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Abstract The pore structure of shale determines the storage capacity of shale reservoirs. Therefore, studying the pore evolution
process of shale is of great significance in revealing the mechanism of shale gas enrichment. Previous systematic research work
has been carried out on the pore evolution process of marine shale, but relatively little research has been done on the pore evolu-
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tion process of continental shale. This paper takes the low-maturity (Ro=0.65%) continental shale of the Qingshankou Formation
in the Songliao Basin as the research object. Through thermal simulation experiments, combined with gas adsorption, mercury
intrusion capillary pressure (MICP), X-ray diffraction (XRD) and other analysis, the evolution process of the pore structure of the
continental shale of the Qingshankou Formation in the Songliao Basin has been investigated. Systematic analysis, has established
the pore evolution model of this continental shale. The results show that as the degree of evolution increases, the pore volume
and specific surface area of shale undergoes a process of first increasing, then decreasing, and then increasing. The evolution of
pores is mainly controlled by organic hydrocarbon generation and clay mineral conversion. When 0.65% <R, <0.86%, kerogen
slowly generates hydrocarbons and combined with organic acid dissolution, some organic pores are formed, shale pore volume
and specific surface area increase slightly. When 0.86% <<R,<:1.18%, montmorillonite dehydration and new pore formation will
occur. This results in an increase in pore volume and specific surface area, but kerogen begins to generate a large amount of oil at
this stage, and the generated liquid hydrocarbons and asphalt will fill part of the original pores, making the shale pore volume and
specific surface area decrease. When 1.18% <<R,<1.86%, the kerogen at the maturity-high maturity stage continues to generate
oil, but the rate of oil generation begins to decrease. At the same time, the kerogen begins to pyrolyze and form some gas
bubbles. And the bubbles further increase with the degree of evolution. During this period, the montmorillonite in the I/S (illite/
smectite mixed layer) transforms to illite. The three effects promote the increase of the pore volume and specific surface area
of micropores, mesopores and macropores. When R,>2.15%, kerogen oil production stops, the liquid hydrocarbons generated
begin to crack and generate gas, forming a large number of bubble pores, and the pores further increase in the later period, The
phenomenon of pore fusion occurs, and at the same time, the conversion of montmorillonite to illite in I/S leads to a substantial

increase in pore volume and pore specific surface area.
Keywords Songliao Basin; Qingshankou Formation; shale; thermal simulation; pore structure
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Fig.1 Schematic geological map of Qingshankou Formation in the Songliao Basin
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Table 1 Information of the shale sample
& WE/m R TOC/wt.%
H-2 2466 FIOH 4.1

TR Ro/%
I 0.65
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Fig. 3 Diagenetic thermal simulation instruments
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Table 3 Pore specific surface area of shale samples at different thermal evolution stages
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Table 4 Pore volume size of shale samples at different thermal evolution stages
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Fig. 9 Pore volume variation of Qingshankou Formation shales in the study area
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FATL Z 0 9 R AR DU FL B A R 52 191

AR ERIEH RETER FLIR S AE

Rol%
7 ome P 12 81(mglg) BTN E% A% e | BRI gL omig)

T T T T T T T T T
oo 2 4 6 8 20 40 60 80 20 40 60 0 10 20|0.00 0.02 0.04 0.06

Fo.2 | ARALE y
o4 4 EYRRES "

B E%

o —

BB

a8a—a

B B

S

2.0

2.2 N
e}
F2.4 BiE
39 BR 3t | PFRA o= RRA|HLITY - AR
-2.6 ~ ) - EGT e EHE
| PRER — MK HBRET Y

B 12 FLOAMETETLEELESHE

Fig. 12 Comprehensive map of pore evolution of continental shale in Qingshankou Formation

; — \
[ ~ -
A 2 70 5L |

Sl — B Al

B 13 SHREE L OARMEIREFLERE B RFE

Fig. 13 SEM characteristics of Qingshankou Formation continental shales during thermal evolution

FVUE B, M Ro>2.15% 0, ZHrBeEE LA RIREL, SXHLBRAY PR AT B AR SR
PIBIZE PR AL, TOARIEAREAER B, DA Fe™, RiAked e, KIRH Co, 5 Fe
B S e R 2 A<, HALBEIACRR . M Ca 255 )0 k7 i 4 SE B R AL, (AL
B — IR (B 13 o) [N, KBRS Rl UL R AN, B2 5 B WS I R



192

fmRkAER 20214E6 A 56 55 2 )

0.65%<R,<0.86%)|

7

)

R Y]

N

0.86%<R,<1.18%)|

\

1.18%<R,<1.86%)

