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Abstract: As an important type of unconventional reservoirs, tight oil and gas reservoirs are characterized by small pore scale
and obvious micro-heterogeneity. The exploration potential is vast despite the major theoretical challenges in greatly
improving the recovery rate of resources. In this study, the micro anisotropic characteristics of pores and minerals in
continental tight sandstone reservoirs in Ordos basin, China, are quantitatively analyzed by means of “umbrella
deconstruction”. The case study shows that there is a significant micro anisotropy in the micro pore-throat development in
eight directions, and the development characteristics of the anisotropic filler are obviously different. With the change of
sampling angle, the micro pores show continuously unsteady distribution. The fractal dimension could characterize the
porosity, permeability and pore-throat development probability. The study can provide important theoretical support and
practical basis for revealing the mechanism of tight reservoir permeability, “sweet spot” distribution and guiding the effective
development of tight oil and gas.

Key words: umbrella deconstruction; micro-anisotropy; tight reservoir; characterization; pore; petroleum geology.

HEEWMB: MEAARAIEE T H (No.41902132) 5 i ERFA# B A 5T IR 58 518 90 560 % TP 4 91 H (No. KLOR2018-6).
TEER A A A (1994 — ), 55 A BY RS 51, 2R L <28 5 W58 . ORCID: 0000-0002-8279-3117.
E-mail: dushuheng@imech. ac. cn

S| A& AL BE, P, SOt 4F 2020, B3R 7 1 0T B08 A TR SOV AS ) S M L M BRBL 27 45(1):276 — 284,



%13

G E Y T = W O il DTS € D P o SR S T R 277

Wit 25 I R R AR R Y R R BN, B
W28 I3 A — 58 1Y BE IR A . BOR i A B H ML
S LRI B AT U B B — 3% 21 AU R, Lk R
JE /I AR 2 1 B R, T R M OR AR R R AE
b At 2 GOW AR 18 5T M 32 A 4 L IR Y B A
Yy AR ¥ B vE AN O T, B S AL S SR
MO BEOCR B AT YRR E
i A R AR B B L SOUL R 38 BT MR R AR T 4 Y
M AR ) B R AR R S BORE AR T R AR A
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al., 2019). [N it , Xt S5 4 J2 OO AR 249 5 1 T Jé 232
G Ak R AR A PRE R Ay i o A HIL B Y R
8, 2 A T B 5T 2 0 B A SRy SR ) G U R 2 TR
(Duetal., 2018a, 2018b).
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WL 73 9 30 55 0 i RUBE 2 — %o D ) O i A4
WA BARSATASTC I SRR AR b S
(Du et al., 2018a, 2018b, 2019d; Lai et al.,
2018) . AL AR , AH AT 22 M0 7% I T A ] oK 0 42 e
LA BE X AE — 2 PR BE b 20 W OUL IR B i ]
SR i RUBE R /DN A i RUEE /0N 0] S 349 o P
55, AT I 2517 AR 4 5T ME 0 58 0 W) R (Alyafei et
al., 2016; Krakowska er al., 2018). Alyalei ez al.
(2016) 38 2 WF 53 AR 43 B 38 K/ 3 i )2 5 A fLBR
JE RIS 355 AN TR BE 0 52 ) R I8 08 R AR AL i IR
A3k 250, 1 LB EE A8 Ak f i AT A 50%0. Wang es
al.(2016) R Z H 3 B T B0 98 3, via bR
[7i) 28 0 L B ~F- 249 2 I 4 HORN 1 24 98 B2 AN [m]  out A
Yo 5T PR R R v AR R A R Il AL R AL S A L AL .
Huang et al. (2017 )\ g it RO 25 18] 19 43 JF 48 5008
W 38, 4 oKk RUE 3 Ja) v o3 i R b, 2 BT OR

JE 25 (8] 9 A 49 5T P 32 v 1 i T g oK RUEE &3 [R] Y R
B 5 % W08 55 Munawar et al. (2018) 1A A FL B
D) £ 55 A0 (PNMD) F50 7 A 0 380 M 1) B D A ot T
B &) CER e BER UL M A A R R Y 3 KR IA
F I REE PNM Jy ik T ¥ Al D B0U% 6 2 106G 41 3
T ) 8, i 5 AR R 22 RS RAE Tk

