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An investigation into pore-throat connectivity in tight sandstone reservoir:
A case of the Chang 7 Reservoir in Ordos Basin

Qin Yang', Yao Suping'", Xiao Hanmin®
(1. School of Earth Sciences and Engineering, Nanjing University, Nanjing, 210023, China;
2. Langfang Branch of PetroChina Exploration and Development Research Institute, Langfang, 065007, China)

Abstract: The pore - throat connectivity of Reservoir is an important parameter used in the evaluation of tight sandstone
reservoirs. However, the study of pore - throat connectivity is affected by the complex nanometer - scale throat of tight
sandstone reservoirs. Its single quantification method and unknown characterization parameters are difficult points in this field.
In order to improve the characterization of reservoir connectivity, micro-nanoCT , nuclear magnetic resonance cryoporometry
and triple ion beam etching combined with field emission scanning electron microscopy-PCAS (Pores and Cracks Analysis
System) were used to characterize and analyze the connectivity of typical (siltstone, fine sandstone, and muddy siltstone)
sandstone samples in the 7th member of the Yanchang Formation in the Ordos Basin. Experimental results show that the pore
size of tight sandstone pores is positively related to the number of throats they connect. The volume of connected pores in
tight sandstone contributes much more to the connectivity than the number of connected pores. Oil immersed fine sandstone
samples have higher connectivity than oil stained siltstone sample. Experimental analysis shows that the characterization
method of multi method combination is an important method to characterize the connectivity of tight sandstone reservoir.
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Fig.1 The outline map of Ordos Basin
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Fig. 2 Porosity versus permeability for 75 tight sand -

stone samples
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Table 2 The results measured by NMRC for different tight sandstone samples
FEbih 44 100~300 nm A4 A8 A L (%) 10~30 nm AR 5 1L (%) K FLBREE ()
7-1 54.62 8.69 5. 0488
79 57.68 6.89 7.7154
7-6 45.01 7.91 7.6586
7-2 60.49 7.73 5. 6853
7-10 43.77 4.91 5. 1189
7124-7 50. 16 6.23 9. 2646

Z-1,7-9,7-2 = YA wb & FF o 1) Ok Rl i 1] L
A — ot 7E KT 100 nm A9 FLAZ 5 BBl N 34
h SR BT, HL = AN U il ] ) 3 Sk L0 H
B A — B, 25 R, M 100 nm &b Hy B K e
JEE RN, S A A /0N R O A, B 8 M 1 T &
300 nm(UETH )4k . BRI B & FLAR #E 100~300 nm
(R FLBR 22 Ry 34 5 3 B2 0 o0 A7, HAR SR B0 Ry 3 45 LU
HH R /N FL AR X 7 1 0 T et W AT SR L AR X iz 11
CUAETH A, BB TR FLA T TR N B 3 S L

F L XA/ INFLAR IR " 4 . AN, Z-6 S A
HRE AL Z124-7 SR b S B i B A AL B B8
i, A 5 A W BE AN ] A 4 T8, 2978 /N T 100 nm
F8 FL AR S R 2 310 LI, 2R T 100 nm A £L A
Bl N B =0 s B R R R, 26 5 A A A
WA T ) it A AR T Z124-7 S b A R L L
T B R B4 i DR T R R AR A 22 AH R BCR YA
B R T AR TR A R A 7 2, 516 5 73 f P LB
AIFTIT R T SR A SR A TR 2%



%3 Z VRN BOR W A8 )R FL I R AT 5 —— LSRR 2 T 1K 7 AR O 191 -+ 343

(a) (b)Y TFOHI A 3 Kt 5 (o) () TS D AT 5 Ce) () T BRERY B2 5 A i
B4 =ZSRABVERPOANBEERR
Fig.4 SEM images of large field for three typical sandstone samples

o . , fiE WU fEE o 88 1R 20 25 5 3 & R AR
3 BERANSRESRESE E R RE 4 47 O 845 56 10 L0 -1
3.1 Pores and Cracks Analysis System (PCAS) HLE IO 5 SR I AES T IR ZI o (1 7 5, S BET 2
EHEMERNER a2 FEaskikn OB IS A LI 5 SR, X T M A 4
UKL Ry T, 4 K 22 B AL BB S 445 W 78 5 T ik BT AL fig DA P 22 2 5 o 19 F B 0E AT, o LS 3 X
FOE A PRI N 4 £ B i 2 i v AT R B 2 Y R HERR AR T N 4R



- 344 - IR E 2R CH AR R

% 56 &

T 20 A7 2 K 2 7 B L TR 30 0 S Y R oK g AL -
Wk 326 3 PR R E , AR A A G S R R R TR B R A
BT T T 22 B A R AE , R BT = B AS ] 55 3 2
SN R 2R B BUR D A A T R BN =B
W2 455 3 & S 1B B -PCAS JE & 40 Hr it
5T, S HFE AT R 7-9 ANRD A R A 2124-T
SERER A K Z-10 V8 R D AR