Ro>2.15%

r——
S J
FEES KA KRG Mty T B8R BENHTESH AL L

B 14 FLOAMHETUE LR RE

Fig. 14 Pore evolution model of continental shale in the Qingshankou Formation

LR RERFL IR LA S P ST 2 1 A R A i Ak, (i
AL b2 R AL AR B MR in s % rh LA AL,
BR 7 it A0 I B R 2 (i FL AR B R FL Lb 3R o ARt /)
{HB G AR AT, LS IR P fL, TPl A e
BRAL, FECPALAZ AL (E 13 ), FIER AR
FREL NS L Wy h 52 1R 2 m PR A B AR
FURNZE LI LR AR A LAARFR R

6 i

AR SC AR IT 7 7 L1 2H TR B A e A B g X
G, BT HMEIISCE, 8 A IR A B A e R
ARy, FEMLITF 45 O 4G AH s LR
AL B A R E B e A, LB
AW RERECTL N 4 DB (1) 0.65%<Ro<0.86%
mF, FEERIF IR A A, 1 AL AR BURIFL L 2% 1

FRBS B3, A LT Y S R, (2) Y
0.86% <Ro=<1.18% I}, Z&BiA1 KA ALY B 25 1
PCALARBURN LR AU I, E B B T RS AR T 4R Kt
A, RS R A T SR LR, 2T
LA RSz, AL AT AL b2 v AR LAR RN 5
ER B B B R T 50 2 AL N BB VRS BT R A= S ORE
JCFLBR, R0k 2 L 3R 3T 40 b 2 1 AR R LAR R )N,
ST RIS, (3)2Y 1.18%<Ro<1.86%I, T fi&
WA ERESE, (AR I R B WAL, R
AR T 4 A AR, US TS BA MR R A i, =
FRAE AR AL . HrFL AN 22 LA FLARRRURN HL 26 T R

TN (4) 24 Ro>2.15% I, T BRI L, Ak
PR AT IR 24 AR, TR RSl 5 AL
R, LB G S, R US S A
R A AL, SRS S L AR B FL b2 1 AU i 1
.



FATL Z 0 9 R AR DU FL B A R 52 193

RPN

(1]
(2]

(3]

(4]

(3]

(6]

(7]
(8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

JARVIE D M. Shale resource systems for oil and gas: Part 1 — Shale-gas resource systems [J]. AAPG Memoir, 2012, 97: 69—-87.

MR, I 28 oK , 45 PN IE 2 AR U T 11 22 3R 95 L1 21— B oA i 4R 2 ) 6 A0 5 i AR [0 A iR 59 &, 2021,
48(2): 1-16. [LIU B, SUN J H, ZHANG Y Q, et al. Reservoir space and enrichment model of shale oil in the first member of Cretaceous
Qingshankou Formation in the Changling sag, southern Songliao Basin, NE China[J]. Petroleum Exploration and Development, 2021, 48(2):
1-16.]

FEEAE . 47 b AR R RLRAR IR 1 St 7y 1] [3]. ARk #iE i, 2020, 5(02): 141-147. [KANG Y Z. Potential and explora—
tion direction of unconventional natural gas resources in the middle Yangtze Region[J]. Petroleum Science Bulletin, 2020, 5(02): 141—147.]
GONG L, FU X F, WANG, Z S, et al. A new approach for characterization and prediction of natural fracture occurrence in tight-oil
sandstones with intense anisotropy[J]. AAPG Bulletin, 2019, 103: 1383—1400.

GONG, L, SU, X C, GAO, S, Characteristics and formation mechanism of natural fractures in the tight gas sandstones of Jiulongshan Gas
Field, China[J]. Journal of Petroleum Science and Engineering, 2019, 175: 1112—1121.

RSO BB R e, 5 P DU SR T e it J B % Je e B (D). P 4 iR, 2020, 25(01): 31-44. [ZHAO W Z, JIAA L,
WEI 'Y S, et al. Progress in shale gas exploration in China and prospects for future development[J]. China Petroleum Exploration, 2020,
25(01): 31-44.]

CURTIS J B. Fractured shale-gas systems[J]. AAPG Bulletin, 2002, 86(1 1): 1921-1938.

TR Y BRI SRARME 45 DU SR RAE I 2URIF S A A i BT 7 S 0], HheRRl 2= | 2010, 25(06): 597-604. [ZHANG X F, LU
X C,ZHANG LY, et al. Occurrences of shale gas and their petroleum geological 51gn1ﬁcance[J]. Earth Science Progress, 2010, 25(06): 597—
604.]