SEbR b i 2 O AR 3 5T M Y B AL R AE BF Y
i B 220 25 R T A 280 a5 PR ) R R v R i ) B
Hin, & We 7z iR AEEES & ARER IR
AXE I BT A2 4 5 = dE 7 R AR 5 I
i T AE R W, B EH CT 8 R R B L 4R
(FIB-SEM ) % i K i = 4t it 2 Wl R iy 51 A
JR R T 4 A R RIERZ B T —
B ap il (Klaver et al., 2016; Markussen et al.,
2019) . 1 L IS 18] P JJG 325 fif R o 01 )2 965 2 B0 =
KB4 A7 Ge Tt o B Ak 3R DL R AR = 4 S T
DEPNEE JUE S & S S i i N F PN
T, e R AR B A KA R R 1A
I H, Fifi 3 S AR R B K g,y PR
PR LI — XF 7 & A A AT RE e e =S Al
W R P (Silin ez al., 2003; Du et al., 2018a,
2018b; Markussen ez al., 2019).

UL 43 B e 5 A RO A 4 2 [R) 459 2 4
KRR b A eIt s, An ey 52 B4 U2 AL BR — R R
HEFIIR 5 AL R AR, X T IF R B A E B
fE 77 A PP A BT B R SRR e B AR,
XF ] —FE AT, BT AL 2 A 43 A R
4 Jir B 2 S PR AR, S B 2 A O 1A 30 Y FL R
B {5 B DTG FR B AL, P LR 2 X — R
BE b T R Y IR HE L Silin ez al. (2003) , Dong
(2007 ) J F 4 A OK — 90K CT Bodis 1k, 2 1 “ i
KERE(MB) 7, 28 T X fLMgE ) 70 F it bl s
Arand and Hesser (2017 ) A8 #i& fiff J2 0F 78 X} 42 1) 22 5+
XFMB L #EAT TR BB s R BRI T AL
I H) 1R FEAE 1Y UE B B Rabbani et al. (2014) 24 H)
FH 3 i B R B bR B0 43 7K 0 43 B Bk X 2 LA i
AL B O TE AT A 43 AT I 4% Y 3 PR R B
P Berrezueta et al. (2017 ) 3k - 18 BE 5 A 2 f05% 42
8 3l BIAR b BTk AT R D 0 S A LB A
W3 (43 3 %y 6.35 wm/pixel) , 3 i TF Ji2 L Mk 43 75
HHES DR RE T s T

3 F b, Du ez al. (2019a, 2019b, 2019c,
2019d) © 4 T S AR A T B IR AT T A G



278 i BR B 27

http://www.earth-science.net

45 %

BRI HRGY I AE DA B S W Rz ik B
PRI 5 BT T — 50 BB A 5 SR 7
—E R ST A HER HAARM AR (Du e
al., 2018a, 2018b). A ¥ & & i 2 F X — F %
X S IR 22 W7 A b 22 i R 7 BUB D K )2 T
JRE RO A5 Ti) 55 14 19 R AT

1 =

S0 R 22 W 4 M R A7 T A b Rl Bk P S A4 R A
Z i€ ol vg S A N R R Sl R RO
B =S 13NN NI TR AR RIS = 7 NI P
PSP D R 0 AR AL i ol PR S P A A OGP
B0 A - T R A S TR 4% ) 3 ik A JRE A S 1R, AT
A F TG B R LA A R . R 2 i A S
AR Z KT BB ML, B U A T R B R P
H 72 S B 5 IX oy PR AR R 2 3 m (]
D), R AR KRB AR, RR)ZT 2k
7w O AR R B AR, B
2t A R 22 S AR, FLOER RN o A A A A
I K A6 AR KRR B b ok 5 DI 6 5 B0 AR B
(Du et al., 2019b, 2019¢c, 2019d) .

