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Abstract Shale pores serve as the primary reservoir space for shale gas, whose structural characteristics directly determine
the gas occurrence state, enrichment degree, and flow mechanisms. However, the complex structure and strong heterogeneity of
organic pores in shale gas reservoirs significantly constrain precise reservoir evaluation and dynamic development. To clarify
the three-dimensional structural characteristics of organic pores in the Lower Paleozoic shale reservoirs in South China, this
study focuses on two organic-rich shale successions in the northern Guizhou: The Lower Cambrian Niutitang Formation and
the Lower Silurian Longmaxi Formation shales, which exhibit significantly different thermal maturities. An integrated approach
was employed, combining organic matter extraction, low-temperature nitrogen adsorption, and focused ion beam-scanning
electron microscopy (FIB-SEM) three-dimensional reconstruction techniques to systematically characterize the microstructure
of organic pores in these two shale successions. Based on nitrogen adsorption and FIB data, the Frenkel-Halsey-Hill (FHH) and
box-counting models were respectively applied to evaluate the complexity of organic matter pore structures across different
scales. The results show that the moderately mature Longmaxi Formation shale (equivalent vitrinite reflectance R,=2.1%~2.8%)
contains well-developed organic pores, predominantly exhibiting bubble-like and sponge-like cluster morphologies with pore
sizes () mainly ranging from 200 nm to 450 nm, along with high specific surface area (133.9~159.5 m*/g) and substantial pore
volume. In contrast, the overmature Niutitang Formation shale (R,=3.0%~3.8%) contains smaller organic pores (»=10~140 nm)
with irregular or slit-shaped geometries, showing lower specific surface area (30.9~31.4 m*g) and reduced pore volume.
Three-dimensional pore network modeling further reveals distinct connectivity patterns between these two shale successions.
In the Longmaxi Formation shale, organic pores are primarily isolated with poor connectivity, and large pores (»>140 nm)
contribute approximately 70% of the total pore volume. The Niutitang Formation shale, however, shows enhanced connectivity
among large pores (#>150 nm) through thermal-induced microfractures formed during organic matter condensation, while small
pores (#<150 nm) remain largely isolated yet account for 64% of the total pore volume. Fractal dimension analysis highlights
additional structural differences. The Niutitang Formation shale exhibits higher fractal dimensions for large organic matter pores
(D,=2.37~2.78), indicating greater structural complexity, whereas the organic pores of the Longmaxi Formation shale display
relatively regular geometries with lower fractal dimensions. These variations are mainly controlled by differences in thermal
maturity. Our study provides systematic understanding of three-dimensional pore structure evolution in shales with different
thermal maturities, and offers theoretical foundations for shale gas reservoir evaluation and development strategies in northern
Guizhou.

Keywords shale gas reservoir; organic matter pores; pore structure; pore size distribution; heterogeneity; machine learning
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Fig. 1 Geological overview map (a) and stratigraphic column (b) of the Northern Guizhou region
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Fig. 3 Scanning electron microscope images of organic pores in Shales from the Niutitang Formation and the Longmaxi

Formation
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368

AiMEREER 20254F 04 A 5510 &5 2

(Kl 3g. h, i, 1), AT oCa R, msEEEE s
T HGEACTREE &, AL 29 s 1k & sk H 5 &
AR, HALBREE G T 3, SEEHILIFLIR
FEURIIR Bt i 7 B A

32 ANFAL=HEMRESRIE

FIB-SEM £ ARfEN H 2h V1 A, @ ers
A ERAR AT S = S nT AL AR, DASRERALAR R/
PRFR. AL B PE R AR R S5 S5 B, 7 AT
AEPEBYBE, SR TR AR AR AT R UG 55 RN K R R A
SN AR EE . 15 B Avizo 3R, i FHBEAIL AR AR 25k —
Plgs# > T H, X FIB-SEM K& iy HLFL H brasi
PEATRE WA AR, A= M ALIERE. BES, A
SurfaceGen 15 HURE 73 1 45 J 54 46 2 STL A& 20 — 4 5%
TR, SRS, DA R 3R T 4 1y Of
/DR . 454 ] Material Statistics BEHXT 731 5 Y
ERUEATIRTR . e R LA R ALBR RS SR e
. [AEE, FFH Volume Rendering £ A i8] % £ 7 Wit 55f
MBI, SCHZHSEWE =4 ik, s, i
NS 7) D= )17 R | a1 11 A e s LRI S S g e
P LILE O B 85 - 5 40 0T, A i AR P R 2T A
PRER ST, DA OR A 25 R n m R

BT LR AR IR T, HE— 2% B S B AR
HEATUN SR, TEAR /2R R MR, IE 22 ROC(Re—
ceiver Operating Characteristic) [t 2k (/& 5a), Z £k
W T RN TR R T AR, MZRESFRT
R (F 1R AR P (RO ) Z RIS AUET . ithZk
MEEIT A B, FORBRIMEREROL, Mg T 7RG
(AUC) M 1, MIBRI R BT AR5 R 5
FiiR, SR FHBEHLAR R SRR S T3 i ROC 4k +

