2017 4F 11 A
November 2017

A 5 W
ROCK AND MINERAL ANALYSIS

Vol.36, No.6
563 —573

P, TR, ERE,SE MHAORE B X LR RORIR SR TS SUS A HLAL = 4ESS M ARAE [T ]. 5547 5, 2017,36 (6)
563 -573.
WANG Yu, WANG Li-hua, WANG Jian-qiang, et al. Investigation of Organic Matter Pore Structures of Shale in Three Dimensions of
Shale Using Nano-X-ray Microscopy[J]. Rock and Mineral Analysis,2017,36(6) :563 —573.

[ DOI: 10. 15898/j. enki. 11 —2131/td. 201703240038 ]

FIRGIARIES X L AR BRI SE 5UEATHLAL —4E ST FAAIE

ER, Eme, 2gr'?, 257, 4, 25
(L. v b B MOV T 5 P T 5 S0 %, 13 201800
2. ERREBE R RIS EIEORIR, 1 201204
3. ERF B S HUER Y BRI ST T, AL AT 100029)

WE: RBARBILRG Z L MBIE B R E T ARNERAIIEL, T E R B ERHER & FH R
SR, AXARLEBR BEAMIASR(ARY T pm) ABRATZ, 55 A AR F 444K CT f=
S EHE CT TEAMILZ LT A EM, A3 BAE BRGNS AR AT AR, &R AW,
DAL EAT EAIIAE R 2 F Ik, UM E Y 60% , 458 84T FLER A 20X, £ F F 60 ~ 150
nm F2 500 ~ 1400 nm; 3L42 K F 500 nm 9 LA S8 SILME T R, QR F 444k CT 5 £H T
thok CT 4 RARE, LR E A LR B A A AR — 5, il B3 A il F 210 2 R K LR 9 F Ao Be i K
DATHAE B R RN AL BARFAE G A R E T LGSR — T RN Fit R, OMKCT ZEEREN
KILR g MR AT B ALEBAX S EREBRAG LD R, TR EME & B HBEALRE,
ESEB IR = T B AT

KB : MARES X FERBMARM; ZfEH,; AVRILN; LLEAR S

FESHES: P588; P575 XEkFRIRAG: A

VURSNE IR 2 T NOR AL R 58, OB
RN I3 TR OO = AR S5 A R AE X RO
BWHLEOIR R A SR R SRR
KB KIE IR Z — o AR B HIA IR
TUAARALBRES AR, il S 2 R ) 56 1
fti B 7 B 7 8% ( Field Emission Scanning Electron
Microscopy , FE — SEM) | 2 £ 2 1 SUH1 1 HL 1 . fik
% (Focused lon Beam-Scanning Electron Microscopy,
FIB - SEM) | & B ¥ % 41 i Fi2 3~ 12 30 8¢ ( Broad ITon
Beam-Scanning Electron Microscopy, BIB - SEM) |
GUKIEST X ST B HUSUR (K CT) FoRSF— R 51
7 1 LN U AR FLBRAEH o o, X A A

KALBR =TS ALBR/D EE R A E
SR FIB - SEM Figh>k CT Jyskdesesl™ ", i
JUAESK , FE N AMIESE 225 15 By FIB — SEM F144K CT
J7 ik  AETUA UKL B o0 A 48 3l R R 5 i
SMERES DT T AN US T SRS AR, B A
i FIB — SEM #8711 i A g T ZE 240 4 B 37 21 A
P TS — T B S R E TUA R
ARSI AEAE R R 25 55 AN 45 BT iR
JEBHI A K CT =4 RAEF AR, KBS /R 2 4
W= RIEK ALK 7 BUs A HUT S T 98 K LB
G B o TS WS I (3 T 440K CT = ZEfi Al it
SHFLBRE th 0. 56% 3K 2. 06% ), £L Bt 3 1k %%

Fs HHA: 2017 —03 -24; {E[EHHA: 2017 —08 -20; #EZ HHF: 2017 —10 -20

BEEE: HEREB RS TR T3 (B 28) “ DU = 48 RS2 50 H AR FEUE S B R 7 (XDB10020102 ) 5 [ R A H
AR AL A RN IH (41325016) 5 TUATHOMEEH4 1 [ 20 48 S a9y ot H (12JC1410400)

YEE RN T3, By EEOFSE 01, 35 [R) 2540 S B AR 7 o 72 50 i T F9E o E-mail: yuwang@ sinap. ac. cn,

EIRES : I, BIDFSE 01, A [R5 0 S 4 R A b 5 2%y 3 ) B P P9 o E-mail: lhwang@ sinap. ac. en,