[ | e i
L Jmesxs
[~ ==

0 80 km

1 BFSY X b B S
Fig.1 Location of the study area

2 WESER

g R e 2 Ao A B R R B et T ik i ik
A JE B (Du et al., 2019a, 2019b, 2019¢) , A< 3¢ ¥k
HUT 9P /R 2 W07 4 M K 7 B BU% 0D 2 T A )2 R A Y
s o S0 Al R DA i 1 T R 2R ) gk R ] A A
TE S bs 3k 26, HE W i O ) RERR R 2 o E K
(22.5°) G ik 1 B 5 MRk 1 8 S AR AR AR kW 8 4%
WL MY B R a A AR AR E N
25 mm. K FH & 4 BE 3 & B H B (FE-SEM)
I 45 45 KSR AG B A, %\ ) T R o R
BA% . G A B 2 AN S R, xR AR 38 o
45 1) S M T R d AL R AE (1B 2).

0° 22.5°

67.5° .ﬁ 'a ‘ﬁ ‘@
L

()] @)@

157.5°
B2 sl R R R UR B
Fig.2 Schematic diagram of “umbrella deconstruction”
technology
#i Du et al.(2018a, 2018b)

3 i AL

3 EEAG-THEMESHERRESN

B BAFE T 8 kU BT 3 & S i R
(FE-SEM) I X} AE it I Ji& i kg BE iU, DL A LS54
A=) KA IR G R 491, 43 5310 DN L0 K S B ) &
B RHIE A A RIS 7 B0 2 OU A% ) S 1

Xof < 2 ) R LB — W T R 43 2 T A3 B
H (K 3~& 4).

MR 7 B FLBR W T8 2 A28\ ) A1 43 0 e AL
rhngE | v L ORE I | b L A i IS AL b KL 4 g S
J5 L FL B M A U B AR S S EO A BT 2200, AT
Hb FAE T 25 A AS TR WAL R B O AR 3



%1 kA5 R A T e AU 7 i T B0 )2 OIS 1)

279
6000 9 000
8000
5000
7000
4000 6000
5000
3000
4000
2000 3000
2000
1000
1 000
0 0
N T L XOANMINEO =N T O RO =MD
O NN ANDONXNA NN W ANO =N T VN ON XXO AN O 0y © -
Sdscdarragasenann EREEE R R g
AT TITTITNA aaaaa “@ A
12 000 4000
() (d)

3500

10 000
3000

8000
2500
2000
1500

4000
1000

2000
500
0 0

)
\bbq«,'\\t)qﬁ,\'\ ARSI RTEIREIEIREYEZIZSERE
RNRCSICHRERNIAE AN ﬂ,%@h\“;ﬁ,bw MireddsseaggiEesdansacsdy

12 000 14 000

()

10 000 12 000

10 000
8000
8000
6000
4000
4000
2000
2000
0 0 |
bbtyq"»;b‘\n\@@‘?’“:b“ 5‘* @%ﬂ»qwb N ® & & P &
RS N q '» o7 DR SIRRCHAC AN ,ﬁ\“,‘:\ Ay‘ﬁ-@u’% w97
14 000 14 000
(2) (h)
12 000 12 000
10 000 10000
8000 8000
6000 6000
4000 4000
2000 2000
0 | | 0 ||
I S AT 5 O " @qc,@u@,\a & D P v
¥ Y '\,%m S '\'» i &}bf"g\“’ ‘:b“o %q‘a@ ‘? o7 & K 5\3 R pbb QQ‘,
FLBR 2 £ (um) 'fU*’“’ 17 um)

3\ fLER AR o A
Fig.3 Distribution of pore radius in eight directions
a.0°J7 1] 5b.22.5°J5 1] 5 ¢.45°J5 1] 5d.67.5° 77 I] 5,907 [] 5 £.112.5°J5 7] 5 g.135°77 [] h.157.5°J5 [



A5 ¥

http://www.earth-science.net

}or

q

L ERF

280

I 38 2 48 (pum)