MARTINI AM, WALTER L M, BUDAI J M, et al. Genetic and temporal relations between formation waters and biogenic methane: Upper
Devonian Antrim shale, Michigan Basin, USA[J]. Geochimica et Cosmochimica Acta, 1998, 62(10): 1699—1720.

WRHEE AR 71 RE , Maria Mastalerz, &5 . DU THOWAFL B L S AT RFIENTFE [J]. AR HIBERELE, 2015, 26(09): 1646—1656. [CHEN Y
Y, ZOU C N, MARIA M, et al. Porosity and fractal characteristics of shale across a maturation gradient[J]. Natural Gas Geoscience, 2015,
26(09): 1646—1656.]

BAIJJ, KANGY L, CHEN M J, et al. Impact of surface chemistry and pore structure on water vapor adsorption behavior in gas shale[J].
Chemical Engineering Journal, 2020, 402(5): 126238.

ZHANGJ Z, L1 X Q, ZOU XY, et al. Characterization of multi-type pore structure and fractal characteristics of the Dalong Formation marine
shale in northern Sichuan Basin[J]. Energy Sources, Part A: Recovery, utilization, and environmental effects, 2020, 42(22): 2764—2777.
SONG W H, YAO J, MA J S, et al. A pore structure based real gas transport model to determine gas permeability in nanoporous shale[J].
International Journal of Heat and Mass Transfer, 2018, 126: 151-160.

gk, 5k A A A FL B e Mk 5 O B ) LU AT (0], RAR SR 5 FF &, 2017, 40(04): 34—43. [ZHANG T, ZHANG X W.
Comparative study on qualitative and quantitative methods for shale pore characterization[J]. Natural gas exploration and development, 2017,
40(04): 34—-43.]

CURTIS M E, SONDERGELD C H, AMBROSE R J, et al. Microstructural investigation of gas shales in two and three dimensions using
nanometer-scale resolution imaging [J]. AAPG Bulletin, 2012, 96(4): 665—677.

e ol S ARG B AR AL, 45 )1 R b DX B R 2 T A LT LR 22 S Al R AR B X i B 3 ] 1 52 W) (0. A i B2 @ 4T,
2020, 5(01): 1-16. [GAO Z Y, FAN Y P, HU Q H, et al. Differential development characteristics of organic matter pores and their impact on
reservoir space of Longmaxi Formation shale from the south Sichuan Basin. Petroleum Science Bulletin, 2020, 5(01): 1-16.]
CHALMERS G R, BUSTIN R M, POWER I M. Characterization of gas shale pore systems by porosimetry, pycnometry, surface area, and
field emission scanning electron microscopy /transmission electron microscopy image analyses: Examples from the Barnett, Wood-ford,
Haynesville, Marcellus, and Doig units [J]. AAPG Bulletin, 2012, 96(6): 1099—1119.

BEIEAE, A, M 45 s A LS TUE AR KR B LIS (b —k B /R 22 7 A 20 b 5 25 20 SR I BAADL S S0 e 31 (0. 3 5
2, 2015, 89(05): 970—-978. [XUE L H, YANG W, ZHONG J A, et al. Porous evolution of the organic-rich shale from simulated experiment
with geological constrains, samples from Yanchang Formation in Ordos Basin[J]. Acta Geology, 2015, 89(05): 970—978.]
SRV AR AR, R ANEL, SRR W A - =B G 7 BHUR U AR T R (0] MR Bk O B b BT R 2 25 ), 2015, 40(11):
1810—1823. [WU S T, ZOU C N, ZHU R K, et al. Reservoir quality characterization of upper Triassic Chang 7 shale in Ordos Basin[J]. Earth
Science (Journal of China University of Geosciences), 2015, 40(11): 1810—1823.]

FENG Z Q, JIAC Z, XIE X N, et al. Tectonostratigraphic units and stratigraphic sequences of the nonmarine Songliao Basin, northeast China
[J]. Basin Res., 2010, 22(1): 79-95.



194

FIMELEER  20214F 6 H 6B 2 )

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

(33]

[34]

[35]

[36]

(37]

[38]

[39]

[40]

B2 32 AT 1L D 4U5UA FLBRES RS DU RS (D] 70 b ERRA B Ry (R e T Ntk AL~ UFE ), 2020.
[ZENG W Z, Pore structure and shale oil potential of Oingshankou Formation shale in Songliao Basin[D]. Guangzhou: Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences, 2020.]

