 1 WEPEBMANSEFE (BIE Stasiuk et al., 2002; Mastalerz et al., 2018; Liu et al., 2022)

Table 1 Classification of macerals in shales (Modified from Stasiuk et al., 2002; Mastalerz et al., 2018;

Liu et al., 2022)

EAsH BE S £ FH# R TRHE
B £5 ¥ K Telinite
Jigt J5i 5 Wy A
Bk Collotelinite HFiAPERASER D, HEHRAER
B JRRE S A AN, RSB TE S 4y AR R A
Vitrinite Vitrodetrinite M, AiEE R BME S . TR LA EUBRDIR A AE T T 2k
Ji ST I A BRI, JInTARIEICCP System .
(111 % F-BE AR Collodetrinite 19948 5 1473 277 G4 73 tHAN TR F) S8 el 2
EipeR iGN Ao
Corpogelinite
B4R Gelinite
22 Jfi{& Fusinite
207 Ak
Semifusinite oo kR, GO T B B L
L S Funginite | gy oo iR o g gy | DT EOBBLRAEE T 5T 3
E ’ = ME X E o — 27N __
v e e 1 Wi N I B
Inertinite R Macrinite THEREES BB E’JJ\Z:T, \ A AR PEICCP CEb. BT L
System 1994‘%ﬁ{$ﬁ¥ﬁ%t”%tﬂ$ﬁég iﬂ%ﬂﬂﬁ@éﬂ:*ﬁmﬁﬁ ’?EX&
(IV BLTHEHR) 49IMA Secretinite SRS . LIRS L2 AR T E%Jﬁﬁggﬁj\ ’
PR T e R LS AR . N °
fekiAA Micrinite
T TR S A
Inertodetrinite
BERAK Alginite
JoE Ak FERAEH T HFENIESE
Amorphinite PRBEs TR SR EH
(Bituminit.e/amorph EEmEF IR, FATEE
HKhatk OUs 01 e ) T AT . R Kk
E il L . \ | R TR (R,
Liptinite Liptodetrinite | BM Taodh CURBHIRID % | 0ot g0y 25,
— AR S A TUA R W AR i Rl gy, 3
(g e | etV Sporinite | gsf i E AR B AL E U K
- S Cotmre | T AEBREA T2 ‘ ‘
AR P Cutinite T AT ERA, %k
. AR BE R T IUE 2
AHEIRIE Suberinite ool S8 A ARG
W FE/K Resinite YA, A E AR
—AFETEmEE (R,
AR I 0.8-1 oj/jf)i‘z)ﬁ o '
Chlorophyllinite R
4641 Graptolite LA 43 BOBURAR 77 7 T 90 2
HYRE - W S T LR
JUT 5 Chitinozoa | g in it de, HRSIRTTLUE TR | TSURES 2. azhm:
Zooclasts | 115l Scolecodonts | FVEVFI, BEBIR NIRRT B KA BN LT IR AL,
A5 583 AR FIE B AR X
 fLH Foram liners A
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EiRENYiNg AEEE (R, 0.8-1.0%) ZJ5, &-&ITHI
Solid bitumen BT EAR T A R A PR [l A< 900 7 R A 307 7 PR IR A IR
REFVR ARBL, AFRIMIE AL
HEN, B IMNMTERRICERE | TR FLERR A . K
Secondary I BENURBAL, EHAEATE R | SRR, B ERICE

Pyrobitumen PAPENG FHE A E AT E SR % 1.5%. XT | TRARBEX 7
HHAPL, IwFEN 1.3%.

ith Oil RAFE T A& A DLy T R AEAE

organic matter

1.1 8Ff& (Vitrinite)

BN UL v (0 5 AR B B s s SR AR, R IR R 2F 4 A A2 B IR AL T B (b AR
1996; Taylor et al., 1998) ., AT H (Ry) A T8RRI NE A R S 2 2 (0], 2w FH B el
fetr (Mukhopadhyay and Dow, 1994) . & TT 7 1 8% J5 7 i s s g iz ke, 81 b JHL 3 5 A 508
RORRAFAE T IUE R (& Do T HRAREAD, —BRARSHBLE . WRKIET, Sk