= - E6ST< [ ~ 9TLT< Py osos | —~ W T
° szsr |2 wor | & < 6812
= wt 0zsT 90°62
i ; LT £8,0¢
0T€T 16T .
. y LL'6T
81'ZT ; 81°9C
€LTC 1L81
91'IT P SLYT
10T €€ Y9'LT
97°0T "
16t ; 8591
. L8'1T
60'81 £0'61 pors e
LOLL 6LL1 ’ vl
S0'91 9591 66'81 .
£0:e1 zest ssLl ov'El
00 P o1 :.N_
1 sx wh w1l 3
601 ol YLl NN.E
66 8€01 08'11 9’6
68'8 S1'6 9€°01 01'8
8 (8L 6L w68 £0L
52 899 YL Le's
mw s 509 6%
8L'E 24 199 s8¢
9T Lo LIE 6LT
yLI yLT L1 L1
=3 (=3 =3 =3 (=3 (=3 (=3 =3 i=3 (=] =3 =3 =3 =3 (=3 =3 =3 =3 (=3 =3 =3
E§ § § 8§ 8§ § 8 8 B8 S8 8 8 8 8 g 8 8 8 g &8 & & § 8 g ¢ &8 & &8 § & -~
=) © < o = © © <~ o wo< < L Ll a N e o =3 v = v = ) < ] =) © © < o
= 2 z g B 2 & & i 2 b o =
- 6HT <
: —
= "oz = - ° 810 | = 9T
- 88°0€ 2. %. 6£9T coeT
B . 5
SL'6T o 60'ST K444
£9'8T % 6L€T ’
15°LT % 81°1T
6£9T < 6v'7C 91°07
LTSt e 01T 161
ST : .
e e 0661 81
£0'€T 7, 60°L1
16'1C g 09'81 ;
6L°0T A e L0°9T
L9°61 “ ) Y0'ST
5581 Gy 1091 2041
mﬁ 2 1Lyl 66TT
. % .
A ;
ot & 1€l Lot
LOp1 %8 [4%4! S6°01
S6T1 PiZe 801 w6
€811 o 56 06'8
oL'01 i 9, 88'L
856 <’ £T'8 i
. £ . 89
9’8 £ £€6'9 .
YeL (32 ) £8'S
w9 %, €9 18
or's e 334 8L'E
86'¢ ..vu v0'E 9ILT
98T » . ’
vLT 2" Ll €LT
(=3 =3 (=3 =3 (=3 =3 (=3 =3 (=3 (=3 =} Vs (=3 e s (=3 (=3 (=) (=3 (=3 (=3 (=3 (=3 (=3 =3 =]
8 g 8 8 8 8 8 © g 8 8 8 8 8 8 8 8 8 ] 8 S S ] 3 8 8 8 8 8 3
S e a3 e a = S =g 2 8 g 2 e ¥ n ] & a = = 5z o8 g * © = 8
TR T 5 i

[EEVNGLSER S e ]

Fig.4 Distribution of throat radius in eight directions

5°05 1] 3h.157.5°75 [A]

3

SL112.507 1 5.1

a.0°J7' I 5b.22.5°J5 [7] 5 ¢.45°J5 7] 5d.67.5°75 [] 5€.90°J7 [7]



G E Y T = W O il DTS € D P o SR S T R

281

KL

AL Ak

Fig.5

o LB AR U (um)  ememe SP 37 8 2 42 (um)
I ARV AF () ememe T 339 38 2 48 (um)
pL o I 0°

167

4l 157. 5° 1

13572

m AL 112, 5°

AL 90°

% 5

direction

JoT 1 A A T SR (BT 5).

PLAT 5 FE it S ], ok JH: R S8 1 15T e v 3
P PRGOS 40 Ab B, \ 1) Y A FLIE 45 8 1 2 0 Mk
i 2k el 6 T

0.35

e o o

v R

= B B
;

238 % (10 um?)

1=}

1=

3
T

=)

(a)

1 2 3 4 5 6 7 8

)
k-

281

¥ 159 FL Wi S 4 (um)

20

(e)

0.074

i AR B 7

= 0om

SRCEIR

0.070

12 3 4 5 6 7 8

()

P S R ST W'
1 2 3 4 5 6 7 8
U 5

1600

o0
1=
S

W {3 7 A FL R B0 (1/mm?)

AL 22. 5°

w ALk 45°

HALA R 67, 5°

VNGRS 2 S &

Distribution of pore and throat parameters in eight

AL, S X\ 1 B0 e g SRR g R o 1R
FRHEAT RALRAE O\ U1 BB 450 45 a1 2 8
AR A 28 4 P 7 BT

A= 30 R L e I ) 1OUE 4% 1) S MR R AR 45
RN (E 7), T 2 FL g i 5 B2 38 2 S B ) 2% 45
(B8, 45O Il Y 25 I A O W HLRE X
B AL R E SRR S M, A R T AL
B — 1 ) i 1 S OO 45 1) S M AR AE
32 BEAGOHEHNMERX

