AR 202346 8 J1 48 8 455 4 0): 373390 I.'@ PAT ST ICK Y
[~

Petroleum Science Bulletin

R IR A G R B SRR U i

R, KA, KR, Gk, A, TORBE, TRARIE, 24, B, R,
x5

1 EAIEEE 25 Be, LAt 100083

2 W EA I AR Z SR, JhsT 100083

3 P E A IR T Z W B SO B+ TAE=, dba 100083
* M fEVEE , zrk@petrochina.com.cn

e H 39 : 2023-05-28
5 A SRR 5410 H (U22B6004) . [EIF H SAFF 54 T K5 H (42090020) B4 77 1)

% BT LT -2 HIOR, AHNHREREAED RS, MO a, #Edai. BEREH,
RARGHETFRNEERATRT EEHR, HE2022 5K, TamEA, #6 . FOU= R R =5 4 10t
2022 £ EE 318 Tt WA MBI BT AMIRT — A7\ 2, QUH T A AL R £ B AT 5 A AL A e 5L
B BERMEAR, TUEHRARS G SN, REIS G IFMRE T 8 LRMAPFBA, HAEai#HR
T AR LRMREK; EARARG AN E RIE, BHETEXEEM A6 X, EAEENEHE
M. TamE EVERRT —RFIFRAR, 5T ELRXEREBFIFNAR. HLRTBFEE &AM, 64
B FUNEN . TREFHFN . 2o WEGRS KM EFTN, SESHFIEESHTM. &7k
BA TN AFHBEHREIFN . EEE (B E)EEIFNERA, HHS B, ENEwEERLT. #AXMKT
. OKFHIE, MEFATERE T TR T ERE T EE LT WA BR3[BT AR
WERETF K ERMAMEIGE SR, SAALLHFONARXNEGHRE R, B FERI BT Rt E BRI
R, WEE/BR/IAEMEGRERIVETR, WESFRZRARE, LIS R F 5

Kelia]l B TR AHRRE; HERM; AWml; FEIE

Advances in theory and technology of non-marine shale oil exploration
in China

ZHAO Wenzhi', ZHU Rukai'?, LIU Wei'?, BAI Bin', WU Songtao'?, BIAN Congsheng'”,

ZHANG lJingya', LIU Chang', LI Yongxin'?, LU Minghui', LIU Zhonghua', DONG Jin'”

1 PetroChina Research Institute of Petroleum Exploration & Development, Beijing 100083,China

2 Key Laboratory of Petroleum and Gas Reservoirs, PetroChina, Beijing 100083,China

3 Zhao Wenzhi Academician's work station, PetroChina Research Institute of Petroleum Exploration & Development, Beijing
100083, China

SIS WSO, ARAnEL, XU, Foat, SepvE, S M, SIUEHE, XIM%, 220G, I, XIEAe, B2 . h EIREA DU RS S BRI .
AMEREIE L, 2023, 04: 373-390
ZHAO Wenzhi, ZHU Rukai, LIU Wei, BAI Bin, WU Songtao, BIAN Congsheng, ZHANG Jingya, LIU Chang, LI Yongxin, LU Minghui,
LIU Zhonghua, DONG Jin. Advances in theory and technology of non-marine shale oil exploration in China. Petroleum Science Bulletin,
2023, 04: 373-390. doi: 10.3969/j.issn.2096-1693.2023.04.029