RS IEAT T S B AR 2, DR IR SO
A AN 5K . B AR 1 em X 1 em X 0.5 cm
(9 FORAE i AT DU S | Bl IS K 58 AL ARG S
O RE i TR 2l o SR AL R PR R =
FYJEYL (Leica EM TIC 3X) AL #8 S 5015 B M
JE7.0kV, B 2.5 mA, BT H ZI ik i [E] 24 6 hs
Z I R & S i B AT BGCR B | B E
Bl PCAS 44 3 47 L Bt (3 300 55 0 3 1) £ B
Liu et al'™ gt ik T 1% 48 Z LA i — 4 R 00K 40
TR NS B WU 7 1 IR S T ar BRI R
JE B R 58 PCAS, 7E M Z i, 6 T 2 LA i
FLBR 2 B2 R A 43 BT 5. PCAS B R 58
(ST R R B T FLBR R BE 1Y e 1T KG B , TR) s mf
DL HTH B 3l 4 By A B e 1 1 0] ALk AR OC 2
B, EES R ALR U AR AR B AR
R S o0 T 4 4 HL v ok R AE — 2 SF 1] 3 3 1
1 EA ST RE I S E00 T AR TR R S 40

TER 7 — i 4 38 = 4 BUR 1 T8 S
fE A

ff = 4=S/ C* (1)

SRR IR T, S FN C 43591 2 7% £L B v AR AN
JEK AR BT B B FLAR (B T R ) 15 . R TR
TE R PRl —F 5 T iz Bl i L i s 5 Rt B HE %) T 1)
AN Te] , A Bt L B GoRURE T2 108 T v T A1

AE S50 FF oA 4 3 — 4k f B2 R FLBR 40 A Y 7 1)
HIRGRE TR AN

H=—>" P, log,P, (2)

HACRME RN, P RN F— 0 B LB 0 E
53 E s ME R BE A T 0~1 Z 8], bt % F 1 - AL
Wit HE 5 H 1 2 09 B — 7 ) TR AL, BB 5 1) 58
LB, IZBUE O Tk ) 17

EL A AR 9 35 33K ol k45 BTy ok ) 3 I AE
JRER A R B L B G5 A RAE 2 AR SOR B

AR PR 5 AL 3005 T > 2 O b o 4k T R i T
PEHEAT 23 A7, B B 3 58 g A A B SX (D) Ans(2)
BEAT . ARWAERD 2 R SEM EIR I 2 #de
WO A 6 TR AR ] B SEM TR 5 B T 58
— WY R EL, 2 R S AL Wt 3 0l o A 0 5 2 42 o)
TE 3 00 LA 5 2 T 1R 4500 b BEURCHE 16 UL 3. Jdn
FL B AT PR SR AT R LI 5.

®3 HTWEFESEMERPCASRRIER

Table 3 Results of FESEM image extraction of tight
sandstone by PCAS

FE i 4t 5 79 7-10 71247
el 41X ) 1680384 1564165 1571328
X 35§ T 134658 29875 91437
DI B 1656 50 350
S WER 8.01% 1.91% 5.82%
e R IX 38 T AR 24459 2350 9900
S 241X 38 i AR 81.32 283. 94 261.25
K 31. 41 85.78 75
S AR A T 0.5621 0.4028 0.4858
RRKE 724.79 85.9 201. 32
K E 11.03 26.16 24.87
R Vi 75 53. 86 125.07
V-1 98 5.75 14.37 13.11
R0 0.9845 0.8671 0.9831

T« 2P G X/ 1T B 1R 38 B3R BRI K R/ 98
IEEES

M 22 3T LIAS Y, 78 4 1 b, WD A F 4
10 2 i B A A e B R A 1, 4300 A 0. 9845 il
0. 9831, 1M & 51 B3 b 5 5 b 19 R 58 405 B B AIG ,
0. 86715 [FIFE Y, k3 b 25 AN ED 25 v £L B 14 °F- 35 7%
AR PR 18 8 U8 5T A 0 8 B s TR A R
0.5621 1 0. 4858, J5 % 4 0. 4028. H T HH 4
FE S B AR A — o 19 25 5, U TR 00 3 A i L
L P B4 DS L B AN & U T 10 R AL 2L AL
Wil 2 Z e 5L IR A A e 4, H il TR
B W AR 2R Ly A b A i X T
PR 22 R FLBRHE S T ) 22 B B AL A A, AL
Wit 300 2% 11 55 [ A K
3.2 MACTHENHENE 7ECTHMZ
B, 35 1R a3 vk % Z-9 Fl 21247 W5 He bl ZE 4



ZOTRAE BUR A )2 FL R PERT S ——

PLSRIR 22 3 4 MK 7 4% )22 B3 + 345 -

(a)(e)(e) =AREM YT *&%TEEH% (h) () (HPC A%&EYE’J fEfe g
B 5 A [EZEEHGFESEM E&E Z 4R
Fig. 5 Flat surface extraction of FESEM image for different types of samples