FH & 4850 60 A5 4 5 < =00 | o i 4 O 4
Ot 5 EE, SRy 7E o0 R LG 538 4R B K T B0E
B0 T 2 v 1 B R S8 0 TR R B0y ) 5 LB
R B R A T AL R B ARORE SRR 4

Ao M e B (& ) , T & 40 T8 4 % 5 fL B
B VB 3 R A TR L R B Y R R A R A G
KR AT YRR o7 TR AL R AR L FL R R
B R B K A X U 20 JE 4 BOR A RE R AR
FLMERE 22 i R FLBRR B &R RE
BER B RGP FRAE . [R] B PP 18 FR L 0 K5 s B L 0
EBEMROEEE W TBER.

- 14 FL W 4 Bt ()

(b) () (d)
£
:-; 6t oo}
T I I P 4 ! " I L I I I 0.05 I L I L 1 I s
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7T 8 1 2 3 4 5 6 7 8
m @ (1)

30

F 49 FL W FL A (um)
N
< 359 LW ZE 1 #1 (°)

0.94

F £ FLg 4™ B

0.88

o
o
T

L " N L s ' . 4 L L L L L L s 20 L L L L L L L
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
- 14 9
() (k) (0
B £
élz— w7
: =
P R 10 | I S S S S
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

I 4 5

Vb bR w5

F6 A\ rm bl Lo 1 2 20 A lh 46

Fig.6 Change curve of pore and throat parameters in eight directions



282

R

http://www .earth-science.net

54

T

1400

=)
-~

Jil ¥ (um)

S
5
T

VLR

K7 NI U] SE ) 2% TR A S Bt 2k

VIR w5

0 4 4 %

Fig.7 Change curve of parameters of interfilling strip properties in eight directions

0.34

0.30

%2 (107 um’)

=
¥}
G

(107 pm?)

&
=)
o
IS

&1

S
i
»n

(a)

0.13

0.09

LB H

1 0.05

890 1090

1290
B A T AR AL W HRE(1/mm?)

1490

1500

1000

B A7 TR AL W B (1/mm”)

I3 % 4 4
P8\ ful LI 53 T8 24k 2555 AL G s 1k 2 A DGk 23

Fig.8 Correlation analysis between pore-throat fractal dimension in eight directions and pore throat attribute parameters

(b)

1.3

(d)

1.5
73 T 4%

1.6

d
1] I ()
1 2 3 4 5 6 1 2 3 4 3
0.072
(h)
= 0.069
=
. T— 0066l . . . | ;
1 2 3 4 5 6 1 2 3 4 7 8
0.928 - 12
) (k)
b
éo.sos
=
ose8l . . . . 1 R N R 6 L
I 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8



%13

G E Y T = W O il DTS € D P o SR S T R 283

4 4k

(1) 5 Micro-CT . Nano-CT .FIB-SEM % £ &
U, A R R B X E RN
D7, — R A D AR R R SR R,
B E A PR Gk B R Y AT T AR R 2 T
SEE K A

(2) 4= ) R 3025 ) 5k R AE 25 R R
25 ) FLME SRS SR Y 22 5 W 5, Bl A BURE A
AR, R ESA RSN SR AT RAT
WS HAaESN L& m S HEA LR, e
WAL A 2 0] Ry 5 A S8 4% 1 5 b R 0% A
T 7 vk AL KB

(I &S LB E B 5 R A
T PR L I B 8 5 R AP R A G OC R L I dR K
R, B T AR L MR B AL BR R B IR R Y R Y
B, 3k Ul B A 8 4 ORI R AE ALk E 4 R
BE L HOZALBR R B E R AL R AR R
Up FAE R oA T B AL 0 A B AL MR & M
R R T B E R .

References

Alyafei, N., Mckay, T. J., Solling, T. I., 2016. Characteriza-
tion of Petrophysical Properties Using Pore - Network
and Lattice - Boltzmann Modelling: Choice of Method
and Image Sub-Volume Size. Journal of Petroleum Sci-
ence and Engineering, 145: 256 — 265. https://doi.org/
10.1016/j.petrol.2016.05.021

Arand, F., Hesser,J., 2017. Accurate and Efficient Maximal
Ball Algorithm for Pore Network Extraction. Computers
& Geosciences, 101: 28— 37. https://doi.org/10.1016/].
cageo.2017.01.004

Berrezueta, E., Kovacs, T., 2017. Application of Optical Im~-
age Analysis to the Assessment of Pore Space Evolution
after CO, Injection in Sandstones. A Case Study. Jour-
nal of Petroleum Science and Engineering, 159: 679—
690. https://doi.org/10.1016/j.petrol.2017.08.039

Dong, H., 2007. Micro-CT Imaging and Pore Network Ex-
traction. Imperial College, London.