1 Wi—_\

0g [l ROCH%
0

TEM%

1 1 1 1
0 0.2 0.4 0.6 0.8 1
I

(a) FEANARMEEI GAF 28 @ TR0 RS
5 TUEANIL=HERTEETN

AR B, UABARR SO S A m R b AEnT
SRR R, 4 R I T SRR 95% DL I
(1l 5b), aE— 2 UESE TR 43 B A HLAL 23 A Rk
I ET R

VIR J5, 4 BLUUA AR FIB-SEM — 4
BARLGIE 6 it 7, 7E4- B S 2 SUA R AL, SY—-1-1
WAV, FLERECR S IA 30 000 1>, fLERTE
BAHI, AL FLBREE N 1.04%, XHZHE & AL
BRANGE AT, AHHLFLAE BRI (E 6a),
FREFTE 10~140 nm, FLEVAR S Rk 71.5%. fL
B R SELBRIABUEEL, 10~140 nm LAY HL
FLoTHk 7R B R AR (] 7a). SY—1-2 TUAFE A
1 TOC & wEALAIK, LTRSS, B HLFLIY 2L
IR AE/D, 258 10 000 4>, R HIFLERE R 0.06% .
TZHRE S FLAR S0 A s B S SO RAE, 435I
10~60 nm A1 190~350 nm X [R], X7 AFLERIAREL 5 ooy
A 45.3% Fl 35.3%. JLHIE: 190~350 nm X [H] (1 FLB,
FLFF 7 L sk 48.2%( &l 7b).

e DB TUA P FES Y, RX=-1-1 AL
LI =L S B0 . HERIE (I 6c), #&KRFLER
BOEEEZ (29 25 000 1), HALBZ [EIAHXS PRS2, RX-
1-1 RE S A HLFLBRE N 2.43%, fLA2K/NE R A
fE 200~400 nm, 7 SALBRIATN 49.2%, FLERFE A
A3 A S5 AURFRARAL (] 7¢)o RX—1-2 #ES 094G HLAL
LB A LI . AR 3, A7 LT A A X
AyER, A HLALECRZ 20 000 24>, IZRE S A HLFLER
BEHR 1.67%, fLi%FZLE A 200~450nm, fLEIAF
HiHoN 47.4%, FimBLE AL, S 28.1%(1& 7d).

TAk, BT Avizo FRAOFEE ST T 4 AR HLAL Y
2L R — M AR S R R TR (BRI ), AR v

100

96 |

92 +

88

84 -

80

SY-1-1 SY-1-2 RX-1-1 RX-1-2

(b) BT REHARMIREL 5 ST FE TN

Fig. 5 Reliability assessment of 3D reconstruction of shale organic pores



B ACH R T A R S UA A DU LB S F R B —ZfEE A

369

&6

FLBRIRFR G EE/%

wrl Gv'S

Efz/m

(b) SY-1-2, 1676.1 m, F-EhiEH

RIFLATRE /%

—_— 100
, OO asmse | T 90
- - - - gRILGREE | _.---TT 80
e (1 _Mllerm— LB 30 1167 70
ﬁ 5 7T FLBRAE: 1.24% 60
g 4 41" 50
# 3 At 40
=, e 30
= s 20
1 L |_| |_| 10
0 - 0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 250 300 350 400 450 500
HfZnm
o
(a) SY-1-1, 1692.3 m, 4-BiE4A
i
o
> ¢
B B
<
5 3 <
14 — 100
12 O et o
.- - S
210 - BRILGRGS e FLBs%E: 10 3167 80 S
>0 -/l = FLBEEE: 0.06% 70 R
---------- 60 10
B v
= | Il @ - 50 B
e Ut 40 &
~ - —
N JE »
™ 5 4 20 v
- Qo0 1] o ¥
oLz mAEN=! 1 0
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 250 300 350 400 450 500

RRFATRE L%

100
16 | FLBR#L: 24 9651 [ ssmste o 90
2 14| LI 243% - - RRAGRGL 80
D12 rd 10
‘010 s &0
B - 50
£°0 T 40
&6 T 30
= -
" il 1] ;
2 -F-F17 10
o e wanail ﬂﬂﬂﬂﬂﬂﬂ ﬂﬂo
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 250 300 350 400 450 500
EfEinm
(c) RX-1-1,755.8 m, x5 24
| f e
ol ol
~ N
w» [
h= T
3 El
16 — 100
ol ALBEE: 27 6334 [ q %
B 1.67% - ZRIARGE . 80 X
12 - S
P 70 X
10 Lo 60 0
- ‘ 50 =
——————— 0¥
LI S =
_____ 30 o
4 -- =
—p=r H H 20 p%
2 T 10
L amBHEAMNINn000n0]]

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 250 300 350 400 450 500
BEfZ/nm

(d) RX-1-2, 750.2 m, 2 5% 4

BNAN=4RBMARIL R TR AR HETE

Fig. 6 Three-dimensional model of organic pores and histograms of pore volume distribution for different pore sizes