KEZEFZAE, SIS R . TUS P EURE— A B2, AHXHIAHTUS , EAHTUS
¢%E%ﬁ%ﬁ¢oMmmuaﬂ@m&@u$%A R A S BB, HRERUN, B FEHA
A [ R A o AR R, RS IE & R4 B 4y . EXF FER A S BRGE TS, Wi R 2
T, AR YE ICCP System 1994 Hi /i A 02877 % (1CCP, 1998; ACHHIESE, 2021a) K3 HAAS [ (1) 2 43l
Horo

B 1 TiE R E AR BRI, IR At 3£ Dllinois ZHL New Albany JU&, R, 0.55%
Fig. 1 Photomicrographs of vitrinite in reflected white light and oil immersion. New Albany Shale of the Illinois Basin, R, 0.55%

1.2 %64 (Inertinite)

[F) B8 AR —FF, JERIYE DA i B SR ok B BEVR S AR, AN R IR 2 e o A TTRR 2 I8 o 22
KA CEREEZR, 1996; Taylor et al., 1998). BEE 2 = RMA DA (BEFUA. HEBUAMSEARA)
W AR DT B ACRE BE RN SO e d e, HEARTCAEIR R ST BT, SRR DL A HORURL Y
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HAELE T TUEFE T, (RS T4 B R A Ml A iR g i (11 2D, FIRLE R e T X 4y
BERAARIE Btk . WIRIRIET, EREERAG, KBRS . BT
TARIN . LA 2 AR BRI A2 DU i WS T A . an SR U i Ak & b,

B LERRI B4y . WIRTUE e RS B8, ATRYE ICCP System 1994 1§54 72K 77
% (ICCP, 2001; AR HHIEAE 2021b) RIS A A 2H 5

B 2 TUAH s AR BRI A, iR Ot £ Ilinois @ik New Albany T, R, 0.55%
Fig. 2 Photomicrographs of inertinite in reflected white light and oil immersion. New Albany Shale of the Illinois Basin, R,
0.55%

1.3 M8k (Liptinite)

KRR R TUE H & B MR MAS A, BRETEARMNEETIRE . B 3R B@NRIAE
A PR R ALIE Dy TR AR 1T B M. S 2 =N B L SR 1 iR A SR g4k o,
FSHRIAR ) B it R (Pickel etal., 2017; fUHHIEZE 2021c). P TS TG T B G ERIK . BER
A CURRIIE R, FISEHRREIE & (32 1), Hesk A @SS EYm B sy, k. Mk, wig
PRIEVE TUE AN W, JCHRIEAHTUE . A TS e 4L (sapropelinite) SR 7 A — A~ RS>
AHCE T4, 1993), NN 1) R A 7 32 BN To i AR MR 2R 44

Rk B Ed R, BN MARE )1, Botryococcus, Tasmanites F Leiosphaeridia 3& e W+
iR LI E . U E Tasmanites fZE MW A0 8 47 76 T 1036 EIR A S TS 1, W llinois 7 H )
New Albany 15, Michigan Basin [¥] Antrim T1 %, Appalachian Basin 7% [¥] Ohio U1 5 A1 %25 Hb B 35 1
Chattanooga U1 %%, Williston 7% b ) Bakken U1 %5, A $5Em 11X 900 mg & / g B A HLBE (TOC)

(Vigran et al., 2008). AR BCABARBARS, BERAIEMIR KOG T R8I 6, £ T RESEROL
(B 3). B SATZRI3G N, BEIREEIZHINGR, %ML ERH T NE G, BEMBE, 7%k
0 L IR PR AR, B AAE R, 0.9% AR AT T, WOEIH e (WA 44250, 1991; Hackley et al.,
2017; Liu et al., 2019). HREEEAE I ORAERERE, BERIATT RS> NEE B RAE (telalginite) FEIREESR

A

\
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& (lamalginite) (Kus et al., 2017; Pickel et al., 2017; RIS, 2021c). 45 MBS AMRTR 12 25 IR A7 58
BIEE (B3, MERERAE R ZARAAM, PAT TEBm, 0 2RI, R IR
PR 2 T SRAR FE I A B P, LA SEAELLIR, SRR IS SRR, Bl AT E A (Teng
etal., 2021),