Wi, B IERS , AR B, 45 AL LR L 7 2 U A R S T [9]. A il S R AR M, 2014, 35(02): 280-285.
[LIU B, LVY F, RAN Q C, et al. Geological conditions and exploration potential of shale oil in Qingshankou Formation, Northern Songliao
Basin[J]. Oil and gas geology, 2014, 35(02): 280—285.]

B2 T JE L, R 220G AT b 11 1 G LR AN F4) S HOG DAy & S R s2 I (7). bRk, 2019, 48(06): 632-643. [ZENG
W Z,ZHOU G Y, SONG Z G, et al. Influence of pore structure on the shale oil accumulation of the Qingshankou Formation in the Songliao
Basin[J]. Geochemistry, 2019, 48(06): 632—643.]

T, AR AR WAL 7 b p A SR 5 DX T S R AR T R AR S AL (0] AR 2t - AARBHAAR, 1998, 22(6): 21-25. [WANG L,
DU X D, Evolution mechanism of positive inversion structure in the central depression area of the southern Songliao Basin[J]. Journal of the
University of Petroleum: Natural Science Edition, 1998, 22(6): 21-25.]

IS AN AT 2 R S T L T 2 T L B R A S R A B [D]. 6 T H [ TR K 2% (b 5), 2020. [CAO X M, Pore
characteristics and its evolution law of the Late Cretaceous Qingshankou Formation shale in the Songliao Basin[D]. Beijing: China University
of Geosciences (Beijing), 2020.]

FERCR ARARE, A UNDL, 25 . TUAFLBR BT T HruE R (1], suERAREVERE , 2012, 27(12): 1319-1325. [CUTT W, ZOU C N, ZHU R K, et al.
New advances in shale porosity research[J]. Earth Science Progress, 2012, 27(12): 1319-1325.]

BRUNAUER S, EMMETT P H, TELLER E. Adsorption of gases in multimolecular layers[J]. Journal of the American Chemical Society, 1938,
60(2): 309-319.

BARRETT E P, JOYNER L G, HALENDA P P. The determination of pore volume and area distributions in porous substances. I. Computa—
tions from nitrogen isotherms[J]. Journal of the American Chemical society, 1951, 73(1): 373—380.

DRUMMOND C, ISRAELACHVILI J. Surface forces and wettability[J]. Journal of Petroleum Science and Engineering, 2002, 33(1-3): 123—
133.

SR/, S0, S AR U A B R L S IR AT ST [J]. HSF T2k, 2017, 24(06): 365-369. [GUO S B, MAO W J, MA X.
Thermal simulation experiment study of the hydrocarbon generation characteristics of low maturity shale[J]. Earth Science Frontiers, 2017,
24(06): 365-369.]

it B S MDA, A5 RS s A TR D SIOULFL BRAS AR S S IE T (D). i SE B3, 2019, 41(01): 149-156. [MAHY,
XIAZY, WEN Q Z, et al. Micro-pore characteristics of shale in Zhanhua Sag, Bohai Bay Basin[J]. Petroleum Experimental Geology, 2019,
41(01): 149-156.]

B0 IRSE ST 45 2R IR DR DUA LB S A RRAE M Hs AR (7] 5T 5 R W%, 2019, 26(01): 88-100. [LI X, XU M, CAI
J G, et al. Structure characteristics and evolution characteristics of pores in mud shale in Dongying Sag[J]. Petroleum Geology and Recovery
Efficiency, 2019, 26(01): 88—100.]

TR, BEEEAE , 1R, A5 S A LR TUA AR B BEF LB AL S AR [J]. RIR TR, 2018, 29(12): 1817-1828. [YIN, XUE L
H, JIANG C F, et al. The porous evolution and fractal dimension of the organic-rich shale at the stage of hydrocarbon generation[J]. Natural
Gas Geoscience, 2018, 29(12): 1817—-1828.]

CHALMERS G R L, BUSTIN R M. Lower Cretaceous gas shales in northeastern British Columbia, Part I: geological controls on methane
sorption capacity [J]. Bulletin of Canadian Petroleum Geology, 2008, 56(1): 1-21.

ROSS D J K, BUSTIN R M. The importance of shale composition and pore structure upon gas storage potential of shale gas reservoirs [J].
Marine and Petroleum Geology, 2009, 26(6): 916—927.

HRLT, T B USSR AT TUE A KR R B0 B A VL OB [0 47324, 2016, 37(08): 952-961. [LEI
Y H, WANG H, LUO X R, et al. The characteristics of liquid hydrocarbon in Zhangjiatan shale, Ordos Basin and its effects on the estimation
of shale gas amount[J]. Acta Petrolei Sinica, 2016, 37(08): 952—961.]