— 563 —



" a Wk
6
56 http; // www. ykes. ac. cn

2017 4

S B B ARG AE ; Misch % i 33 FIB - SEM %¢
i, B2 10 B S AP TRl — i 1 o Vo] 7 b PR 2 D L PR T
AR AR5 A WL A 22 8] 1) 56 2 s Ma 2602 i R
[ BRI AK CT 5 FIB - SEM, 7E4 K 2 UK
FRUBE RFGE T 6 22 4 0025 A S FL B A = 4 25 ] 45
1 3 Jiang 25"l 1 75 40 Bk FIB - SEM = 4R {44 A
FAT DUAFLIR =i 454, R R AB 3375 SR K
LB IR LA () 454 S 40, A St S Tk R
JET I UAE R S ML R, BF5R K], FIB - SEM
ARG CT FHHHAIE vUA LI = 4E 45 R IER £
BRI, HOUEARALBR I RS2 L T Z 01
N AH T IUEAEZ MR 2R FLBRZE ), =z X
a5 AR B o HER B BR A AT Y 5 2k i R BR M, 0
rr ACHE DA AR AL BRI = 4 AR B AR, $2 o S 0 R
JE, B2 B 3 9 R S AT AR 02 D AR OK FL B R AE
WIS A S 2 —

TUs I FLI S B = S35 A HLALATCHL AL
B, THTER I WS A2s e iy B A R 2
S Cao ZEMR I ZEMON E R, TUE HLAL
SR B A I P A, 3 T L PR R 28 A5 ( Pore
Network Model, PNM) . i 45 HLFL o S 44 A AE ik 7Y
W, & T A BR AR B (Finite Volume Method,
FVM) ., B, XA 3R HLAL 5 TCHLAL , o i
SETUAE OB AR oG 2, U HEAHLAL,
AR R S TUA SR T FEZ R ), B2
RIR BB R G EEEE A B s
SERFHIERESE . BT E N AMIFIR ST A HLLAY
WA H FEA &) FE — SEM . TEM BIB — SEM £ — 4
FAETTETT R, XA AL =428 MBS RN L i
PEAEFRAE DA 55 2

DU )| 4t e g 2H s MR A SRR A
MU & s AL SR |, R i s IR A F
Bz BT e T IR 4 T Ak L
IR Z S F e A X = ey
SFIEADGR I A o A SCRA Y] 2 A AT b X e
LR AU UE BT G, R [R5 5 I 44
K CT FISEEG = ANk CT X H = 4k 2 (0] 245 4 RE A i
FEE R AR, B0 [R5 5 S g ok CT Fsige %
YK CT 7eA HLAL = 4 45 0y Ak 7 180 1) 5 7], DA
FVHFIRAE U LR = e85 i 1R 2% |

1 Sy
L1 SEOGAEN
T B A L T
— 564 —

AR ICE D)1 F 0

7 K BLAT R T o A R A LR
R 2.92% , H YA A KE e 5 R/ T
Yo Wtk Y LA a9 Em (50% ) , KA (15% )
SR 5 (9% ) Wz, Woh & F b & m gk
(4% ) ;i 0 W R 22% , FEB A 5552
RIZAL, —F RIS 5205 66% 15 25% o
1.2 e

K CT SEERIAHZY N 15 pm (73 P4 50 nm) ,
BERSTIAE S B9 B AN T 10 um™ S 345 3 2
FAFIA HLFLAE SR T R 910K CT 5256 1 ¢
B, FIB - SEM YUR A G I i s 2 1 AR 4
IR R R/ 7 & MOR R T, %R R AT
YK 2o, WA Al R A T S E AL 5 LA 2
AN TR L

FIF] Zeiss crossheam 540 FIB — SEM R & 4
AT VU A HLALAK CT SZI A i 25, 1l A o 7
WE 1 R 5, AR, AT O 5T
SRR R AT W, A AL R F AL E
(E1A) . W€ H bR AL J5 , 78 H 3R w5 — 2 40
S (DORAE ) DARIPRE i 3R A 32 88 7 SR IR
FER, Ve 22 Z0 i, A TR B 5 A T HLFLRE
A IR o g e DR SCR U e b S 0
TE 20k T SRAG T (ACRFE & (I 1B) 5, X H
TTRG e 35 5 20 0l 4R A5 B AR A BLALFE a, an &
1C 7R o Z0 il 78 b, 2 o 5 R ot 2 T PR 4+ T
L, ZIPh IR B 30 wm , HET AR 30 kV, 1)
FIR N 20 nA, FJa, R DO P T4 8 A
BLALAE il S D A o B (BT 1D) RGBT 15 B 2R
ELHEEKR CT HA . LR IRE HRY
7 pm, 5210 wm,
1.3 gk CT 52440k

APLALAIK CT = 4E L5 5255 530 A1) ] 20 5
O CT MISEE 9K CT IF . [A2PARAT9K CT 52
BARFE B EOLIR 018 X 2k WA R Lol , HAE
BTN 8 keV, B 7 HER Y 50 nm, SLHR ] [A) 20
RS X WA, 2R E R BN 25
I P O R G, A R AT RS 5
o o R i EE T CT OERE 4 AE & o
B, TAEGREERE 1°, 0805 2 — sk BOE K, AL
B BRI 181 5K B B, 43 K452 R g DG I [] Sy
60 s, 19l 25 5 MR U8 U S AR R O ik #E AT U
=,