©2016—2023 FEAHRZ: (ALY IR A BA F www.cup.edu.cn/sykxtb



374 Rk FER 2023 4E 8 A S8 EEE 41

Abstract Non-marine shale oil is a new frontier. Recent exploration practices have made significant progress in different shale
formations including in the Ordos Basin, Songliao Basin, Bohai Bay Basin, Junggar Basin, and Qaidam Basin. At the end of
2022, the geological reserves of shale oil, including the proven, controlled, and predicted reserves, reached 44x10° t, and the
production in 2022 was 318 x10* t. The exploration theory and technology of shale oil have also made a series of advances, such
as innovating shale experimental testing and analysis technologies including organic matter type analysis and organic matter
generation and expulsion experiments, reservoir characterization technology, shale oil occurrence state and oil content analysis,
and pressure maintaining coring and on-site testing. These technologies can basically meet the requirements of shale oil related
experimental testing. A series of new understandings has been obtained in the aspects of fine-grained sedimentation and organic
matter enrichment mechanisms, terrestrial shale laminated structure and combination types, pore and fracture structure and
storage capacity in reservoirs, and shale oil enrichment mechanisms, which guided the research on evaluation of selected areas
and zones in the key areas of shale oil. Technologies such as logging evaluation of hydrocarbon source rock quality, reservoir
quality, and engineering quality, analysis and quantitative prediction of rock physical sensitive parameters, multi-task learning
of reservoir parameter prediction, anisotropic stress prediction, seismic geological orientation evaluation of horizontal wells, and
comprehensive evaluation of enrichment layers (“sweet spots”) have been developed and promoted. This provides important and
all-cycle technical support for shale oil reserves submission, sweet spot area selection, horizontal well deployment, and direction-
al drilling warning and engineering retrofit after drilling completion. However, large-scale exploration and efficient development
of non-marine shale oil still face many challenges. It is necessary to establish new research content and priorities, especially
to upgrade research precision and strengthen microscopic research, solid/liquid/gas multiphase and multi-field coupling flow
mechanism research, and interdisciplinary research, in order to establish a new discipline of shale oil accumulation.

Keywords
property; enrichment mechanism

non-marine shale oil; hydrocarbon generation and expulsion efficiency; reservoir characterization; oil-bearing

doi: 10.3969/].issn.2096-1693.2023.04.029

0 515

IGSTRAERFELBOCIR R, S EEAH DTS T )
I RAEAR M0 S0 T 85 X% g, B 2000 45 2
2022 4F, [ GUAME Bk 32 12t, TR
A7 B K 2009 4F 1) 11.8% 38 K 28 2022 4E (1) 70%, T4
T E R 3 [ B SR A ST AERR YR M, SCEE T PR AR IR
[ ] e R R R A, KOS T 4k
REVEMLLA IR A 2 BOAKS =)

S A SE VAR U TR T R B BT 22 56, R
2 LTI G ki A T 8 0 VR 0 5 Bl 7
e BE T, [ PN A5 KA T W) LS Bl AR 0 T A
GBI . ARAR Tl ™ f 55 7 A BRI A S5 44
IR RS TT R A R R, TR TR ZHR ML
B, AHARTEHENES R 255 AR BRI — B R P IR 2
VIV TS A R A TR AR IR I R LR AL B A
A MG AR T ILOH—, —BSHHME
P24 AR R RS AF M A S = R VDI A = DO
SR E A VLR TS 2R R EE R, BRT
i A D0 Tl R SIS P R 2022 4R, R
] Fufi A D02 9 PR W b 5 A% it 13.06 42, A
1.28 12, Wilf#E 29.74 42 t. 2022 4FRhAHTUA M A
JFIH 2 318 J7t, [ili AH DT A £ s ok 3 1 D S ™ 1)
B,

Bl AR B e — A A e, [ N A2 2 A
KLIURUAE A DL R L, A 2 (A] 28 8 5 ff Ak |
QURRTI R G HRFR . R LR E I A
AP S E . SUA IS IRPPOY . U I i
PR EETRNER US| #i S B/ XA
SEASCIERIT T TAR, BT 2SR S EOAR A
BRI SCHET SUR I P S T A0
F o AHIGRII BT RIS T KPR BORH 73 A B 4,
ol e [ iR A R IR OK L Rk BRI AN [ I
BUEEHZETY, W A S OGSl BRPRAE &
FREZESRK, JURARSFIER, B8 Y&
[ i p A [ st et Al sl 22 50k, 3 B0k [ i AT o
LS AR AR, JRGM B, RshERE, M
BRI R 55 28 T R AT T W 0 22 XA, AR SCMA B S5
IR BURIE B 2304 St By BEPF (1 HAR 55
Jr RS TR ARAN ST SR, FERCEA b, PR
THARE PRI, DASXT 4 50 3 ] i A DT B R
TFEA SR,