XVEEME, B, 2R, A5 AR DA TR AR X0 D R B0 ST 38 1) 52 M) —— LA S8 7R 22 397 43 b A 2 TS SR 461 [0, A il S 6 e
2015, 37(05), 648—653+659. [LIU G H, HUANG Z L, JIANG Z X, et al. Effect of liquid hydrocarbons on gas adsorption in alacustrine shale: A
case study of the Yanchang Formation, Ordos Basin[J]. Petroleum Experimental Geology, 2015, 37(05): 648—653+659.]

{ATHRIR IR i B R S i S AV RO HE [0, TR DA 37, 1994, 01: 3—10. [HE B J. Free hydrocarbon cracking of source rocks and
high maturity gas emission[J]. China Offshore Oil and Gas, 1994, 01: 3—10.]

TR 9 . B A ML Woodford BT L B £k 1 FABTHLL ST [J]. A2 40, 2013, 34(5): 820—-825. [HU H Y. Porosity evolution of the
organic-rich shale with thermal maturity increasing[J]. Acta Petroleum, 2013, 34(5): 820—825.]

o[ AR A Ay A, A5 B B R P 2 5 AR G i 340 B il b B RS E 258 B MR AR 7R [T, A i 2441 , 2013, 34(02): 201-218.
[HEDF,LID S, HE ] Y, et al. Comparison in petroleum geology between Kuga depression and Southwest depression in Tarim Basin and its
exploration significance[J]. Acta Petroleum, 2013, 34(02): 201-218.]




FATL Z 0 9 R AR DU FL B A R 52 195

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

R S8R, T SO, A R T IS A U8 DU B A A SO B Bkl O3 (0. B BOR 5 TR, 2018, 18(12): 179—
184. [WANG F T, GUO S B, MAO W J, et al. Evolution of clay mineral and the division of diagenesis stages in mud shale based on thermal
simulation[J]. Science Technology and Engineering, 2018, 18(12): 179—184.]

% S, A WY A7 ik, A A ATLTR I ok VR FHOGE 08 DA 2 AL B 5 0 145 T [, v [ i R 2 2R R (AR B R), 2017, 41(2): 49—
59. [LUO R, ZHA M, HE H, et al. Effert of mineral dissolution by organic acids on pore structure of shale reservoir[J]. Journal of China
University of Petroleum(Natural Science Edition), 2017, 41(2): 49—59.]

BV BB, R 2, 55 BT X U ARG R BT 7T (], KSR HIREF, 2018, 29(03): 404—-414. [CAO T T, DENG M,
SONG Z G, et al. Study on the effect of pyrite on the accumulation of shale oil and gas [J]. Natural Gas Geoscience, 2018, 29(3): 404—414.]
Pl e, vt , S DU . FL IS LS R A ) I PR Bk A R R A 2] [J]. 3 RO 27 4T (MBBRBL 22000, 2014, 44(03): 741-748. [TIAN
JFE, YU J, ZHANG Q Z. The pore-lining chlorite formation mechanism and its contribution to reservoir quality[J]. Journal of Jilin University
(Earth Science Edition), 2014, 44(03): 741-748.]

V& A R A SRR 2 G M S 2 A B AL B A U R R (0] B EOR S TR, 2020, 20(20): 8122-8132.
[XIAO L, LI Z, YANG Y D, et al. Pore evolution model and influencing factors of continental shale in Yanchang Formation, Ordos Basin[J].
Science Technology and Engineering, 2020, 20(20): 8122—-8132.]

PEPPER A S, CORVI P J, Simple kin etic models of petroleum formation: Part 1: Oil and gas generation from kerogen[J]. Marine Petroleum
Geology, 1995, 12(3): 291-319.

STAINFORTH J G. Practical kinetic modeling of petroleum generation and expulsion[J]. Marine Petroleum Geology, 2009, 26(4): 552—572.
SRR RN, A B, A AR 2 A A 7 AR S DR LB AL RAAE [ AR 59T &, 2015, 42(02): 167-176. [WU S T,
ZHU R K, CUI J G, et al. Characteristics of lacustrine shale porosity evolution, Triassic Chang 7 Member, Ordos Basin, NW China[J].
Petroleum Exploration and Development, 2015, 42(02): 167—176.]

A B WA S SRS AN 7 BEVUA R FLBEAE S AL (0], R, 2017, 36(4): 19-28. [LI X,
LUOJL, LUO X R, et al. Pore characteristics and evolution of the Chang 7 mud shale in Ordos Basin[J]. Geological Science and Technology
Information, 2017, 36(4): 19-28.]

(TS ZAaA BB AHEE)