TosE AR (URRIITE B 8 K2 ST T UL %% 3 (135047 [ 5 2548 1) A2 43 (&1 45 Kus et all.,
2017; Teng et al., 2021), TERTUE - HWAALE. FAMRBIBTUE h &G KEMEANE REFITD,
MPHFA (bitiminite) S (bitumen) 75 RIE, KULEH F A E A (amorphinite) Ik I E
A MUK (amorphous organic matter) Ry 44 TUE P RATCE AR . o TR & A K LR Y6
FAk (Livetal, 2020a), IHCABEFNE P07 25 (mineral-bituminous groundmass). JGJE R4k H
W SR TR PR AR BT AR . VRIS A ZH TR (Kus et al., 2017; Teng et al., 2021). HRIEZOEME . REFE.
MgEty, LB g — S0 AL A (Thompson and Dembicki, 1986; Senftle et al., 1987;
Kus et al., 2017; Teng et al., 2021). Thompson and Dembicki (1986) A3 . 1 4h ¥ i) 22 T4 6 5 T A% R 4>
FIVUFHSEAY . Senftle et al. (1987) ARHE 560G J6 @ AR K 43 A9 6 TG TEAR  (fluoramorphinite) F19E
T E M (hebamorphinite). Teng et al. (2021) M4 55t 5 = 1K T8 52 FE AR K1) 43 AR B A 26 6 52 7
& (low-reflectance amorphous organic matter) FIHURAL TG € FEAR (micrinized amorphous organic matter).

NG R AR IR R T AR AE T IUE SR T, BB MO SRRl (B 4D, wIRE
K B BB PR AR o

A

B 3 TUAH AR BRI A, IR R EHE (A MR (B). 3EE Illinois 7 New Albany TU%, R, 0.55%
Fig. 3 Photomicrographs of alginite in reflected white light and oil immersion (A) and in fluorescence mode (B). New Albany

Shale of the Illinois Basin, R, 0.55%
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S i W B

Bl 4 AT EERAEME A, miRREDE (A f%t (B). 3£E Ilinois 753 New Albany T4, R, 0.55%
Fig. 4 Photomicrographs of amorphinite in reflected white light and oil immersion (A) and in fluorescence mode (B). New

Albany Shale of the Illinois Basin, R, 0.55%

1.4 BB (Zooclasts)

NPT TE K E RIS RE B o Ve DU ] DLRA I e sh ) E AR E A JLT R B, A
FLd (& 1o SRS A RIS UG, SETUARRRL (BARXN SRR EUIR. £ S BRI e TS
H, CHEFRZ R TUE T, PRI St % n] DR 5 5K S 2/ N il # BE 48 AR (Bertrand
and Héroux, 1987; Goodarzi and Norford, 1989; Bertrand, 1990; Petersen et al., 2013, 51 4nF[E U ) 1| & s
RS- T EE S TG R A TUA (Luo et al., 2017, 2020; FHESE 2019),

MR, SRS 2K R A6, SOAERE, BEEKR. SRR, EAREE
R, XTI (Luo et al., 20200, T, EATEARBBLEER B IEH (52, o ah BE 3¢
J6TH K. TERFEBAN B TSR, SR ATARE HOE SRR R X 4y, B LT B SR Kk 4
1 5 MBI SRR N BRI RHERS, IR HME 5B KIX 4 (Petersen et al., 2013; Liu et al.,
2020b), FE R e 8 5 M 3 H A € N B A B IR 1A (vitrinite-like particles) (Buchardt and
Lewan, 1990).,

wWww. earth—science. net
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B s TUA P e s B R, IR R (A B, DN T - e SRR A U0, S5 R8RS 5 3 BqR,
3.07%. (B) JLT H, 3£ Illinois M New Albany 1%, R, 0.79% (Liu et al., 2022), (C) Hi, InZ KvGdtith X
Ramparts 2. (D) HFLHE, LAY EH)Z. CHIDKHE Potter et al. (1998)

Fig. 5 Photomicrographs of zooclasts in reflected white light and oil immersion. (A) Graptolite. Wufeng-Longmaxi Shale of the
Sichuan Basin. Equivalent vitrinite reflectance EqR, 3.07%. (B) Chitinozoa. New Albany Shale of the Illinois Basin, R, 0.79%
(Liu et al., 2022). (C) Scolecodont. Ramparts Formation, Northwest Territories, Canada. (D) Foramnifera liners. Jurassic,

Switzerland. C 1 D from Potter et al. (1998)

1.5 REFHUF (Secondary organic matter)

YA WUT 2 A e B MR E R A FE P e fb ok 1), SR ER T WA (R Do &
s (R, 0.8-1.0%) ZJ5, BEMAWE BN TUA H FZEAHLET R (Hackley and Cardott, 2016;
Mastalerz et al., 2018; Liu et al., 2019, 2022; Sanei, 2020). HALHIEATLE &G WA A% E LK, ANET
AR e T, BIWT DL HUER] Cans i) S I A PR (Durand, 1980).