Du, S. H., 2019a. Prediction of Permeability and Its Anisotro-
py of Tight Oil Reservoir via Precise Pore-Throat Tortu-
osity Characterization and “Umbrella Deconstruction”
Method. Journal of Petroleum Science and Engineering,
178: 1018—1028. https://doi. org/10.1016/j. pet-
r0l.2019.03.009

Du, S. H., Shi, G. X., Yue, X. J., et al., 2019b. Imaging-

Based Characterization of Perthite in the Upper Triassic
Yanchang Formation Tight Sandstone of the Ordos Ba-
sin, China. Acta Geologica Sinica (English Edition), 93
(2):  373—385. https://doi.  org/10.1111/1755 -
6724.13768

Du, S. H., Shi, Y. M., Zheng, X. J., et al., 2019c. Using
“Umbrella Deconstruction &. Energy Dispersive Spec-
trometer (UD-EDS)” Technique to Quantify the Aniso-
tropic Elements Distribution of “Chang 7” Shale and Its
Significance. Energy, in Press. https://doi.org/10.1016/
j.energy.2019.116443

Du, S. H., Xu, F., Taskyn, A., et al., 2019d. Anisotropy
Characteristics of Element Composition in Upper Trias-
sic “Chang 8” Shale in Jiyuan District of Ordos Basin,
China: Microscopic Evidence for the Existence of Pre-
dominant Fracture Zone. Fuel, 253: 685—690. https://
doi.org/10.1016/j.fuel.2019.05.031

Du, S. H., Pang,S., Shi, Y. M., 2018a. A New and More
Precise Experiment Method for Characterizing the Min-
eralogical Heterogeneity of Unconventional Hydrocar-
bon Reservoirs. Fuel, 232: 666—671. https://doi.org/
10.1016/j.fuel.2018.06.012

Du,S. H., Pang,S., Shi, Y. M., 2018b. Quantitative Charac-
terization on the Microscopic Pore Heterogeneity of
Tight O1l Sandstone Reservoir by Considering both the
Resolution and Representativeness. Jowrnal of Petro-
leum Science and Engineering, 169: 388—392. https://
doi.org/10.1016/].petrol.2018.05.058

Gundogar, A. S., Ross,C. M., Akin, S., et al., 2016. Multi-
scale Pore Structure Characterization of Middle East Car-
bonates. Journal of Petroleum Science and Engineering,
146:  570—583.  https://doi. org/10.1016/j. pet-
rol.2016.07.018

Hajnos, M., Lipiec,J., Swicboda,R., et al., 2006. Complete
Characterization of Pore Size Distribution of Tilled and
Orchard Soil Using Water Retention Curve, Mercury
Porosimetry, Nitrogen Adsorption, and Water Desorp-
tion Methods. Geoderma, 135: 307—314. https://doi.
org/10.1016/j.geoderma.2006.01.010

Hinai, A. A., Rezaee,R., Esteban,L., etal., 2014. Compari-
sons of Pore Size Distribution: A Case from the Western
Australian Gas Shale Formations. Journal of Unconven-
tional Oil and Gas Resources, 8: 1—13. https://doi.
org/10.1016/j.juogr.2014.06.002

Huang, W. B., Lu,S. F., Hersi, O. S., et al., 2017. Reser-
voir Spaces in Tight Sandstones: Classification, Fractal
Characters, and Heterogeneity. Journal of Natural Gas

Science and Engineering, 46: 80—92. https://doi. org/



284 HERFL=  http://www .earth-science.net

45 %

10.1016/].jngse.2017.07.006

Jia,C. Z., 2017. Breakthrough and Significance of Unconven-
tional Oil and Gas to Classical Petroleum Geology Theo-
ry. Petroleum Exploration and Development, 44(1): 1—
10. https://doi.org/10.1016/s1876-3804(17)30002-2