370 Ao 2025 4504 A 55 10 455 2
8 100
R 1 7LE@mRLLE » 190
7t e T [ SRARERGL | - -
< — T =T 180
- 6} o "
B St 170
25T e u {60
= 4 It {50
gl - 140
@ 11 130
= 2| i34l
11 (H} H 120
1} -
1 110
BRE ] NIl 1,
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 250 300 350 400 450 500
HR/nm
(a) SY-1-1, 1692.3 m, L EiE4A
25 . 100
[ ALR@REL / 1 90
fffff REFLRBERB L S
2 20t K 180
R -7 170
J_D —_/
%w- _____________ 1 60
'@ _______________ {1 50
waot [ - 1 40
& 1 30
[\\_‘
51 1 20
H H il 1 1o
0 ﬂ ﬂ 1.1, m m [, ﬁ ﬂ 1, 0
“70 20 30 40 50 60 70 80 90 100 110 120 130 140 50 160 170 180 190 200 250 300 350 400 450 500
ET:I:/nm
(b) SY-1-2, 1676.1 m, 4Bt
"®* 100
[ LRERASLLE .- %
L E LRI E TR L L 1
S 2 / 1%
D / 170
JE'E 10+ —“’,"' 160
E sl .- { 50
e LT 1 40
& °f R 30
= 4f e
{}{WH (“1 H (WH (WH ’W K
2+ -
- 110
0 m-m—m’ﬂ—ﬂ H H ﬂ m 0
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 250 300 350 400 450 500
HF/nm
(c) RX-1-1, 755.8 m, # ;%A
7 — 100
— ] AE=EREL e %
st !ty |----- RIFL R & ] .7 |
L M -7 {80
st e , R b
4,10 u e u { 60
H}é Er -r- 1 50
w37 AT 1 40
=] L-F17[ 130
o -
ot {20
1| e
i H |10
0 W"

10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
EfF/nm
(d) RX-1-2,750.2 m, I 5Z4H

B7 BANAKRERSHESE

Fig.7 Histogram of surface area distribution of organic pores

0
190 200 250 300 350 400 450 500

RFFLREFR S/ % RFILETR S/ % RN REN S/ %

RRFLFRER G/ %



BEH DT o AR B AT DU LB S AR b = 4k FE A

371

PYLL A BRI LR FLBR,  HARBUR /N5 S2BR (1 FLBR AR
AHAE 20 [ AT 2 75 A FLBE =2 1] Fy e (&1 8 &
9)o B HE A TUA B MR R 1 S8 8, SY—
11 AR R R (18] 8a), AHELHIESR (1) R FLBR Z [A]
W A R E T /INFLBR A X RS, MR R R -
KR R TE AR KA R TR TR A0 1A 8b TR,
I T A 22 (29 5000 2% ), HeRAR FEE D TE
6~100 nm, FH{E Ky 37.8 nm; M K 4 A6 0 Bl 4%
J7, KTk 465 nm, PR 47.1 nm, fLERY
BCAIECFIME 140 S8k, Btk (R th 2k b5 ik
LRGN AT BOEFAE IS (& 8b), K HIAIHIRE
Xof H A R R B BTRR A, T 5 et W %o e AR AR Y
DUBRARXS B/, X i — AR AL B iR e ) £
Z KSR MR FE . SY—1-2 A S i = 4R AN
Kl 8c i, W T AN ECHANIL R KT, fLEAHE
PR, FLBRZ R E P22, WE R AR . %FE
i O METE 242 T 6~380 nm, “F-H4{H K 38.5 nm, Mg
BERFEAT 6~300 nm, FHKEH 55.1 nm, FLELAY
BeA B 41 0.8

LZSERSET Ty

WRiEKE/Inm

(c) SY-1-2, =4 7L EAETY
B8 HHEATAANILMN =47 IA—WRESREMREEGRRS R

Fig. 8 Three-dimensional pore-throat framework structure and throat volume distribution of organic pores in the Niutitang

Formation shale

T TR AL TS A BRA AR R K SO0 9. T
MR ANLIEH LT, HAERURTRER IR (
9a, ¢) W K FA4EiEd . RX-1-1 K5 1A HLFLFL
R, MEEA, CMRIE AR EEAE A 9~150 nm, -
B} 66.2 nm; MEIEK A 667 nm, “F-IHMEIERK N
79.6 nm; 9~100 nm [ 41K M 3 XF ik T8 (R B BT kAL
/N, DARIGRE (242 >100 nm) STAR S 5 BRI A L
LAY BB Y(E R 0.7, FERX—1-2 FEfhrf, KAL
B (PR AT, WERIEAIXT 2R, i /NFL Y
W2, AR RERMEE AR EEA T 6~120 nm, Y
{4 40.5 nm; MEEKEANTF 7~571 nm, FHKEN
43.2 nm, FERGFLBRECO ERHXT R E, SPIEA 1.4,
BEAN (B 9d), IZAE S ) BT T AR FLE 6~350 nm X
] P SR MR i, 40 /NRSE (242 <100 nm) X5 i BE
FIR BTN, RIMRIE (2428 >100 nm) #Y TTRA 35

3.3 BHNIAAHHERERREE

VA A BLAL Y 2R T OWE 25023 TR 2540 0 BUE X

ARG A2 L BA T AR ol SR O PR Y 4

500 . 3.0
o O KREKE
RFAMEE AT 25
400 | :
20§
300 | 02
He
R 15 &
Hm|
200 + 2 o o éE<J
q o g o 1.0 §
& o \%}?
100 o 1 o5 B
0 . . o
200 250 300
HEIE F1E/nm
(b) SY-1-1, HRE AT R dh 2%
400 0.8
o KREKE
RFAMEE AT
300 | {06 =
o] ’ E
=
=
200 | o 6 104 &
o m)
§<
Q
=14
100 | 0%o0 102 ?lw?
0 . . . . . 0
150 200 250 300 350 400