1 SR HrEAR e
11 BNBRERS T SEIRERE RS

A A LB G Y R, o, B
JRIETIPRE T A LT AR T5 1) o A HLRE SR



e AR U R S R R R

375

JEAUAT A ph 38 2 AR R AT YA BT A4 2 AR i O
Be, TEARITTE ST, AVLRMA%E . A AR
(Rock—Eval) 73 #r . AJ %A HL BT A HL 3K A6 25 o0 A 2
WA DU S 70k, Aok L B A IR A e R
FNE L ASEBHIRE R AT M S WA HILT A SR g T Y
E K, TR R DL S TR AR, HI- T
HI-OLE R 2N A ML R B A7 ) T B A
WS AL DUS F 2R TR0 - IR AR, K
A A RAHLEE R TR, MR AR TUA A AL 3
BB TRVRIIL B9, R 32 2 DUty BB 5 oy 210, /D i
RIL B, SR b, AL S P B IR ARG,
AL F VA ERR T Tk —FIRWIE, ik
FHLUFR AR Z, DI AR T EAR8 32; mA L
B TUA 2T - TEAEE , A PLE LA TALA
I, BN 3 R [ERSIIAPREEIE B S b B B e A 46 44
A5, AR MES S AR B A A,
RIKIEAR IR A DAL B 3, & /D5 TRRN, B 17
JA AR Y A U DA TR I, B8y 3, HIE S s 1) ik
800 mg/g(HC/TOC) LA I+, FR 3 H A v 1y 2B S g 2L,
DU DL ot =2 DUOR B3 TS AR e T U0
AT FH S OB A T A, SR U SR R T AR TR
FA PTG B vk 12, ik o IR AR
(SRR BT ) RIS R B T A2 D v s DL A A vl 72
A3 IR A T — B T T BOUURU Rl e
Kk, AHRLIZREEIRMN E, AHLREA %
1AL = YR A T R RV A A FE R R
A 4y 32 R DA SRS RN S 0 e L A,

BEF AR 1-10, RUUS, 08 BH 1T 56 A Bk el 4 ot 2 4l
S BLURIAT HLIBAR b T R ML ELAT o 2 & et
PR U, YR AT VA AL AT LS B LR R A A
fiE, W AN A7 &6 )20 R a4 4
SRR A IR R A YR ERAE, ik 7 Belis
HA MRS . =3k . FHERE L HUR Cy—Cas HEhE
G, WAk, EHEEE G FHES b AR S SRR
IR LA Wb Ak & W ARIE, FEm AP 2
SRR T KA PRUFBE AN 22 7 1 5 A 3 -0 W R 1 A
AERT, JERCT T, B HL 2,

B PO A AN R SR A ) 25 5, AbTE AT
PRSI AP E RS R SRS, &
Y AR 15 22 21 3 0 R R A LA T € B S ) 3 sk
BEAMKARFE, X2 HE M0 DU B = 5 A
IR, WM, AU HEE S R L
REEE, EAEE LRSS ERT T A R AR
Az HESR LA, 00155 2 T AR R B0 A HE SR A 41 (2021 S
AR AR . SEEn g R R, AR T
FEBM R AR RS, 1RGP R A 5
ARG A L3 R R A B, 7R AR B B LT
— HRFELE 100 mP/m® LR o TT8SA HILJ5R Fifi s fh 3R 184
F M LB &, AR AR T0% . 90% B XTI Y
A3 A E] 200 m/m?® A 300 mY/m®, THALA ML
T ELA T A b, AR il g P B EL 3R A4 e i S
Fo, MEEALEN T0% . 90% I 7 f9/< 3 Hb 23 51058 3]
250 m*/m? F1 550 m¥m’(& 1),