HEATIR MR, B A 7E T B AR R 04 B 5 35 5t
B, R B A A 3R R e B B E B AR TR
5 i DX o0 L BR 55 06 3 . BE T, K il 4R 5 B R
o AT BE T B AL . HIRE AR N HAR L mm, K
1 mm [ H: JERE . B & 00 45 0K A L il e AR A
W28 7] 5E B, B 5 £ i Nanotom fli 40Kk CT %€
B EHEE R 10KV, BN 135 pA; (U #E #2140t
[ 25 18] 43 B 2R R 650 nm. WIAF A T VG
studio 73 T KA XoF T4 & 0 FL G 285 4 13 5 AT
P, W 6 TR

CT H#i F1% By # 2 & 5 T Avizo Fire 9 4k

(el A1 I s Rl = T e 1 I B e s
A, B A B S BT RN B O kT AR
S B XF Z-9 i Z124-7 B A4S BE S 2R AT T ER AR K
25 1) HEA

FE R B R 2 FL BRI 1) = HE 4 s Ty
55— L BRI 2k AH I S8 Y W TE SRR 2 Ok T A
H T i B — L R AT B R T R BRAR A AR T
DAAE— & B BE b ZWG FE i AS B 5 Z (1 AR 34 sk
X T it PR 4 T i B A B A D g L B AL 3
#2207 7 LT AL B AL IRT A SR /N ER B 5 fL B i
2 14 e TR A0 A R FLIE R A R AN [ 7 T



< 346 - F U224 (A AR

o556 4

() Z i — 2 i 1% 5 (b) Xl 4l ilif s (o) E Ay =

S5H 5 () AL = 41 412 MR 15

E6 ZHAYAH AT Nano-CT ﬁ!ﬂ%-‘ﬁ:éﬁm%i@

Fig. 6 Nano-CT tomography and the 3D network reconstruction of fine sandstone sample

7 BRREETEE
Fig. 7 Image of ball and stick model

2 8O0 A RE I AR I 45 S TR R AT TR,
D IHG o 3505 A0 R ot oA TS ) L - L 37 ) 4
8L S HR OGS T B BRAR I 28 A58 | 2 I S BIAE = A
i P9 S e B 3R 8 1 Y B N 3R BT 600 pm X
600 pm > 600 pm, 700 pm X700 um X700 pm,

800 pm X 800 pum X 800 pm FY =4~ {4 4% =5 Ju] 7t 17
BRAR AL, W& 8 TR

3.2.1 EEWMEMSESPRHONA X THEmNA
ANASTR) I 265 23 [ 1) 57 5008 T S8BT TR0 4 oy
Mr, HHR A 56 R & 9 F & 10 Ff i .

TE /A 3% 38 0 26 23 [] P 355, £L IR 55 0k T 1) 3%
$2 7 AR R DR IE R A A A . o, Z-9 Y8
I 4 B B, £E 600 um X 600 pm X 600 pm A 4
FRZS 0] P, GG A7 25015 7 50500 A 4 A ) 1 A
KFRBCN0.8116, Fifi & W 2% 3% 8 25 ] iy 15 K,
A 5 & Bl 32 i 1 K, £E 1000 pm > 1000 pm X
1000 pm 4 A FU 28 [8] Y, HE A O R 200 0. 9266.
Z124-T SRR r BT 45 2R 5 Z 80, e 4 S
B R O A B AR OC R B AE 0. 87 L I,
B 5 T 36 B2 [ A 8 K, M G R B R 1 2 Tt
(B . FLBR S B 2 35 AE iR AAS AR



o534

%

TR BRI A )2 FL W Tl PE AT 5 ——

PLSRIR 22 3 4 MK 7 4% )22 B3

(a)600 pm® [ 40P 7 HE L (b) 700 pm? (14 4TS HE B ; () 800 pm’ 1) 21 0 75 48 1
(d)600 pm? (W AP AR EL; () 700 pm? AR 5 25 42 1 (£) 800 pem® (1) 45 AP A R B
8 AEMEZENNBZREFLIE-HEERE

Fig. 8 Pore-throat models of tight sandstone in different network spaces

5000 1200
H@HZ9 (a) ¥ =4290.5x -2:642 FPakiez-9 (b) »=1139.3x-2.324
45001 R*=0.9266 | R2=0.9204
4000 | | 10001
| :
3500 | | s00 | |
< 3000 | B ‘I
RN | S \
5 2500 | | & 600 !
&= { & \
= 2000 | i = \
| 400 | =l
1500 |} \
. v
1000 200 '
500 e S
=Sle o It Jy
° 0.0 3 : % 0 : o 3
0 5 10 15 20 25 0 5 10 15 2
e A7 % Tic 3z %
250 30
P Wi z-9(¢) y=234.55x-218 B dez-9 (d) y=25.01x-1424
: R?=0.8159 R?=0.8116
200 ] 2 i
\ \
\ 20 al
- ! - \
< 150 ) < \
A ) N
b \ b 13 \
& & \
= 100 \ =z \a
= \ P \,
\ 10 \
\\ \\
. N A
50 AN 5 Saa
\\ > "\‘\ A
< Rt N
i S ‘ it~
0 s - o .
0 2 6 8 1 0 2 6 8 10
e A7 %5 TiC A7 %

(a)1000 pm?; (h)800 pm?; (¢)700 pm?*; (d)600 pm?