HEIEFF2/nm
(d) SY-1-2, W& AT R dh 4



372 FAilEkE 2025 404 ] 55 10 B 2 4
800 o WERE +0
) 2RREFER |35
600 13.0 %
£ . g
< R 125 =
o °
i 4000 © © loo0 &
m) %° @ S oo ¢ |15 &
% 2 QJ gg o O © (o] djo © ’ ‘%
@ o "% % 0 =
200 | Q’%;Oc% S8y o o o110 he
: O@%‘f’%s§§ & ° los
0 S s s s s 0
0 100 200 300 400 500
SEESEI
(@) RX-1-1, =47 A &Y (b) RX-1-1, BRIEATR R h 2
7
WRIE K
RREER s
15 E
3
=is
14
=
134
e
12 &
B
11
: s s s s 0
100 200 300 400 500 600
HEIE F 12 /nm

(c) RX-1-2, =47 Wih 7
£ D RATEENILN S SR EE B RENRIEEERS T

Fig. 9 Three-dimensional pore-throat framework structure and throat volume distribution of organic pores in the Longmaxi

9

Formation shale

SRR BT LA B AT WAL = eSS R A T A, e TR
HICA A PALAESLAR RN e AR A LR BT T
P T AL BT R &, A FHH
BRI P sUA A ILALE R 4R D BEAT 75, 45
AR T B B AR UL TR AR R0 T8 B 2 (L
K 10), FEAAEFLAEL 1.7~150.0 nm LI, bR
A HLFLASH S 2R R S

JEARRTRIREA LA IR, 255 AT
KUY, 7ol SRAMFEIEA X E UE S, AHLAL
(52 2 2 S T B Sz 4 T LT Ry R A A 1
BT PR E R ) 0, RBOTA RAHLILE
KH, HEMEEETER L0, X —I GG AR
WA R —2.

it — 2 R GERAE GUE FLBR SRR L A = 4
NN FREL, ASUBIT TR &R0 % i it
HIAYLEEAT T = EM B RAE . ARIERTE 5>
YRR T, W T A A e SR A p) =4k
LB 4R, S5 11 FiR, 4 FES IR N
LA BRI, HALRRGE S, A2
ARLAEARACRFAE, 35X T BESZ 55 D FL B A AA) 1Y ] 0

(d) RX-1-2, BRIEARFR R FR i 4

IS . DUAFLBRES ) BA W] i 2 RO R IR, fLAR
R/NEEROK B, HoamBERh 2 EZRE, 5
HORNFRE LI 22 fE B o 2= 5. (MU,
i = AR F A TR B B 4R R LA YR L 2
()2 IR LR AR LM AR AR

R XA AN R R T FLBR A e R R () 25 5, ARt
25 WILL 140 nm A 150 nm N3350 s, B4 G bE
ZH A e IR 20 WA DU AT ML R 43 R /LS R AL
FEPASRUEE X N, LR 5 LA (8 U HSth 2634
LI RAFIA G (FHOC R B R2>0.9147). /NMLECH
RALEHY M HEE (D, 1 Dy) FTRE R 13X PN RUEZ X
(B ALBRZE AR Bt . — i &, A = 4Ezs
SHIBHEE T 2~3 Z M FoRFLBRES BN 4%, BUE
BT 3, EARREE S S, FEARRMESE T, AR
WA VR4 D, E R T e DEH, HEER it
Fra A D, RTR IR G A (LRl 11), RUIRER
JUA T RALBFLBRGS I i A%, AHEZ S, Dy 73 IE
AT w BN, AR D EEERART 2, X ATRE
SR NLBR B THEOR A C . — 5T & B T FIB-SEM
B ZTIE (R 10 nm) & AL s, T30 L



BEH DT o AR B AT DU LB S AR b = 4k FE A

373

6 6
SY-1-1 SvAo
51 HERiEA 5 HERiEA
4 L o 4| o~ o
O\%\& Ssoa -~
> Sso . ye-04237x+2.3418 S Ssa_ Y=-04128x+2.3605
I I 4
£ 800, RP=0.999 £ 90 00,0 R=0.9988
2| - 5l
1L il
b=2.5763 D=2.5872
0 - - - - - - 0 - - - - - -
5 4 -3 2 -1 0 1 5 4 3 2 - 0 1 2
In[in(P,/P)] In[n(P,/P)]
(a) SY-1-11 R 4L Hh 25 (b) SY-1-2KEGH A T e R h 45
6 6
RX-1-1 RYX A2
S TTes RBRA 5t o EDRE
-~ o -—e_
Sosag oo o,
4r y=-0.3611x+3.975 - 4r S0 e
>~ R?=0.9943 © - y=-0.3396x+3.7966 >~
c 37 = 3t R?=0.9966
2 | 5l
1 r 1 L
D=2.6389 D=2.6604
0 - - - ' ' 0 - - - - -
-4 -3 ) -1 0 1 2 -4 -3 2 1 0 1 2
In[n(P,/P)] In[In(P,/P)]

(c) RX-1-1#E R T 4e b 2

10 RENEVIRHRE R SIS R4FE

Fig. 10 Fractal characteristics of nitrogen adsorption in extracted organic matter samples