AR TR 2 (4 A e 1 Ak AR A 4 Tissot 25 122 8 Hy

600
— @— ArangEFRE, HI=226 mg/g (HC/TOC) /.
— ©— - KimmeridgeTl%&, HI=369 mg/g (HC/TOC) /
500 " _ A~ Woodford7%2, HI=440 mglg (HC/TOC) ./
— X~— - Posidonializs, HI=610 mg/g (HC/TOC) , /
400 — - - Boghead coal, HI=551 mg/g (HC/TOC) p 4
. — —+— - TasmaniteTl:&, HI=749 mg/g (HC/TOC) /
™ N [an] (— 4
g — ©— - TerueliliTi%&, HI=755mglg (HC/TOC) ,
‘€ 300 — £1— - BrownZk&, HI=788 mg/g (HC/TOC) / _A
= o 1 o7
o} -7 -7
~ ~-A
O 200 _--®" __-- _o
— - - " - =T - 1 = -
/’.”r - _ - = ::ﬁi::::—:a
I @=-_p=--R-c=z=z=z==8==="-"""*""__-~7
100 gff: ==2z=38=-=- 6 _______ - __---0
o 1 1 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
BNREE

B 1 FHERAREBETEEENSHEL SENRELELRED

Fig. 1 Correlation between gas-oil ratio and organic matter conversion of different types of shale in the open system'!
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Fig. 4 Laminated structure of the representative terrestrial shale oil in China
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Fig. 5 Microstructure characteristics of shale reservoirs in the key continental basins



e AR U R S R R R

381

HZ A AR T RIS SRS, '
MNZMELEE RS, TR EMEREWSZ A B OIS,
. B RCAER . PR . APLREES
AT 2 IR

I, OO 2 AR AT 7 i oty TR T 75 1 11—
T BORNOT AH F eA  SRR 2 W A A 2 K 75 Bt
FAARARERIE, WK E TR FIA R R R s,
CIE SNy i Sl IRSR 5viy i Sy VS Ty AL <R J T
— B GUE A A 25 () 2SR DA - URDRE[R]AL . b R £L
TUHERSE A HLT L . TUHRAE SR 0T 3K 300 nm, 7K
ST 1) B R B 8 RAE 0.011 x 10°~1.62 x 107 um?,  FL
BB — AL 1 um DUF . BSRIXSEALIN  EE R
2, BRABEEEZ, A¥ALRE —RIE 29%0-8%, ¥
¥ 3.4%.

24 THEMEEVIE
TUATHMRE R & RO A RO R T, %

ZANREER], —IEh kb sk RoE; IR
Bkl 5 R B SR s, DA T 4y
WS, R Z, Bal LU 2 R A K
RARGEEN,  TUA M AU Sl i R 2l s =2
AT B M= FLBR IR AR AN A, LSS 18 4
TSR L, TUAIE R AR LRt
32 LR 3 AT T SR AT ] 0
241 FEEA A E AR L B E AL
RE ) A

A PUTE B IR P A7 A BRI B SR 1Y

A X RO BT AR A P R B
VLGP R B E A G A L. it kB, %
WA TAE R DU, PATOC &8> 2 %, fufE
H 3%~ 4%, PR, BN EHR> 0.9%
OFAIIEE KT 0.6 % ) 5 T 15 o T4 i & 4 BOk BEdn
HE (& 6), [RIBT &AL TS A AR R, B —
E M TS, ngP/R Z W 2 7 BLoUa oA AR
Al A 4.3 x 10°km?, P B4 S ki A mT 2l i 48 £k (0SI)
&, TOC>2%, §>2% H OSI>100 mg/g K] 4 % B
W, LLS, >4 mg/g, OSI>150 mg/g K i )2 Bk,
WGBS 5 Y B P R . AR, BUATH E
T B RN R ARSI, LA 08 22 0T R 1S .
MU EA T K G A, A7 AL IR BT 2t 3%,
AT 6%, AR R BA AR, XLz
FUBREE (BRI — 3, 8 e AR T A 3
TR o BE AR, R S, R EA
BT Eh T, XTFLBREEF BRAESR T R — &,
FALL Z i e U 7 L T T, A L U v
FEITE 3.5% ~ 6.9%.
242 H—ERBAEEMAKIIR LAY £ £
fitt B & B B4