B9 HAWETEME=EAEL-

BASRA S/

Fig. 9 Distribution of pore-throat combination mode in different network spaces of fine sandstone



+ 348 -

ORI o P
MR R (A AR i 56
4500 1800
it hi#z124-7 (a) y=4174.3x2:565 Bt i#2124-7(b) b= 1556, L 2363
4000 | ! R?=0.8962 1600 | | P et a5
3500 1400 |
~ 3000 1200 | |
< i g
~ 2500 1000 | |
m {
£ 2000 & 800 | |
i > i
= 1500 600 | |
1000 400 | o
500 200 |\
e
0 i i 0 B 2 SPUN " L L
0 5 10 15 20 25 30 0 5 10 15 20 25 30
i o7 %5 ic 1 %5
250 90
B i#2124-7 (¢) =200.01x-1712 B fi#z124-7(d) y=79.37x-1676
R?=09117 80 ! R?=0.8741
[}
200 | 70 !
I I
] \
| 60 l‘
= S =
2 150 c \
S ! Tso|
|
= \ =
2 || g4 *\
100 | \m 5 \
~ \ ® 10 \
\ W
\ N
L
50 \" 20 Yoo o
= 10 AN
S S g
\.‘ _______
0 Mirdard. 2 2 - - P—1 0 L P drrslrs A e AT TATT T
0 5 10 15 20 25 30 0 2 4 6 8 10 12 14
Fic A7 4 i 1z

(a)1000 pmz;(h>800 me;(0)700 p.m:‘;(d)ﬁ()() p.m3
10 BEARAENEZTENNIL-BASEXSE

Fig. 10 Distribution of pore-throat combination mode in different network spaces of siltstone

PR TR I 2% 342 5 4% (8] P9 R4 4 57 3 R T B
P R W, BOR W A il 2 LB % T8 2% 1 0 Te AR
W 28, HAT 7 0 S T, A% AR Y 2 1) A 3 4
RO EA T AR 5 o0 A
0 2% 14 38 5 T 3R 7 A 48 2 S B ) 4% 43 (8] 1Y i
RS S FEARX N
_ d;
X
E=—>" Il (4)
E Sy 00 2% 6 0 L 0 O 00 4% a3 A PR
RN AT SRR, o R R B
Wu et al ' 7 Pb 3 il I iz F 3% 3 A2 e % ok %
IF 00 265 1% 38 5 18] A Y 3% 4 T SE e . TR A 0N .

R:lnn—E (5)

Inn
R & B RCEM , E 0 W24 3% W, n b1 s
B EERERNHEAEOE 1 ZM , RIEM K, 5
5] 4 AT S b 5 5 AH S, R (LS /)N, 23 ) 19 A 5

I, (3)

55 . WEs 8 BT A s L B E=0,R=
1A 25 (Bl T AT 1 5 3 S S 4 A, B E=1n n,
R=0.

TR FE B AR ABE TR0 X8 3 AR it 3 3] 4 7 g A )
28 34238 253 (] (e \AS) 4900 2 T A0 A A5 1 8
X TR 38 R AT 4R, FIR R S AE 1 mm®
(AR R R L, W 9a AR 10a BT s, 76 I JE i |
A3 9iz X (4) R (5) 1330 T H: ) 45 3 3 0 45 i
T R R R(E (36 4) . MURE Sh 7E 1000 pm® P Y
TRELZ5 AT LIS 4 5 o Z-9 (0 Al D 25 B il L 3%
WA TS Z124-7 Ry b A BE S, 250
90,04, Ui B ZE 1000 pm?® () 9 2% 25 [a] Py 34, 1% 20
DS i 1 2 3 A M s TR D A R
3.2.2 HEMAER—FMOEESESE 2%
T BRATE 00 2 55 780 e L A% 5 0 07 B0 A R & 56 &R
B 11 s . % T B AR 5 43 0 e i 1 15000 &
20000 4 L —FL B A9 BS54 | BAR A P 25 5% L (1
PSR i L AR 5 e T ) R 4 A s 3 HL A A )



o534

ZOTRAR BB A )2 LR PR Y

PLSRIR 22 3 4 MK 7 4% )22 B3 - 349 -

R4 FRERPEEESH

Table 4 Connectivity value of different samples

FF it 4 79 7124-7
o £4% 3% 3 995 1.55 1.81
T30 R 0.81 0.77

R 1000 pm’ 1000 pm®

AR A R R L 45 R R B B —
2L B A FL AR 14 K, 2 L R L I 32 2 ) k4
H B2 TH 8 . X T 45 Z2-9 1 408D 5 £ & i
& FLBE Y R % 4 e E A H AR TP R — = AL
FAE— 2N Z B % 4R 3R WY TE Y 55 g b
AL A A AR S 2 AHE R K2
HCFL I ) 3 2 (Y S R E O — NS L BRAR AR
Rop TG ERE N - DL ER R
23.514 pm, A7 20 N MEIE 5 Z AHIE s BRIL Z A0 A