Log(Vi/ Vi)

Log(Vi/Vin)

0.1F sy-1-1
% 4 4| . O—OOOW
_o2l HEdEA 45
05 97 y,=0.2228x+0.0039
) . i R?=0.9147
-0.8 | i
14| ¥=17300x+0.7176,-”
' R=0.9769 .~
-141 e
a7l e D,=1.2691
' © D,=2.7772
20 L L L L L L L
-16 -14 -12 -10 -08 -06 -04 -02 O
Log(rrna)
(@) SY-1- 1R AT 4E il 2%
=0.8168x+0.0408
01} RX-1-1 ye
0.1 oA R2=0-94186000W
- o
07} e
)
L
-13}t LT
/Q,
19}t L7
o ¥:=1.8595x+0.4731
2=
251 Re=0.9962 D,=1.1405
D,=2.1832
-3.1 L L L L L L L
-16 -14 -12 -10 -08 -06 -04 -02 O
Log(/ray)

(c) RX-1-1#E s A T 4E b 2%

11 E-FFIB-SEM HIEHFLILER o FE4H1E

Fig. 11 Fractal characteristics of organic pore structures based on FIB-SEM analysis

Log(Vi/V )

Log(Vi/ Vi)

0.1

-02

-0.5

-0.8

-1.1
-14
-1.7
-2.0

-1

0.1 r

-0.2
-0.5
-0.8
-1.1
-1.4
-1.7
-2.0

(d) RX-1-2% S oy e e 4

SY-1-2 ,=0.6265x-0.117
A1 Y| 2—
SRR .i? 0.923’&235De cor
.o 0 T
y,=0.9737x+0.1643  0.-°
R=0.922 %--
o
D,=2.0263
D,=2.3735

6 -14 -12 -10 -08 -06 -04 -02 0

Log(rir,

max)

(b) SY-1-2f R A FE4E b 2%

» 1,=0.709x-0.0139
;XEET ;Qﬁ * R2=0.9893, - 4
URSY: X2

=
-1
=@

L+ %:=1.662x+0.5357 D=1.3380
R°=0.9832

D,=2.2910

o
-14 -12 -10 -08 -06 -04 -02 O
Log(rr,

max)

(d) RX-1-2%% 5 53 L 4 B h 4%



374

AiMEREER 20254F 04 A 5510 &5 2

BRI BIETTROAN R 5 55— J7 i AT RE A L5 FL B
TEWRPEREHXELLIX 73, 38 AL B BEAR A5 T

Ak, FET R R i) FHHAS B 475k kb T
XA, SRR A HERAE 150 nm DLUF FLERA R
ek Ik, S5a =4ETER S AWM TR SR T
TEFTHI R A AR, RSB 22 RUBEA HILFL FLBRZS
MRS AR HATHE G RAE . HHFR AR, AR
M THREARR AR, AYLA R R 2 R R
AT BE— AR S Rk

3.4 BHF=HEMRESRIE

TEALB R R - A9 SEAE b, XF e br 1 4= B 20
5l HBEATCA AL/ MU R ZE R 4%
K12 FoR, A BEE A A T/ NLIGTERIA 7 (18] 122)
W e T RAL, RWI/INLIEZSHIN, SR i Bk,
R AL B 2 1] T AN MUUPIR AR SR . T SR 2 it
HEIRALS /ML AR 74 8 3 R TR B AL, 3R
B e Eh R 2H A LU AR LU ERIR B 32, x5
13 L BT (SEM) WA I FLBE AR5 fE— 2. oE— 2%
AR LBt A gt () 120) B, 4
R ZH TUA TP ORFLA B, BB, SR B By ) %
P, W/NLBCARURAR, EdErEzE. MLz T, 5
B IUA BA ILAL R R TC O e b, LB e 1 22

1.0 .
4 EFiEA v R EA L
sl | 0 x4
N ool | B
0.6 !
x |
R 04t |
o ﬂ |
SY-1-1 SY-1-2 RX-1-1 RX-1-2
(a) WIRRFEFE
2.0 T
HERyEA | HEZE A A
\ [ x4
. 15¢ !
IS |
= |
= 10t |
& |
-
Mo 1
05} H ! H
0 H N a1 : N
SY-1-1 SY-1-2 RX-1-1 RX-1-2
(c) FLEFRE AR

12 FHFALHRREF. B, ARMRERFHEFE

455/ IMLB R e BE 5 A PR A TS LU A A 3
PIE TR DUA B/ NLE R B B ey, (B R R
gl P Z ARG R . REBADLLIEE

fe AL R P O NS, IR B, HATE 2
T BE T2 AR I FLRR A EE TR, %) s U fp

RESIDTHREH R . SRV, AR BEEAL DUS T ORFL R AL
B i PR 5 Pk R AR A S, X — 22 7T e
AL IO RR 25 57 8. R B R vUA b T
ot AR B, ARG R A RIZIARRIER, fEEMEE
SEid AR A TR AN, XSRS FR L T4
LB, JE R T 245 - FLBRAL A 454, sEn T FLpRSS
P52 2 I Rl I 4 i T R AL Z (Rl ), T
B VA AT AR ARG, A HLTOAR KA
R, AW ERGER KT, RIEi 2 24t
HREE, SIS, EABEHTCAAPIALT, NMLTT
kT R R FLAR R (649%) A1 N 2 11 AR (76%)(F 12¢ .
d), MRFLATTRRA X RN A /INFLIFLIARTR B 3
KA, AR/ NFLZ RIAH E RS, Fefi g, i
PE2 . o R U A ML ST E 20k § TR
fL(70%)( & 12¢), fL 3% 1m0 F2 51 Bk P9 2 A 4 (] 12d),
KALBNI B T/ML, HMEE R, HItRfLz
V) 4] 32 308 P A X A -