TR TR AN 2 B AR B BLRB AN BB A 22 0% T R M,
W 1 B R B AN A BT A, AR Sy DU T PR Y L
FIERP R USRI K A 2 & e
VUM S SRR 5 AV R A, BB A T
AR MR Z K 7., FLBEKRTF 6 %,
Ph 8%~10% A £ IX [A], BFEFKTF 0.1 x 107 um?, i

6 -
© fATUH3 e °
[ ] -
51 %2011 -
-~ ®
#34 Pis H °® °
4t -7
& 358X e o oo of o
2 | enmt JPtae o, Tev
IU\ITI-}H, © HTBHC Pt AN K3
-7 Co o e
Xd 2[ eHIBHC PET: ® o % '.. ...oo.o':
I b -
T’RT s e ° © e %
= 1 -7 . o r w‘ ° (X ) °
I g o o 0N S % ® e -
Xd o F ° o0 O ° .." ° s.. ———— hd
= ) o S oo  __--""
= e o %% ° e’ __—--
W '0 -
-1 '“. [ ) —_———
"ok -
NEIR-YS Sl . . . . .
0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
AAERS %

6 MIEMEEMPESLOATERATSHESESMMEXRE (5| B3XH[10])

Fig. 6 Relationship between movable hydrocarbon content and the maturity of shale oil in the Qingshankou Formation,

Gulong Sag, Songliao Basin (referred to [10])



382

Rk FER 2023 4E 8 A S8 EEE 41

VRN GUS AR 2R AR AR, ARG /R 75 A %
IRPTECAL R, RSB 1%, fE5EY
PR BUA BB WAL A AN ) T 4 s RO, i
LI 28 0 BB 5 i st Ay SRR, N
KA TUE SR A Z R PR X4l sk
Uk, B0 B R m O BUA T T s P AR R AR
Fl, B EESUNT 40%, HUGHG RS A
S E . X TR A R AL R USRI, BT
Ve BRSNS, /N 20%. IOk, TUA ISR
MTHART, SRR, A TUs e s ],
R BUA U 2 PR AL PR SGE e, AL A e
MUTRE T L 12— BE, Y4 U B4 2 I 1500 2% /m i,
TUAFLBE R T 12%. TUE A USURRK ST TS
SRR (B A KT UTA B S Zs R . JEAL
BERE, BRARBIEE SRR, Al RN s 2ot
FM ] B E AR AA A
243 TIRREAHAMSRFAELSYHE—F 40
&4 % E BRI

U sh g T 9 I 0 ] sh Al S5 iR
SebE, JERHUE IR R RTERIME AR S A &V R
EENE, PREFIUE ) i BRI R sh i sh
WEEREA 3 I, IR TR R TR PP,
AIRIEA e KBRS R A DUA 2, B2k T
T E AR BLA TR AR 5 2 ME B R e HaE S i, %
ARKIFFFWZE . DR e UA R0, 7= i
MU s B R R R TRl 2~5 m, ZBE K
F 10 MPa, #cHERT 15 MPa, H.TUR M 5T 55
Wiz, —RMZREER, BARENEIRE, WH
AR P ROREE , U R BORB IR U S ) 4 7 1
A K EURME (I # B A, R Rz
KF 1.2, Ph13~1.5 Baf, FRJ AR mtofe f b B K
TR . R DU H ET AR A 3 7 A EUR(H
BB TR/ 2B T 1.2 R BImAR G, LA
KF 14 WX EURME R m. &R, bl
RS LR, SRR AR RN, AR T
SRR . X ALEE TR, TR B R i
BT . A R S R AT Sl R o E R Y
febn, MIAT A =R R, AR DUA ] Zh e e
X /Bt GOR | JFR &y 80 m*/m’®, HAEIX[H] A 150~300 m¥
m’ o JEUIH R P S KA A 2 ) A i sh P 4T
IR s K/ N B b, BRI R
. AR SRR, MR R D
HErp 4l 1 7R BT A R 2 R B RR R 0.85 g/lem®,
PER NG, FAE/NT 0.82 g/em®s i P AR LA VI