134 3 55 >4 /i A g 12 531 20 09 S5 AL B AHE | i
FEAEAT oA = AL B ) B 3 2 134 e il FLAR 4R
HITE 15~22 pm Z 8] . X T a0 AR 5, FLAR 5 fr
T W TE BE YRR AR S AN RD A R R 2L X
ANTRI B J2 , 20D 5 R i o 7 A L I G ) L 32 4
b 25 AN R IE , Uh B R RE N A AR 1 T Ak
et A5 32 E 7 X T L PR 1 AT 10 K] 43 B, 6 EL A )
— BB T 2L HE U R FLBR L LA AR A AL 1 A
HAp, X BRE A AT T CT M AL 2 B 7
PR R Z A . 5 U aD A R S 2R L
o FC 22 034 A LB DY R e — &\ MR
Hod g 1794 A9 50 2 1) FL B 2 2D 3% B2 A Ik
STEINR Y 517 N DB ) B B S A S
XF T I 2% 25 8] 9 1 — Bl FLBR I 5, 78 1% FL R
Ji) B 5 22 A0 3 1 FL B R 22, 2 W% AL R 1Y) 3% 3 M
SR L 25 b, BRAR A AU (19 g 7 6 R L B 34
ERARIN R TP e B SRS Qi

35

FERHZ9 ® NanoCT-Av

L& (um)

FEW#Z124-7

(b)

30

AL fr B

(a) 4HHD 25,1000 pm?; (b) By P45, 1000 pm®
E11 BEUEILIAERUHNBEXRETR

Fig. 11 Pore size versus coordination number for tight sandstone samples

3.2.3 BBEBRESFMEEBRMIEE BT
CT 5250 K i 17 A 3 09 45 1, — K 4 il Xl
FASE DX AR DU AR Ry — AN RS i A3 ),
FE 2 I E 0 23 (] P 08 1) 2 58 00, A7 AE 8 43 AL IR
TE J 46 250 3% 38 A BBl L BRAEL Bl 1 I 2% 25 (] 3% HX
{149 D R 177 4 T 531 kg I ST T8 R L B 18 155 L LX)
T 23 18] 30 2k 1 3% 38 FL B 52 W 5K . 3k T BR AR A AR

4 B 32 3 L BRI 1 A B L B R AR R 1 o
FE AT E M AR G4 L 7R A % B8 i 3 AL B AR
(018 0, 98¢ R 3 7 AL BR 7 T L BB 1 L
KA E O ERAR % 38 . A Avizo 3B CT
PRSI T % 0 BRI R R R S Bk
32 38 2R, A 12 iR

KISR0 A TR B A



-+ 350 - [EEREPNE e E (7

FRB ) 55 56 &

()RR AIE , 8 A 3 38 1) 2% 25 [] 1) 1A 3% 38 8 PN 3 7
80%6 LA I+ . Z-9 5 B fil AN [ 44 B 4 (] i) A AR i 5
RAYAGAE 87. 24 % & 91.83% = [a] , Hi ek #e 1% i
RIMMGAES. 94% & 7. 08% . 2124-7 S HE S AN [a] 23
[i] P A R R 3 3 A6 3 A AE 91. 5726 £ 96. 110 2
(), 777 3k b % G R R JE [ AE 5. 79% B 81T Z
[B] . LA B AN R i %) 3% 3 3R 38 B A A ALY R AE
A 3% T A B A B e Ak Y o G R A B B Y R
{H, 5 D\ 3% 38 £50 i A B L ) BRAR 8 R A LA
WA S 00 P A, T A O 2 AR A DRI R s (1) 7
CT s 20 1 09 2 B2 op | A5 R 20 B3 P11 I 4%

23 ) BEAT S HOSCH AL I 23 3 4 R Z R A S
75 6] 1 3 T Y LB A 22w £ 45 BROAR 3 T R g
T ARA 5 (2) RIVEE 25 i 3 0 AR Ak 7o) BRORE 3% 38 R, K
AL T 3 3 P B BT KL R B T AL B L 0
Z 18] (4 3% 0 K Tl AR R — E R R
SR , H 5 R FLAR LE k45 O G . ET A B9
FEEE R B, LB AR S MR GE B9 3% 8 KR R E
P AR MU TR R 32 3 6 1 29 2R e W R o Rl —
HLRE Y4 38 7 73 FL AR R B AL B, IR 2 4 i 14 3% 3
PERE L 2 09 5, 7 i 7 b FL B AR 22 1) 9 32
B 0 AR R R I AN K

100 @ .
80 ‘ ° ° ° B FHZ-9
< 60
el
oy b o B
d 9p ORRAREE
0 pa i pn s Py e @ o R T ST
0 200 400 600 800 1000 1200 1400
s HEE Opi
100 Y
A 5
w0 | © A = F z124-7
> 60
£
=) 40
#Ho20 A R E R
0 1-..11.‘..1-.‘1.|;;.1+| .L-.;-*l:un AI,‘k'{ﬁ'_ii‘_'zf?
0 200 400 600 800 1000 1200 1400
¥ Opi)
(a) 47, 1000 pm*; (b) K305, 1000 pm
E12 HRBREBRMEREBEZNSH
Fig. 12 Distribution of ball&stick connectivity and volume connectivity
. (2)600, 700, 800 1 1000 wm® PU 4™ 5 % 7b 7
4 %