ZE TR, A AL A PR AR R R T U

7 T
— 4 EEEA [ T BiEE B2 L
6f o 1 x5
51 |
< !
84T !
& |
I !
| H I H
1t |
(2R R
SY-1-1 SY-1-2 RX-1-1 RX-1-2
(b) BN HEFE
150 .
- HEREA . Koz EJ /0L
0l ! O x3
= I ]
= 90 |
& |
E 60 |
~ I
30 H X
. |
SY-1-1 SY-1-2 RX-1-1 RX-1-2
(d) fFLRMREAE

Fig. 12 Statistical histograms of shape factor, coordination number, volume, and surface area of organic pores



B AL DT ol A SR AT DU LRSS PR AL K — 4 FE A

375

AHLFLEEHE R 2T B S AL (] B e 1 2 i o
M uCE TR R, A LB ZU45 R 5 B RS
PR REE — LA A, WENIN T RALI A AR
JES ;T /NLI 224 32 2 A HLBR AL B B
PR, Z5HE 2 HOr A IRar, il e s . X —45R
R T SUE R R FLBR G M AL n N ERL ], DB TR AR
fift U TIRAT 5B LA SR AL TRk ARG . AR
R RIS, AHRTEH TR s B D, HIX AR
A O AN, PR S O A T e ] e A AE 22
5, PLENZRARESEUTRAHE BA —E R ATENE,
JE A B IRE A R, TR AR XN B
ASPRHIE . PR REEE FBCATE T 25 5, LSRR
PSS E AR TR R S IA

4 g

D) Bt X e R A AL+ kT, HA
PLALAFLBOE 5 B R 0ER . ik, LR R/hE

BT 200~450 nm,  Fb 7 T B R (133.9~159.5 mY/g);
A B TR AL AR | BeadetR A2 /N 53
IR, FLAERZIN(10~140 nm),  HERTEFU (30.9~ 31.4 m¥g).

2) A BT R A AR B 4R LR 4G A 22 S 1)
JAP AR UA T A L, AL 4 R T3
FLBRRES M . IRFRIG s, T8 R R AL, %
PEES U e SR AL TS Y B A XTI, R
gtk . SUIRFLBR AL, (LB Z BN IR, il
PEZRR

3) T = AEFLBREL AL, R 4> E IS A L
LI 3 R RALRU L, o, e BE 2 5UA 9 R AL
(r>140 nm) (5 TUA FLARFRN 70%, KALAELN 5=,
WkiE A A, LS /ML (/<140 nm) 2Z [ IH
AL, WEEALE, &tz EAmiEA s,
/L (<150 nm) XFFLIARFRAY DTk R 3 (64%), (HECA 5K
A IRSE A, 2SR AL (>150 nm) B FLAK
AR, Bofi8E, it

525 30k

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

Mrwxk, 2855, T, 5. T B35 KOG AH DUE UG 2 FLBR 25 A 3R 3 BERRAE [J]. RERHIERFLA:, 2015, 26(08): 1455-1463.
[CHEN S B, QIN Y, WANG Y, et al. Pore structure and heterogeneity of marine shales in the Middle-Upper Yangtze [J]. Natural Gas
Geoscience, 2015, 26(08): 1455—1463.]

TR, 50K, S0, TUE AR AT S U/ B I A R B E [9)  [7). AR R, 2023, 8(06): 695—706. [JIA C
Z, JIANG L, ZHAO W. The shale revolution and basic geological theory problems of shale and tight oil and gas [J]. Petroleum Science
Bulletin, 2023, 8(06): 695-706.]

LOUCKS R G, REED R M, RUPPEL S C, et al. Morphology, genesis, and distribution of nanometer-scale pores in siliceous mudstones
of the Mississippian Barnett Shale[J]. Journal of Sedimentary Research, 2009, 79: 848—861.

M, FOEG, SIEREL, AF . 1 R X e SR 2H TUS A LB FL B 22 S Tl A B AR SRR i R 25 TR RS2 ) [0, A iRl 27 412
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[J]. Petroleum Science Bulletin, 2020, 5(01): 1-16.]

LI Z, LIU D, CAl Y, et al. Multi-scale quantitative characterization of 3—D pore-fracture networks in bituminous and anthracite coals
using FIB-SEM tomography and X-ray p-CT[J]. Fuel, 2017, 209: 43—53.

R, TR, TR, . VU ANUBILBIE R, R S e AR (0], AR S5 TF &, 2021, 48(04): 687—699.
[TENG GE, LULF, YU LJ, et al. Formation, preservation and connectivity control of organic pores in shale[J]. Petroleum Exploration
and Development, 2021, 48(04): 687—699.]