[ A 0 5 ELAE BT (pre-oil bitumen) FS I (post-oil bitumen) (Mastalerz et al., 2018)
RO FR IR A BT, AR B MU AT R, MR E RN FEME, W
A LA A (Mastalerz et al., 2018; Liu et al., 2019, 2022). K AHHUFR A& — AN ESL TR,
FEAE T R — A, RO R i AN E AR AR R P K T RE I AEE (Liu et al, 2019,

wWww. earth—science. net
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20220, XAANFERWEBNWME, LA BRI E . SAEE T B A A S50 5 TR
FRSAEL, BAENLER . WA RE T ERER: BT A EWEREE . NERTH
HUAR . HATAIRRE ST (Mastalerz et al., 2018). Mastalerz et al. (2018) Z5-& % [N FAFAE . AL 55
VEMAETE A B, g LS T AR U T 1 B I S B A [ 75 SO 6 1.5%, T T & B B,
Z FUE N 1.3%. Mastalerz et al. (2018) Hl Sanei (2020) R4 M4s T TUA T EAW T R . ALK
PIBERIAL 2 T

[ A 001 T FR) B AT 28 RV AR B O 38 — MR IEAH SRR R, TR L P SRR AE AN 85 B S5 AR g D F st
B R 75 AR % 55, 1988; Jacob, 1989; Landis and Castafio, 1995; Schoenherr et al., 2007; Hackley and
Cardott, 2016; {11z I&, 2016; Mastalerz et al., 2018; Liu et al., 2019; Schmidt et al., 2019; #4845, 2019; £
MEAE, 20200 KT, BUET T AAEZFEA, AR INT I S 1] F R RAE R . R
A RRAEA SN 28, AP U TR AR T R 0 oA I 7 BT A0 % 1) PR 7 (Mastalerz et
al., 2018). BIBTIHHE RIMA-FRETF, AR AES, ATLLHRRIE TS % (Landis and Castaiio,
1995); TCRLAL T 4/ NBURIZE AR, RIEHRE, SO EHEICT RIS & atthE SRS
), Xrht R, KRS Re S Rl 47 B0 74 56 (Stasiuk, 1997; Mastalerz et al., 2018). fohiALili &
FN % 10) S PRI AN IE A FH SRR AE T U

WR G, EARLE R RE FrlHE ) WRKOZEKE, B EsE, ek EhE—
EEKEEAG (K 6). TG, BRUGHIEE A5 SR 3 BRI [ A0 7 2008 (58641,
WIIE DI — A RPN A7 5 ZEAE A RURL [B) BOROE P 358, TR A A AR Tl B N G 2 ek
FEFA, EE S ASEAHME (Liuetal, 2019,2022), A4EILARRBEE T 5HEH» X 5.

wWww. earth—science. net
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B 6 T4 b AR T ARSI SO s IR SRS (A SRE BRI T . SRR ARSI, &
KEARAKITIE. 55 H linois 73 New Albany T %, R, 0.84%. (B) Al sl B B A7 . 3% E Illinois 753
New Albany T, R, 0.98%. (C) #HT ARSI B EMPIHE . 3£ E Ilinois % Hh New Albany T, R, 1.18%. (D)
TAREMNMENT. %[ Appalachian Z3h Marcellus T4, R,2.41%

Fig. 6 Photomicrographs of solid bitumen and pyrobitumen in reflected white light and oil immersion. (A) Pre-oil bitumen
transformed from alginate. Alginite can still be identified based on morphology, suggesting that significant hydrocarbon
generation has not started yet. New Albany Shale of the Illinois Basin, R, 0.84%. (A) Solid bitumen in the peak oil window. New
Albany Shale of the Illinois Basin, R, 0.98%. (C) Solid bitumen in the condensate-wet gas window. New Albany Shale of the
Illinois Basin, R, 1.18%. (D) Pyrobitumen in the dry gas window. Marcellus Shale of the Appalachian Basin, R, 2.41%