(1) 4 F PCAS A = K B 41 1 A 55 R mT A
O e TG MDA 2 A R RE R SR AL R S A . A0
b Bl MR R A SR R T 3 i T D A
st , T 90 JB0 A3 b S e il 4 ABE R 00 R R IR 7 12
I FLBRE I R 1 g 7 B AL B HE S 4 Bl HL
P BUE 0 A i 2 B RO % E fE T 9 ok

ZAE

%) 24 322 38 2 8] N R 1Y) L BT i 1 3% 45 07 X A5 R
B, AR S . R E N
1000 pm” 5 3 BEAS 5 25 A1 1000 wm® (4 3112 40 4
Z [ R B /N 22 5 % 1 2 25 TR, dRRD 5 A
AU B % 38 R E PEOL TR b ) i AR e,
I R E R 25068 0. 04.

() BUE A R — LB B LB H AR RN S H
% 3% 8 W WOE B H B — 8 I AR G R — AL



%3 £

P BRI 2 L I P B9 —— AR I M K 7 2 0

351

Bl A 32 38 E ) BE A FLAR RO B ORI AR 5 . AR TP
8 L B2 18] 9 LA IR /0N 32 3 L I 1) ) 50 2 R Ak
filf J2 38 PR A A SC S R Hoh LA R/ X
— PR 20 T 2 T 5 ) 2 OC

(4) B RY il J2 00 2 T8 Ve Y 20 1l 52 B 22
PR B 24, AR AR B FLAR A AT SE LT 20 B
4R WL I BT LA R A [ S 6 D 3k i 5 | ) 1R 2
S LR 3BT I A A R A 0 3 O A L R )
PSR, L, 2 05 R BK A R AR B9 5 1k w4 O 2L
W i )= A S AT A T B

&% ik

(1] 4pA e, sk E AR RS RS B RES RHE
N B AR —FHOB W HIm T AR S
JF %, 2013, 40(4): 385—399, 454. (Zou C N, Zhang
G S, Yang Z, et al. Geological concepts,
characteristics, resource potential and key techniques
of unconventional hydrocarbon: on unconventional
petroleum  geology.
Development, 2013,40(4):385—399,454.)

(2] CH: , BOGW], 242 500 [R5 HLh S0 I
K . b E TR FL, 2010,12(5): 256—29, 63, (Hu
W R, Zhai G M, Li J M. Potential and development

Petroleum Exploration and

of unconventional hydrocarbon resources in China.
Engineering Science, 2010,12(5):25—29,63.)

[3] PRy AR, TR I . o [ AR 5 Rl <0t RS 4R
JF AT AR S IF &, 2012,39(2): 129—136.
(Jia C Z, Zheng M, Zhang Y F. Unconventional
hydrocarbon resources in China and the prospect of
exploration and development. Petroleum Exploration
and Development, 2012,39(2):129—136.)

(4] RACHC IR AR A | SR A 2 WF 50 0k J A3 5
I J 43 . 2 T 2%, 2018, 25(2): 141—146. (Zhu X
M, Pan R,Zhu S F, et al. Research progress and core
issues in tight reservoir exploration. Earth Science
Frontiers,2018,25(2): 141—146.)

[5] ARAAE, AR P, FOR S . B8 b 5 00E A T R
TE W ) BBkl A R AL A SR 4L 2015, 34
(1): 3—17. (Zou C N, Zhu R K, Bai B, et al.
Significance, geologic  characteristics, resource

potential and future challenges of tight oil and shale

oil.  Bulletin of

Mineralogy, Petrology and

Geochemistry,2015,34(1):3—17.)

[6]

[8]

[9]

[11]

ARARE AR AN, ANV WML S AR AL R AR
SN RRAE PLIH A B B —— DL v [ B o R B0
SR AR, 2012, 83(2): 173— 187, (Zou C
N, Zhu R K, Wu S T, et al. Types, characteristics,
genesis and  prospects of conventional and
unconventional hydrocarbon accumulations: taking
tight oil and tight gas in China as an instance. Acta
Petrolet Sinica,2012,33(2):173—187.)

AR R L B PR, PO A SRR B A R
4 DX AT & L T A B R 2015, 20(1): 1—16.
(Zou C N, Tao S Z, Bai B, et al. Differences and
relations between unconventional and conventional
oil and gas. China Petroleum Exploration, 2015, 20
(1):1—16.)

ARARE AR, FOREE . P E I Z g kAL
W B B B2 8. S A 2F i, 2011, 27(6):
1857—1864. (Zou C N, Zhu R K, Bai B, et al. First
discovery of nano-pore throat in oil and gas reservoir
in China and its scientific value. Acta Petrologica
Sinica, 2011,27(6):1857— 1864.)