ST, BRisoat, sREVZ, 55 S THEESCI0 A TUAFLBUZE B E S TR R B AT T S HH ST SCT]. M4, 2023, 97(08):
2702-2714. [ZHANG Y H, CHEN S B, ZHANG Y K, et al. Study on evolution of shale pore connectivity and shape factor based on
thermal simulation experiments and its geological significance[J]. Acta Geologica Sinica, 2023, 97(08): 2702—-2714.]

Mz, 855, BRIR, 55 DU AN IR R 35 B G e S B 20 TUA A HILALARAE [1]. Al SE8e 35, 2020, 42(03): 387-397.
[YANG Y F, BAO F, TENG G E, et al. Characteristics of organic matter-hosted pores in Lower Silurian Longmaxi shale with different
maturities, Sichuan Basin[J]. Petroleum Geology & Experiment, 2020, 42(03): 387—397.]

P BEAE , XUBOAK, XISCF, S5 D)1 2 b i I — 7 1|t X TR 21 02A A MLFL AR S G e R 22 (D). il 5 R AR S e, 2021,
42(06): 1321-1333. [YANG X Y, LIU C L, L W P, et al. Characteristics of and factors influencing organic pores in the Lower Silurian
Long-maxi Formation, Fushun-Yongchuan Area, Sichuan Basin[J]. Oil & Gas Geology, 2021, 42(06): 1321—-1333.]

XAVK, BLARLL, INBJE, S5 AR R b X0 — e iR 20 TR )2 R A LIS 0 LB 45 R 43 T R ik S FE b B 7 SC[]. Mok
Bl 2%, 2023, 48(04): 1496—1516. [LIU R B, WEI Z H, JIA A Q, et al. Fractal characteristics of pore structure in deep overpressured



376

AiMEREER 20254F 04 A 5510 &5 2

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]
[25]

[26]

[27]

(28]

[29]

organic-rich shale in Wufeng-Longmaxi Formation in Southeast Sichuan and its geological significance[J]. Earth Science, 48(04): 1496—
1516.]

o, ey, BALEE, 5. AR R PEE A DL TS M FL IS H R IE——2k A FIB-SEM (Y37 J5 7 [J]. A1 SE 4, 2015,
37(01): 109—-116. [MA'Y, ZHONG N N, CHENG L J, et al. Pore structure of two organic-rich shales in southeastern Chongqing Area:
Insight from focused ion beam scanning electron microscope (FIB-SEM) [J]. Petroleum Geology & Experiment, 2015, 37(01): 109—
116.]

GOU Q, XU S, HAO F, et al. Full-scale pores and micro-fractures characterization using FE-SEM, gas adsorption, nano-CT and
micro-CT: A case study of the Silurian Longmaxi Formation shale in the Fuling Area, Sichuan Basin, China[J]. Fuel, 2019, 253: 167—
179.

ZEEPE, AT, SR, A5 BSAUHL IR A BLUCA SR LR EE R RRE [J]. R R, 2016, 45(06): 1172-1183. [LI X Q,
WANG Z, GUO M, et al. Pore structure characteristics of the Lower Paleozoic formation shale gas reservoir in northern Guizhou[J].
Journal of China University of Mining & Technology, 2016, 45(06): 1172—1183.]

B, SR, WU, AF . IO X RIS A I TUA R R B RAIE : LI DL [7]. Hi2# A2, 2017, 24(06): 286—
299. [WANG R Y, GONG D J, LENG Q G, et al. Developmental characteristics of the Lower Cambrian Niutitang shale reservoir in
Northern Guizhou area: A case study in the Cengong block[J]. Earth Science Frontiers, 2017, 24(06): 286—299.]

JEZ, FBEE, DM, 4. BALFER R AR sUA LR ERAE [7]. M T2k, 2023, 30(03): 110-123. [TANG X, ZHEN P Z,
LAING G D, et al. Fractal characterization of pore structure shale in northern Guizhou, southwestern China[J]. Earth Science Frontiers,
2023, 30(03): 110—123.]

AN XIRAR, TG, A5 B A X LA 2H — o R 2H AN DU 2 AR 3 BT R K A I R 2R (0], Th E LB, 2024, 51(03):
780—798. [LI Y M, LIU D D, FENG X, et al. Heterogeneity characteristics and its controlling factors of marine shale reservoirs in the
Wufeng-Longmaxi Formation in the Northern Guizhou Province[J]. Geology in China, 2024, 51(03): 780—798.]

XUFEAR, B0, O, 55 FUEREI PG 2 T IERGE A IS LRI AR A TUA A DL SRR (7] A AZiE AR, 2024, 9(06): 853~
865. [LIU D D, ZHAO S, TIAN H, et al. Enrichment mechanisms of organic matter in the marine slope facies shales from the Niutitang
Formation in the western Xuefeng Uplift[J]. Petroleum Science Bulletin, 2024, 09(06): 853—865.]

XIAAR, B, YT, 45 B DX A 2t it DX by 2 5 0 Ut I A% AR B4R 18] [9]. RARTl, 2025, 45(02): 51-62.
[LIU D D, TIAN H, FAN Q Q, et al. Geologic conditions and exploration prospects of the lower Paleozoic shale gas reservoirs in the
northern Guizhou complex structural area, SW China[J]. Natural Gas Industry, 2025, 45(2): 51-62.]