S CT LI AKFE Zeiss Xradia 800 Ultra
K CT R FEBR i R o3 BEAE 50 nm, S5 A L



[ ﬁﬂhﬂ

g
=
oA

SRIENN
)
3

# V‘J ¥ A

< VIZT16.39 pit g

A— IR DX 3 B— 2 T DI s C— IR B AR i s D— LA T IR

S 25.95‘;11]1 e
3 ﬁmj" HI=25.931m. -
*‘%‘HH , oo = ;

& .
BUbE
s - /‘<

4

Pl 1 FIB - SEM BUR ZR e 1 0UAATHLALFR i U 10 il 7

Fig. 1 Detailed process for the organic matter pore sample preparation based on FIB-SEM system
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Fig.2 Reconstructed CT images of organic matter pores. The values plotted gray along blue line in the XZ plane slice suggest pore

(black) and organic matter (dark grey)

ToeseE CT(EI2B) BT RP AR 9K CT e 5K
P 4 B U R BA S R G A
2.2 AHLIL g mdtas R
4D R AR A Avizo BPE {8 AT 523
X TUESLBR A =4, K3 Al R A s
AL =GRS5 b 0 5 45 53, Forh [ 3A g Bk T [
ERSTAK CT R EARTG 25 R, &1 3B Sy 5L T 500
UK CT 35 ARG 1Y SLI 45 3L, A R KT8 =
S pm x5 um x 10 wm, =4 KA E B
AL, KA BT, FLEBEFIA ALBAH B.S00,
T =423 0] b s IR, ST SEM B WLER 1Y 45
R ARIEA R 2 73 K P AR 22 57, 79 ) K LB A
ML BB Ot , 78 = 425 [a] b om Hoor A Y
LN 3 R o R EOT AN B AR R S A R, ]

— 566 —

ARt , 2 [ 20 4 S 44 0K CT 2 B AR A5 9 = 48 K
BERLIE A HLBAFLBR B2 5y X g3, 73 FI S U £L
BRI BILJBE 25 18] A1 5 = 48K B2 PRIt S
2.3 AHL=4EEi 58

TEAG AR 2 53 = 4 =3 6] 3 A FE A 9 [R] s,
25 2170 K PR LT Y 25 (] (O R/ ARFRAE SE
FoRoR . MRAEERITIAIR (K D) TP
SR CT 2B LI = 40K CT 288 ke i A
PLALZEHI S H, FLBRRE AL B R AL B E AR
FIMGEAE B YA S REA T, i 25 (H
TE 10% LL 5 S R ALBR B AR M Sl 00 Ik T A
T4~ A SR 22 B, JH v i ) i 22 (L
R (KT 30% ) o



55 6 3]

EHL AR FITNAOKIB S X SRR R BRI TE TUA A HLAL =25 RRAE

536 &

A FIBHRST 9KCT
3D JEALE

10 um

S um 5 pum

B i EAKCT
DR

10 pm

Spm  5pm

P33 JethRdlicaAbliL—=giaikaghk CT dmigp g

FLER

FLBRE=63 %

Fig.3 Three dimensional structure reconstructions of organic matter pore of Longmaxi shale
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Table 1 Structural parameters of organic matter pore of
Longmaxi shale
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Fig.4 Histograms depict the coordination number, radius and volume distributions of organic matter pore of Longmaxi shale
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Highlights
* The three dimensional pore structure of shale was comparatively investigated using nano-scale synchrontron
radiation CT and laboratory CT.
* Synchrontron radiation CT and laboratory CT show a similar law of pore size distribution but obvious deviations
considering the exact figures.
* Problems of threshold partition and small scan view can be improved by reconstruction algorithm, 3D data

analysis and representative elementary volume.
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Abstract: Three dimensional (3D) structures of nanometer scale pores is a determining factor for the shale gas
micro-seepage mechanism, and it is a critical issue needing to be solved urgently to develop a better model for the
description of flow behavior in shale. In this study, 3D structure of the OM pores of the Longmaxi formation shale
sample (@ =7 pum) from the Sichuan basin was rebuilt using synchrontron radiation CT and experimental CT
respectively. The purpose of the study was to compare the pore structural parameters obtained from the radiation CT
and experimental CT. The results indicate; (1) The OM pores, with a porosity of about 60% , exhibit a
honeycomb pattern and good connectivity. The pore size distribution exhibits a bimodal pattern, mainly
concentrating in 60 — 150 nm and 500 — 1400 nm, and pores with diameters larger than 500 nm contribute the most
to the total porosity. (2) The porosity and the total pore number obtained from synchrontron radiation CT and
experimental CT remain consistent within the accepted margin of error, but the total throat number and throat
diameters obtained from the second method above suggest a relatively large difference. Although the pore size
distribution and coordination number distribution laws are similar, there are obvious deviations considering the exact
figures. (3) For 3D characterization of shale pore structures using nanometer CT, there are problems of threshold
partition and small scan view. The problems can be reduced by three plans starting with reconstruction algorithm
3D data analysis and REV.

Key words: nano-X-ray Microscopy; three dimensional reconstruction; organic matter pore; Longmaxi shale
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