BBREL, X R, B AR A5 . AR U0 I v 3o i 2 T
Tt 5 2 I LB S S R AK R B R B
A 2 4z, 2018, 39(3): 278—289. (Hu Q H, Liu H
M, Li M W, et al. Wettability, pore connectivity and
fluid - tracer migration in shale oil reservoirs of
Paleogene Shahejie Formation in Dongying sag of
Bohai Bay Basin, East China. Acta Petrolei Sinica,
2018,39(3):278—289.)

Sun M D, Yu B S, Hu Q H, et al. Pore connectivity
and tracer migration of typical shales in south China.
Fuel,2017(203):32—46.

PO, AL, RASESE R 2 RE CT g Rk
FOE WS A WO AL ZE M . A B AR 50T &, 2013, 40
(3):329—333. (Bai B,Zhu R K,Wu S T, et al. Multi-
scale method of nano (micro) - CT study on
microscopic pore structure of tight sandstone of
Ordos

Petroleum

2013, 40(3):

Yanchang Formation, Basin.
Exploration  and
329—1333.)

JUR, /NI AR AR CT HORTE BUS Y & o0
FL B 25 4 B 5 T i 1 —— LSRR 22 00 4 S
A7 By A b b BT, 2016, 37(2): 227 —
230.(You Y, Niu X B,Li T Y, et al. Application of

Development,

CT scanning system to study of micro-pore structure

of tight sandstone: a case study of chang-7 member of



352

F U224 (A AR

% 56 &

[13]

[14]

[15]

[16]

[17]

[20]

Yanchang formation in Ordos BASIN. Xinjiang Pe-
troleum Geology,2016,37(2):227—230.)
Wirth R. Focused Ion Beam (FIB): a novel
technology for advanced application of micro - and
nanoanalysis in geosciences and applied mineralogy.
European Journal of Mineralogy, 2004, 16(6):
863—876.

Zhou S W, Yan G, Xue H Q, et al. 2D and 3D
nanopore characterization of gas shale in Longmaxi
formation based on FIB - SEM. Marine
Petroleum Geology,2016,73:174—180.
EEE, A, E A R F R R A
M AT S R R SRS R L R T B i, 2019, 38
(3):303—319. (Wang X Q,Jin X,LiJ M, et al. FIB-

and

SEM applications in petroleum geology research.
Journal of Chinese Electron Microscopy Society,
2019,38(3):303—319.)

Hildenbrand A, Urai J L. Investigation of the
morphology of pore space in mudstones-first results.
Marine and Petroleum Geology, 2003, 20(10): 1185—
1200.
Klaver J, Hemes S, Houben M, et al. The
connectivity of pore space in mudstones: insights
from high - pressure Wood's metal injection, BIB -
SEM imaging, and mercury intrusion porosimetry.
Geofluids, 2015,15(4):577—591.

Kaufmann J. Pore space analysis of cement - based
materials by combined Nitrogen sorption: Wood's
metal impregnation and multi - cycle mercury
intrusion. Cement and Concrete Composites, 2010,
32(7):514—522.

Wirth R. Focused Ion Beam (FIB) combined with
SEM and TEM: advanced analytical tools for studies
of chemical composition, microstructure and crystal
structure in geomaterials on a nanometre scale.
Chemical Geology,2009,261(3—4):217—229.

Hu Q H,Ewing R P, Dultz S. Low pore connectivity
in natural rock. Journal of Contaminant Hydrology,
2012,133:76—83.

R, S0, R WA BOE DA R FLBR A5
RRAE B H R ML B 43 BT . st Bk 4 B 24 3k J2 |, 2015, 30
(1):217—227. (Lai J, Wang G W, Meng C Q, et al.
Pore and  formation

structure  characteristics

mechanisms analysis of tight gas sandstones.

[22]

[24]

[28]

[29]

[30]

Progress in Geophysics, 2015,30(1):217—227.)
e, 4 4 X B L SRR 22 0 4 M Bl L DU
RFAT S B2 RE 1 . a2 4, 2012, 34(1): 1—11.
(Yang H, L1 S X, Liu X Y. Characteristics and
resource prospects of tight oil and shale oil in Ordos
Basin. Acta Petrolei Sinica, 2012,34(1):1—11.)

JH LLZE AT W A SRR £ 20 Al r S s IX
K7 HeE A E AL AR R ML, 2015, 2(1): 1—9.
(Qu HJ,PuR H, Cao J Z, et al. Characteristics of
Chang 7 tight oil reservoir in the southern Ordos Ba-
sin. Unconventional Oil & Gas,2015,2(1):1—9.)
Wi A X8 F5 i, B A R 22 T A A K 21 3L
FAMARAE . AT JF K L 2013, 40(2): 150—158.
(Yao J L,Deng X Q,Zhao Y D, et al. Characteristics
of tight oil in Triassic Yanchang Formation, Ordos
Basin.
2013,40(2):150—158.)