2 AR

AR RS RE AR, AR IWAAEER (H RS, 1990 . RIRKREREE R,
BRI SR B IR, e AR T AR 1 (1 BRI 4 223, 1991). #GEALIEFE, B4
P 0T AR RN BN D G 1) T SRR IR R R I B R Ak, AR I e IR DU R AT R U H X = B A
(Liu et al., 2022, TEARALERELE P TESRIER BN E# (Livetal., 2022), PAEERAK 4,
BERRTE AR B N Sl I O R A AT IhnE  BEE B BB, ik B R A i
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SRS MIE, EMEETRE NN ENT, FRIESETREN S RERAENE (K7,
Liu et al., 2022). FL, Q1R AR BOABUR B TUE G U LA B IR A £, AElislE (R, 0.8—
1.0%) ZJ5, TUA A HUE LA E 405 5 s8R 7 A3 (Hackley and Cardott, 2016; Mastalerz et al.,
2018; Liu et al., 2019, 2022), A=l Y35 FARAE & O E TUS HEEARAALELE . #l4n, & Appalachian 7
Hi ) Y8 75 %% Ohio 74+ A1 Illinois 7K VB 74t New Albany T, REEIAFI R, 1.0%Z )5, K
H Tasmanites I FERTEISAR AT 2, A SRE AP # (Ryder et al., 2013; Liu et al., 2019). =
JRAE TUA T, ) G D )1 Rk b B G- R B 4 A - TR A DU RS [ Appalachian 7
e 74t Marcellus TUE, AHUR EZELUENE N E. EREERZ, LEH- B DEHATUE TER
i FAE (Luo etal, 2016; FMEAE, 2019), FERELEHEEZB, AN AT REVER N FREFTTEAH
VU A A 1, S5 R A IR 3R A 4.0% LA o TEIE BB B, Bl AAEERE N, A S
EVERG SR, O ERIG, &R rEGaR, FW A S, SRR B R PR, R TS
AR CF R4, 2014) . R B ER B (R, >4.0%), FE% REAFEHEIN, A HUBR LR A H
PRERRES CERESE, 2019), XATREZH T AN T AR, 2 FamRammses, S5

AL (Livetal., 2022).
— - — wan

-

A A ESH

»
> »

Bl 7 $asEA R A AR B BT TE AL R 1S (R E Liu et al., 2022; 2% H Jarvie et al., 2007; Bernard and Horsfield, 2014;
Camp, 2016; Mastalerz et al., 2018)

Fig. 7 Evolutionary pathway of oil-prone organic matter during thermal maturation (From Liu et al., 2022; Modified from Jarvie

et al., 2007; Bernard and Horsfield, 2014; Camp, 2016; Mastalerz et al., 2018)

3ENIBRRE S5HA
TUE A ALALER (1 8) 2 A i )= FL B & 48 i 3 220 B 73 (Loucks et al., 2009, 2012;
Schieber, 2010; Curtis et al., 2012; Milliken et al., 2013; 5# /K4, 2021). H M Loucks et al. (2009) B Xk
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5 3% [H Fort Worth % Barnett Shale TU# A HLILBE LR, AHIFLBRITEE . K& RAEFIE b ik
ITT T ZMIERNHIHE T (Loucks et al., 2012; Katz and Arango, 2018; Liu et al., 2022). AHILEEFIRE
IR TAHUTTR B MR A, T AR T AN S B JUET WA RAIILIE Y] (Mastalerz et
al., 2013; Katz and Arango, 2018; FiF 5%, 2020; Cao et al,, 2021; Liu et al., 2022).
31 BHILRAE