HEAR, XA AR, AR, 45 . Byt X g —JE TR 20 DU ORI KA ML & SR AL D). PR R 24 (B AREL IR,
2022, 53(09): 3756—3772. [LIAN M L, LIU D D, LIN R Q, et al. Sedimentary environment and organic matter enrichment mechanism
of Wufeng—Longmaxi shale in the northern Guizhou area[J]. Journal of Central South University(Science and Technology), 2022,
53(9): 3756—-3772.]

&7 B . AR R R AL P AR (7). S, 2012, 31(07): 1035—1053. [SHU L S. An analysis of principal features of tectonic
evolution in South China Block[J]. Geological Bulletin of China, 2012, 31(07): 1035-1053.]

TR, SRZepk, EmZE, 45 P IEAER RS 5 (D] R Bk, 2013, 43(10): 1553-1582. [ZHANG G W, GUO A
L, WANG Y J, et al. Tectonics of South China continent and its implications[J]. Science China: Earth Sciences, 2013, 56: 1804—1828.]
L5, By, B/, AF . SRR BT R AL BT (FIB-SEM) 16 VUA AR AL BREE M BT 52 o (9 0 [9]. PR 7 A4l 2014,
33(03): 251-256. [MA'Y, ZHONG N N, HUANG X Y, et al. The application of focused ion beam scanning electron microscope (FIB-
SEM) to the nanometer-sized pores in shales[J]. Journal of Chinese Electron Microscopy Society, 2014, 33(03): 251-256.]

HEMES S, DESBOIS G, URAI J L, et al. Multi-scale characterization of porosity in Boom Clay (HADES-level, Mol, Belgium) using a
combination of X-ray u-CT, 2D BIB-SEM and FIB-SEM tomography[J]. Microporous and Mesoporous Materials, 2015, 208: 1-20.
MANDELBROT B B, WHEELER J A. The Fractal Geometry of Nature[J]. American Journal of Physics, 1983, 51(03): 286—287.

LI Q, LIU D, CAI Y, et al. Scale-span pore structure heterogeneity of high volatile bituminous coal and anthracite by FIB-SEM and
X-ray p-CT[J]. Journal of Natural Gas Science and Engineering, 2020, 81: 103443.

REICH M H, SNOOK I K, WAGENFELD H K. A fractal interpretation of the effect of drying on the pore structure of Victorian brown
coal[J]. Fuel, 1992, 71, 669-672.

FAN'Y, LIU K, YU L, et al. Assessment of multi-scale pore structures and pore connectivity domains of marine shales by fractal
dimensions and correlation lengths[J]. Fuel, 2022, 330: 125463. MANDELBROT B B, PASSOJA D E, PAULLAY A J. Fractal character
of fracture surfaces of metals[J]. Nature, 1984, 308(5961): 721-722.

ZHANG Q, DONG Y, TONG S. Pore-type-dependent fractal features of shales and implications on permeability[J]. FRACTAL AND
FRACTIONAL, 2023, 7(11): 803.

XIE S, CHENG Q, LING Q, et al. Fractal and multifractal analysis of carbonate pore-scale digital images of petroleum reservoirs[J].
Marine and Petroleum Geology, 2010, 27(2), 476—485.



B AL DT ol A SR AT DU LRSS PR AL K — 4 FE A 377

(30]

[31]

[32]

[33]

(34]

[35]

PFEIFER P, OBERT M, COLE M. Fractal BET and FHH theories of adsorption: a comparative study[J]. Mathematical and Physical
Sciences, 1989, 423(1864), 169—188.

TUPAC (International Union of Pure and Applied Chemistry), Physical chemistry division commission on colloid and surface chemistry,
subcommittee on characterization of porous solids. Recommendations for the characterization of porous solids (Technical Report)[J].
Pure and Applied Chemistry, 1994, 66(8): 1739—1758.

BE T8, IR, AL, 55 I iRIZE DUE A AL SR A2 A LB R RV (0. R R R4l ( B ARRERR), 2022, 53(09):

3532-3544. [Controlling effect of organic matter graphitization on reservoir pore structure in deep shale reservoirs, southern Sichuan[J].
Journal of Central South University (Science and Technology), 2022, 53(09): 3532—-3544.]

HOLZER L, MUENCH B, WEGMANN M, et al. FIB-Nanotomography of particulate systems — Part I: Particle shape and topology of
interfaces[J]. Journal of the American Ceramic Society, 2006, 89(08): 2577—2585.

FERERF, S0, AE 0], 45 AR A R B A TR S T i 254G BT [D]. H T AR AR, 2019, 38(03): 303-319.

[WANG X Q,J X, L1 J M, et al. FIB-SEM applications in petroleum geology research[J]. Journal of Chinese Electron Microscopy
Society, 2019, 38(03): 303-319.]

NING S, XIA P, HAO F, TIAN J, et al. Pore fractal characteristics between marine and marine—continental transitional black shales: A
case study of Niutitang Formation and Longtan Formation[J]. Fractal and Fractional, 2018, 8(5), 288.

(%% AHER)

% 1B : THH (1993 5—), HEMR A, WFRRAMREMLFIT, 251769486@qq.com.
BIEEE: kR (1987 F—), &, AR R, AFEFLHLRFNFL, liudd@cup.edu.cn,