T AT A e kR RS SR 2 A K =
B B8 I K 2H BOFR AR 5 0 S AR 1 S0 . Tl B2
2, 2011, 13(4): 443—455. (Deng X Q,FuJ H, Yao
I L, et al. Sedimentary facies of the Middle -Upper

Petroleum Exploration and Development,

Triassic Yanchang Formation in Ordos Basin and
breakthrough in petroleum exploration. Journal of
Palaeogeography,2011,13(4):443—455.)

o] FUBT AR Z2 0 A AR S A A st A ol
L, 2003,119—138.

XUbR, W2, B3 SCHE % A% IR R R SR AR AR
B A2 LB RS TP . Al AE 4R, 2017, 38(12):
1401—1410. (Liu B, Yao S P, Hu W X, et al.
Application  of  nuclear

magnetic  resonance

cryoporometry in unconventional reservoir rocks.
Acta Petrolei Sinica,2017,38(12):1401—1410.)
TR AR . T TR A K AL B Y R Rl 3 AR
DA R AR DT I . BTIRIRIE S TR, 2016, 30(1): 66—
71. (Su S M, Zou Z. Characterization methods of
freeze - thaw  nuclear magnetic  resonance
measurement of shale gas reservoir nano - pore.
Resources Environment &. Engineering, 2016, 30(1):
66—71.)

Zhang Q, Dong Y H, Tong S Q, et al. Nuclear
magnetic resonance cryoporometry as a tool to
measure pore size distribution of shale rock. Chinese
Science Bulletin, 2016,61(21):2387—2394.

Zhu F,Hu W X, Cao J, et al. Probe material choice
for nuclear magnetic

resonance cryoporometry



%3 £

TR B A A )2 LI 34 Tl PR 5T

PLSRIR 22 3 4 MK 7 4% )22 B3 353

[31]

[32]

[33]

[36]

[37]

[38]

(NMRC) measurements of the nano-scale pore size
distribution of unconventional reservoirs. Energy
Exploration &. Exploitation, 2019,37(1):412—428.
Liu B, Yao S P, Hu W X, et al. Applying
octamethylcyclotetrasiloxane as a probe liquid for
characterizing the pore size distribution of oil-bearing
tight sandstones by nuclear magnetic resonance
cryoporometry. Marine
2017,88:814—825.
Liu C, Tang C S, Shi

and Petroleum Geology,
B, et al. Automatic
quantification of crack patterns by image processing.
Computers &. Geosciences,2013,57:77—80.

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. Journal of Sedimentary
Research,2009,79(12).:848—861.

Liu C, Shi B, Zhou J, et al. Quantification and
characterization ~ of  microporosity by  image
processing, geometric measurement and statistical
methods: application on SEM
materials. Applied Clay Science,54(1):97—106.

Sezer G I, Ramyar K, Karasu B, et al. Image analysis

images of clay

of sulfate attack on hardened cement paste. Mater
Des,2008,29(1):224—231.

Soroushian P, Elzafraney M. Morphological
operations, planar mathematical formulations, and
stereological interpretations for automated image
analysis of concrete microstructure. Cement and
Concrete Composites, 2005, 27(7—8):823—833.
Wang Y, PuJ, Wang 1. H, et al. Characterization of
typical 3D pore networks of Jiulaodong formation
shale using nano - transmission X - ray microscopy.
Fuel,2015,170:84—91.

il S A R R G AT Dl R AL, 1994,

[39]

[40]

[41]

[42]

5—16.

RO, 1 2 S SR T 2 2% B 11 T A8 K AL B
T PEARAL . TR Ml i F R, 2018, 26(2): 504 —509.
(Zhao B, Shang Y J. Characterizing connectivity of
nano-sized pores of shale based on complex network
theory. Journal of Engineering Geology, 2018, 26(2):
504—1509.)

Zipf G K. Human behavior and the principle of least
effort:  An ecology.
Cambridge, MA ,USA : Addison-Wesley Press, 1949.
Deng W B, Li W, Cai X, et al. The exponential

introduction  to  human

degree distribution in complex networks: non -
equilibrium network theory, numerical simulation and
empirical data. Physica A: Statistical Mechanics and
Its Applications, 2011, 390(8): 1481 —1485.

Wu L S, Tan Q M, Zhang Y H. Network
connectivity entropy and its application on network
connectivity Physica A
Mechanics and its Applications, 2013, 392(21):
5536 —5541.

BAEA, TR, BOR S AF L T ROK CT H i 1iig
S KA 1 Boltzmann &85 14 B W05 fLB &Y
FRAE . ARAE A7 K 2 2 41, 2019 (5): 1—10. (Zhao
H W, Ning Z F, Duan T Z, et al. Pore structure

reliability. Statistical

characterization of tight sandstones by X - ray
computed tomography experiment combined with
Lattice Boltzmann Method. Journal of Northeast
Petroleum University, 2019 (5):1—10.)

TR, 5 XU, BRI A SO D 2 O L R
fiE K& 3% i B B AL 2, 2016, 34(10): 1699 —
1705. (Shen S,Lu S F, Tang M M, et al. Micro pore
throat characterization and seepage stimulation of
tight sandstone reservoir. Henan Science, 2016, 34
(10):1699—1705.)

L R