HFAFRRBE YR A EE 1A E, BHFL R EREWRAAEZER (Katz and Arango, 2018; &
HAAE, 2019; Wu et al., 2020; Liu et al., 20220, A2 A BT 0134800 58 T ARTE B A 72 R i 4k
A E A EEE (B 7). BEE MRS, B E SEE P~ £ FLBR (Bernard et al.,
2012; Cardott et al., 2015; Liu et al., 2017, 2019, 2022). Bernard et al. (2012) iEBA B HLILIE EBER E T4
W H . Cardott et al. (2015) ££ Woodford U H & I [ 45 HH AR AE R B AKALRR . AR ELIEIE 105 F
W 28 T BET J— A E = 42 8] oA RS R A ML FLBR 4%, AN T LA o 0 1) FR e IR B e 0 A5 <
&, mHA RS ALBRE (Livetal, 2022). Ffi A HLTA0 S BN E LA BT A e ik, Hok
SURHEAE A AT 2 i R R I B B4k, A PR B HLALBR (Liv et al,, 2017), {HE)R

AR R B AL (FLR<2 nm), PABH RIS AESH REMHMIL (Tengetal., 2017; Liu et al., 2018),

X LE P FLAE R L T R . WS BUR BURAN R & RSB, EFTRE S A R AR FLER, X285 AR AL
Bk B A ZE R, B B AT R IR KN LB YK BN L CK (Liu et al, 2017,
20220, FIRERBIEAALT REA R S B FUARE Y, HIESURIEAE BB A I R AR BN, AR
e A DA AT AT R R . BT, Zi RS A HLLBR AN R E  (Ardakani et al., 2018;
Yang et al., 2020), HZIEFFRAEE AT KL T HHLFLEE (Luo et al., 2016; Ma et al., 2016; BEHREE, 2018;
Gong et al., 2020; [l /K4, 2021) 0 ZPIREJE A HLFLBR K R R B 0T DA FLBR R G DTk A frR A
e,

RAEA HUALBR = MA@ R A LT A R R HE R I R o 7= A 1, DR b 28 i B 0 TR A A LA LB B
BHEXEE (Loucks et al; 2009, 2012; Schieber, 2010; Bernard et al., 2012; Curtis et al., 2012; Mastalerz et
al., 2013, 2018; Liu et al., 2017, 2022; Katz and Arango, 2018; P-E#%%, 2020). — BN A HLFLERIT 46 &
B FABFAE N R, 0.6% (Loucks et al. 2012), HANFLIR I K E T2 LR A FI3G At AERE
WA HLALB AR A s, ERBERAHRA: (D ESEN, AR AERFIHE EA R T4
BAHALER: (2D A b & W A 3 7RO R A HLALRR, AL AR S0 (Liu et al.,
2019, 2022).

3.2 HHILRRRAE

ANFLBRIE B 5 BE TS A R RAT & TUE SBGBUKI OC8E . DU A LB &5 &0 A L LB IR PR A7 L

FHiHIEH (Katz and Arango, 2018; Liu et al., 2022). AHUFR & & & TUA B ERAR, ERLdfEdA
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FLFLBR 2 G B3k . Milliken et al. (2013) XFH T Marcellus T4 5 TOC & TOC FEfh, KB B 5E
T, B TOC TUEIANFLE R, AT R TOC TUESD T EskMHUMUE SS/ERH, MR T AL
FLER . TUA P24 4 R RE S A HLFLBR PR AT o & 25 R A R DR R AT BRI 6 s 45 0 1) D2 e P e v
A LG R AR 7 A HLFLBR  (Fishman et al., 2012; Zhao et al., 2017; Dong and Harris, 2020; Knapp et al.,
2020; Qiu et al., 2020, TS W& &4 = I TUE BT BEEEEUR, A HLFLRRAE S 72 v 25 Z) i iR
(Fishman et al., 2012).

AR A FLBR S A HLALBR IR A7 0 E 2 (555, 2020; Cao et al., 2021) . FLEEHEEXT
U S B IR, AT RAORIFSLBRITIG ORAEAMLALER . Ei 555 (2020) RIL, BEE K REH
BEAG, A HLFLBRE e B WAL AR S . RSP BN R, FLAR B E0E 99K B ROK RN 2=/ T 50
nm. JURAFEEE IR Z R AREMZ, WY )75 U X 2 ) R ECN 1.55 (R RE AN
SRR, 2014), TURSUTERE, R 5BEREGHFLBRE T (EifiE4%, 2020; Cao etal., 2021),
TUA HE R T B Mg T HZKTHE . R Bk, BHURAERSE R CUEmeE,
2016).