Kate,J. M., Gokhale,C. S., 2006. A Simple Method to Esti-
mate Complete Pore Size Distribution of Rocks. Engi-
neering Geology, 84(1—2): 48—69. https://doi. org/
10.1016/j.enggeo.2005.11.009

Klaver, J., Desbois, G., Littke, R., et al., 2016. BIB-SEM
Pore Characterization of Mature and Post Mature Posido-
nia Shale Samples from the Hils Area, Germany. Inter-
national Journal of Coal Geology, 158: 78— 89. https://
doi.org/10.1016/j.c0al.2016.03.003

Krakowska, P., Puskarczyk, E., Jedrychowski, M., et al.,
2018. Innovative Characterization of Tight Sandstones
from Paleozoic Basins in Poland Using X-Ray Computed
Tomography Supported by Nuclear Magnetic Resonance
and Mercury Porosimetry. Journal of Petroleum Science
and Engineering, 166: 389—405. https://doi. org/
10.1016/j.petrol.2018.03.052

Lai,J., Wang,G. W., Wang,Z. Y., et al., 2018. A Review
on Pore Structure Characterization in Tight Sandstones.
Earth-Science Reviews, 177: 436 —457. https://doi.org/
10.1016/j.earscirev.2017.12.003

Markussen, ., Dypvik, H., Hammer, E., et al., 2019. 3D
Characterization of Porosity and Authigenic Cementation
in Triassic Conglomerates/Arenites in the Edvard Grieg
Field Using 3D Micro-CT Imaging. Marine and Petro-
leum Geology, 99: 265—281. https://doi.org/10.1016/
j.marpetgeo.2018.10.015

Munawar,M. J., Lin,C. Y., Cnudde, V., etal., 2018. Petro-
graphic Characterization to Build an Accurate Rock Mod-
el Using Micro-CT: Case Study on Low-Permeable to
Tight Turbidite Sandstone from Eocene Shahejie Forma-
tion. Micron, 109: 22— 33. https://doi. org/10.1016/j.

micron.2018.02.010

Rabbani, A., Jamshidi, S., Salehi, S., 2014. An Automated
Simple Algorithm for Realistic Pore Network Extraction
from Micro-Tomography Images. Journal of Petroleum
Science and Engineering, 123: 164—171. https://doi.
org/10.1016/j.petrol.2014.08.020

Silin, D. B., Jin, G., Patzek, T. W., 2003. Robust Determi-
nation of Pore Space Morphology in Sedimentary Rocks.
Proceedings of SPE Annual Technical Conference and
Exhibition, Denver.

Wang,P. F., Jiang,Z. X., Ji,W. M., etal., 2016. Heteroge-
neity of Intergranular, Intraparticle and Organic Pores in
Longmaxi Shale in Sichuan Basin, South China: Evi-
dence from SEM Digital Images and Fractal and Multi-
fractal Geometries. Marine and Petroleum Geology, 72:
122—138. https://doi.  org/10.1016/j.
2e0.2016.01.020

Wu,Y. Q., Tahmasebi,P., Lin,C. Y., etal., 2019. A Com-

marpet-

prehensive Study on Geometric, Topological and Frac-
tal Characterizations of Pore Systems in Low-Permeabili-
ty Reservoirs Based on SEM, MICP, NMR, and X-
Ray CT Experiments. Marine and Petroleum Geology,
103:  12—28. https://doi. org/10.1016/j. marpet-
2€0.2019.02.003

Xiao,D. S., Lu,S. F., Lu,Z. Y., et al., 2016. Combining
Nuclear Magnetic Resonance and Rate-Controlled Poro-
simetry to Probe the Pore - Throat Structure of Tight
Sandstones. Petroleum Exploration and Development,
43(6): 1049—1059. https://doi.org/10.1016/s1876-3804
(16)30122-7

Zheng,S.J., Yao,Y.B., Liu,D. M., etal., 2018. Character-
izations of Full-Scale Pore Size Distribution, Porosity
and Permeability of Coals: A Novel Methodology by Nu-
clear Magnetic Resonance and Fractal Analysis Theory.
International Journal of Coal Geology, 196: 148—158.
https://doi.org/10.1016/j.coal.2018.07.008