MRS SRR B, R sh e 2, BIhEE T
BR AT ik 96 28 0.89~0.90 g/em®s R2H A3 A6 B S Il 7 7
IR E A 5> 7 e IRAFE bR, X T R, >0.9% B i 2
VA, ALY T F ARk &5 i sl R R 5 ke &
HRFIN, IEMLGEEA T Cly/Cis Fm. WGt
F, PREATUAMAEAE S E KT 80%, AR
MR BT 90%, C, 1/Cis H KT 0.8, X TR,
{H°M 0.6%~0.9% B AR TTUEH, 7 C oo /Cop [ R
R, JHEMTPN S8, HrpmAE s FIRA
55%, SRR T BE KT 75%, Cio/Ch KT
1.0 7).

3 GUEMMERYIPRPFEAR 2
3.1 HFEMEAR

U PPN A AL T 2 U5 it I - PE 4
AL AEE BT FEM R . AR S BT R
SRR B BTN AR S

(D) FR U5 b B AN T s

TOC A i S U5 b T ) A S5, R TUA T
TE R o it o AR AR IR VA A ML SR P A a5 RD 4 B
JT, WFBOR A G A T 22 Fh g sk ) 30 A5 2
B TOCH i, AHEHET 5 I ST R il
PIR IR Tk B — LB RS 28 i & — A
ST R R b 2 A PR AT VMY
BYHE AT . TR TN I R AT 38 ) 5 AR A AN ]
JLE M E AL, M Rk S R TE LR
AT 1S B S A LR

(2) )2 b T - PEAR T i

FEBON . AL AR FLIR ST S
PEPE 2 DUA TR AR)Z G BT PR iR O N AR .
X RN 25 P s M 2R B0 2 A i 0 5 ) %) b
S3ATT AT S B B S T U B B2 2 W A G B
A 38 IAZRE AR I T, 33 3 O [R) K/ INL R
HortEBALBR B A o3 i, R AR R /NG F ok
W R LIRSS LS o B AR ez, T —
AERZRESEARD I T, 1A AE 5 2 55— AR A% g TR0 -
T—T, A2 I 2 B0 i i A 1 s 0P A s BT
PEAE X ] LRk B A 2, ) S LR R
M2k S BH R A4, RABIR & ATk e it ias
THTRLFIRE

(3) TR BT PPN i

U TR G B I PPN P 25 32 B A 4 e PR 4R 4L
EGHN IV AE . I B A o 5 EURE G 200t



e AR U R S R R R

383

E/(g/cm?3)
0.7 0.8 0.9 1
0.4 T T
\
0.6 [ <; » é\
o1 A
%' o2 AA
0.8 o O
G 1 .'MA
<>
X g0t % op
o ® /
6%
12 F K f.
/
@
I Y )
.®
16 F
(IBAE+FR)E =/ %
50 60 70 80 90 100
04 T T T T
0.6
A
A A Aﬁ
0.8 | " l .‘)1 &
28, o IS
X A 1
< 10l \ Ap A9 @O
° |
\d A AS \
\ 2o
12} A ~
A \
O v\ @
141 o SOP
..
\
161
BAZER  AaFENRY

& /mPa-s
1 10 100 1000
0.4 T T T 11T T T T 11T T T T TTTIT
‘\
0.6 <>\ \ N
53
\ | o \A\ A\\ A
08 <}<;> .I [ \/
o m A
X @féé ." /'A//AA*AA
o\o 1.0 ¢ 1 AA i
/ |
12 Py
77
- s, A
14 | ©Q f'
A
1.6
(hEBER+IER)EE/%
0 10 20 30 40 50
0.4 T T T T
06
<§> |‘ A AA
08 ¢ \Q. ‘4
2 o A “k"‘
X
= 1.0 <>,/. @ akd, Ay,
@ 0 g
<>/ <>' -/’
1.2 ‘*
o/ x
14 Sy 4
%
16
e FWOH > KT

B7 ARMERERSEREBYEELES (5 B3k [10])

Fig. 7 Variation trend of the crude oil physical properties in the liquid window stage of different terrestrial shales (referred to [10])
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