HV Mag 'Det| WD 2 2 HV Mag |Dett WD |Pressure 7/7/2021 File —500.0nm—
15.0 kV[19740x LFD[10.3 mm M SH 25_071.1if* 15.0 kV 86108x|LFD 10.3 mm| 70.0 P: 8 PM SH 25 073.tif*

HY  Mag |Det WD |Pressure| 7/7/2021 File - 5.0um HV Mag Det| WD |Pre: 021 File —500.0nm—
15.0 kV 9870x/LFD'11.3 mm 70.0 Pa |3:48:15 PM SH 25 101 .tif* 15.0 kV[86108x LFD/11.2 mm| 70. 8 PM SH 25 105.tif*
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K 8 TUA T A HLALBR SR B e o DU it T - e iR A U0 S5 008E AR SUt 2% EqR, 3.07%
Fig. 8 SEM images of organic matter-hosted pores in shales. Wufeng-Longmaxi Shale of the Sichuan Basin. Equivalent vitrinite

reflectance EqR, 3.07%
4 FERB RS EP R H

PERH AR A M RGBT, RIUE h 2 BUE VR C AT T T Z MR AR, (5
MAFIEEZ FE. 556, RICEHaBCE VTR RIS AE R, 2R Ve H k) 5y — A
T o A i, VR 4H R AR RN T e T AR, T [ B b — Atk 9 o 2 B 2 ) 4 3126
fEfAH (Pickel et al., 2017; Mastalerz et al., 2018; Liu et al., 2022). &, WHFHE K (bitiminite) 5 [E £
WiHE (solid bitumen) 75 IRWE . Wit KNG BARAL Sy, &I A 20 G T B AR F2 1l T 3l A 30
AR A A sy, RAH BN AR B 7= (Mastalerz et al., 2018). SRJ5, [E A5 FI£E
W BET AR AR B DL AR, SORT DR A AR, T AR ALE N B 2 R A s, R
MEHRE . SR BT AN A R O U R R, 2008, Gl ) 95 7 RER D
T G 2 1 J5 R 2 S5 AR AE X 40 A 1R 4953 R Y5 R AR [RD s R B P 30 75 LA B 301 75 Bl IR Sk JEC 47 B A 2

JRUA K AL G R A AR A FrR AW T e, A HLLER TUA 2 T EE I FLRE A, K.

RAEFBIR D& HT T KBV (Loucks et al;2012; Milliken et al., 2013; Katz and Arango, 2018; Liu et
al., 2022). A HLFLBR R AE 3 ELE 3 BB AT Ar B 0% 10 TS R IEHT WLEEAUE L N, f1 CO, TR
Bf oA DU TR R AL AL SR, 398 BB BB O VA I FLAE < 5 nm FOFLER, 1Ay HATH R A 7L IX
BRI, ToikE BRALAHIFLET . EAR Ny Al CO, MR AT LR AE 4 B A3 MR (A FLER S5 4, (HE
R T A MR A A 78 & BRI S0, PR EANBURA 2. BRAGI S
(CrCly) (Acholla and Orr, 1993) AbHEELE 5 85 (French et al., 20200 1J LU 2 BR BB 504
(French et al., 20200, VO 5> BA PR AEZ AT HEAT TOC 7347, JiEs BEA N IAEEE, Wil or &
AR EHEEZT W, RV FLRAE 8 R TR IE. EATERNE, TOC &&IFAET AR
T, FOVAENTIES AN S, 0% 5iF. 1M RGNS ILIR A —Em, Hlin
515 B T AN AN R TR, (XGPS 71 45 R AR LBR S5 M R s e i AN E A, R
B BRI
5 4575

P TUE 4 BCE HUR AT XA S AN B A Belik. B RR. RIRE. s fRaEs
UL, A R H XS 2 A A I . DUS TCH R TUA B BUARAT S o 1 & B b HoRL
BRUN, AEEGRI B . T8 UARRE PR S BEGE TS, ERMZETUE, A% ICCP
System 1994 53 Jif /4RI J5 44 73 2 77 S5 o RS RN R A 4y DU R i LI 2R IR B 3E e e T (XL
PRI AR« R ARG 1k

AR RARZE 3 R AN E] AR I A WL R B R AR 38 2 e o A B 4 23 T g Ak
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